Lawrence Berkeley National Laboratory
Recent Work

Title
THE INITIATION OF NATURAL CONVECTION CAUSED BY TIME-DEPENDENT PROFILES

Permalink
https://escholarship.org/uc/item/8g954v6z1l

Author
Davenport, lan Frank

Publication Date
1972-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8q54v6z1
https://escholarship.org
http://www.cdlib.org/

LBL-660

THE INITIATION OF NATURAL CONVECTION
CAUSED BY TIME-DEPENDENT PROFILES

Ian Frank Davenportﬂ<and C. Judson King

June 1972

AEC Contract No. W-7405-eng-48

“Filed as a Ph.D. Thesis

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

—~

099-T4T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



.‘-iii-

THE INITTATION OF NATURAL CONVECTION
CAUSED BY TIME-DEPENDENT PROFILES

Contehts
Abstract. e e e e e e e e e e e e e e e .
I. Introduction. A ..
II.‘.Conveéfion Ihitiation ; Literatﬁre Survey. « o o o o

1. Density-Driven Convection Initiation . . . . . .

1.1 Time-Dependent or Ceilular Convection Initiation.

1.2 Turbuleﬁt Convection Onset in the Time-Independent

0BS5S, v v b e e e e e e e e e e e e e

.

‘1.3 Onset of Turbulent Convection from a Time-Dependent

CPrOfile . L i e v e e i e e e e e e
1.3.1 Theoretical. . . . . e e e e e

1.3.2 Experimental . . . . 4 . 4 4 4 . . .

2. Surface-Tension-Driven Convection Initiation . .-

2.1 Surface—Tension-Driven Motion Produced by &
Gradient Normal to the Liquid Surface . . .

2.1.1 THEOTY « « v o o o o o o o o o 0 o &

2.1.2 Experimental . . . . v v . o 4 4t .o o4

2.2 Surface-Tension-Driven Fioﬁ‘Prbduced by Gradients
Parallel to the Liquid Surface. . . . . . .~

3. Combined Surface'Tehéion and Density-Driven Cohvection

Initiation . . . . . e e e e e e e e e

3.1 THEOTY. + v o o e b e e e e e e e

3.2 EXperimental. « « o « o o o o o 0 b e 0 u

13

13
19

. 23

25
25
26

27
27

27
28



—jiv=—

4. Goals of the Present Convective Initiation

In#estigation{ e e e e }‘; . e e e e e e e

k.1 Experimental GoalS. « « « « o v v o o o o o o o .

4.2 Theoretical GOALS + - « + o v v o s o v v 4 o ..

IIT. Fixed Surface Experimeﬁts: Apparatus and Procedure . . .

~ 1.

2.

Introduction . . . . e e e e e e e e e e e e e e

Apparatus and Procedure. . . . . B T BRI

2.1 IntroductioN. « « « v o ¢ o o o o o o0 o o e o .

2.2 Fixed Surface Apparatus . . « ¢ . . o o . ...

2.3

2.5

2,2.1 Design of Apparatus. . . . « . . ¢« « ¢« . .

2.2.2 Isothermal Plate Testing « « . ..« o . . .

2.2.3 Selection of Solid and Liquid: Thermal and '

Corroéion’Matchiﬁg e e e e e e e e
a 2.2.3.1 Thermél Matching of'tiquid with
| Container . . . « « « « v « « o .
2.é.3.2 Corrosion Matching of Solid and

Liquid. v v v v e e e e e e e

2‘.2g3.3 ChOice Of SOlid - . . .. . . . [ .

2.2.3.4 Evaluation of Plexiglass Thermal

Properties. « « ¢« ¢ o« ¢« o o o & &
2.2.3.5 Choice of Liquids « « + « « « » .
2.2.4 Surface Temperature Measurement. . . . . .

Varia‘tiOn Of Depth Of Liquido . . . LIC 3 - . . o’ .

Variation of Wall»Diametér. e e e e e e e e .

Limitations of ApparatuS. « « « o ¢ « s o o o o« &

29
-
31
33

33

33

33
33

35

37

37

37

37
39

39
39

39

Lo

43
L3

8 &



IV.

3. Auxiliary Equipment. . . . . . . .
3.1 Temperaturé Recording . . .

3.2 Vibration EQuipmeﬂt"..} . e

3.3 "Experimental Technique for the Vibration

Experiments . . . . . . . ..

L. Vibration-Free Table . . . + . .'.

5. Performahce of Apparatus . . ;_;',':
Free Surface‘Experiments: Procedufe and
1. ‘Objectives . « v ¢« 4 6 e e S

2, Selection of Procedure . . . . . .

3. Apparatus and Procedurgf e et e e
3.1 Introduction. .',‘; ; QL
3.2 The*Liquid and Its Container.
3.2.1 Planar Gedmetry'of'the
3.2.2 Selection of Solid end
3;2.3 Liquid Container_Desigh
3.2;3.11.Deep‘Pool Desi

3.2.3.2 Shallow Pool D

3.2.3.3 Thermocouples .

'3.2.3.4  Liquid Level Measurement. .

3.3' Design of‘Cooler Support. . .
'3.3.1 Material Selection . .

3.3.2 Dimension Sélection. .

'3,3.3_.M§nufacturevof Foam Support. ..

3.3.b ‘Final Comments’on:Foam Suppoft

Liquid Surface.

Liquid.
gn. ..
esign .

. . . .

.

oy
Lk
b7

L9
51
51
S5k
54
54
56
56
5T
5T

-59

59
59
61
61
64
64
6k
65

65

66



. fvi_: | .

3.4  Cooler Design and’Performance e e e e
. . ' . B : | o :

3.5
3.6

3.4.1 Thermo-Electric COOLer . . o o « + + «

3.h.1.1 Cooler Design . « . « . . . .

3.4.1.2 Isothermal Character of Thermo-

Electrié Cold Plate . . . . .

'3.4.1.3 ‘Thermo-Electric Cooler Operation.

39 h.z Spra.y Cooler . . . . l . o‘ . . . e ov .

3.4.2.1 Spray Cooler Design . . . . .-

" 3.4.2.2 Spray Cooler Apparatus. . . .

3.4.2.3 Distribﬁtor Section . . . . .

3.4.2.4 Outlet Systems. . . . . . . .

3:&.2.5 Heaters . . . . . . . . . ..
3.4.2.6 Two-Dimensional Temperature .
' ) Suppressdf'for'Spray’Cdbler .
Convéctiop in the Air Gap . ; i e e s e e e

Performance and Operation of Equipment. . . .

L. ComPariSon of'Free and Fixed Surface Ohset Conditions.

V. Fixed Surface ResultS. « « « «- 0 o o o . {,. e e e ee .

1. Deep‘Pool EXperimentsS. « o v v ¢ o v 5 o 0 o o o .

1.1 Convection Free of Wall, Depth, and Vibration

EFFECES « « v v v v tie e e e e e e e e

1.1.1 Internal Consistency of the Rayleigh Number.

_ 1.1.2 Fﬁnétiohality Between Ra, and Pr . . ..

-

1.2 Effect of Wall Spacifge « « = « « o « o 0 o o o o s

1-3

‘Effect of Variable Vibration in the Vertical

Direction . LI . . o » o o 3 » . . . .'o . . .

66

. 67

67

67
69
72
Th

75
78

718

78
-T9

79

i

82

82

82

82
8k
871

O



~Vii-

1.4 Effect of Vafying ?hysicél:Pfoperties in the
- Thermal'ﬁéyer . ; .. ; - e ;‘} s .. 9T
5. Shallow Pool ReSULLS « + o v o o o v e s s w v o w v .. 100
" VI. Free Surface Résulfs e el ; e e . .:. s . ... 104
1. Deep”PoqlvResults. . ;'; v e e e e ; Ce e .. .' 10k
1.1 Chéracterizing Free Surface Cﬁn?éction éﬁd Compéring |
| it with Fixed Surface Data. . . . .:Q e e e o.. . 10k
.1.2_ Effect of Variation of Surface Temperafure-Profile. 114
1.3 Cdmparisoh of Deep fool; Free Surface Résults wifh
,Litefature ResultS. o « o + o = o o « & ; e ... 122
2. Shallow Pool Results . . . . ... 123
VIi..'Discussion Of Results o+ « v & v ¢ v v v o v v o w e o o .. 130
1. Evalgaﬁion_of Models Descfibing Time-Depéndent Cbnvecfionb
in Deep POOLS. « v v v v v o v e i a i e e e a .. 130

t

1.2 Variatibnvbf Ra

1.1 Ra_ Independent of Heating Rate R i32.

. with. the Shapé of the Dénsity f

Profile in fhe FLUZ@e « o v v v v o v e e e .. 132
1.3 Variation of Ra, with the Ratio of Thermal Depth

60 Fluid DePthe « v o v v b 2o i e e . .37

1.4 Influence of Prandtl Number on Ra,. . . ._.:.». . . 140

-
+ 1.5 Effects of Vibration on Rat-. e e e e e e e .. 1ks
1.6 Effect of Rigidity of the Heat Transfer Surface
t

O Ra . o e e e e . 1k6
1.7 Comparison of Mass Transfer Results with Heat

Transfer ReSultS. . « o v o ¢ o o o o & e e e . lh9



3.

VIII.

=viii-

Nature of Initial Disturbance. . . . . . . . - . .

2.1 Qualitative Observations of Convection Initiation .

2;1.1 'Initiation at a Gas-Liquid Sﬁrface i .

2. 1. 2 Inltlatlon at a quuld-Solld Interface ...'
2.2 Conclusions from the Above Observatlons R

2.3 Possible Factors Leading to the Local Thlckenlng

of the Density Boundary Layer‘. R

2.4 Conclusion. i « v v 4 e v e v e e e e e e e

Deep_Poel'Surface-Thnsion-Driven Mechanism in Light of

the Results of Chapter VI. . . . . . . . . . « . .

Prediction of Steady-State Convectioh'Tfansfer:

 Coefficients from Initiation Dat. . « « « « « o + .

1.

5.

Introduction « « « « « o v Vi o b e e 0 0. ..

Howard's (1966)vSteady-Stape,‘Deep-Pool, Natural-
Convection Mechenism e e e e e e e . . .‘:‘;'...
Comparison of Ra (Onset of Convectlon) with Ra TC
(Steady—State Convectlon) s e e e

Models Using Ra.t to Predlct Steady-State Transfer

Coefficients . « v « ¢« v o o & c e e e e e ..

Evaluation of Using Rat to Predict RaTC. e e e e

IX. Conclusions and Future Work. . “ e e e e e e e e

l.

2.

ConclusionS. v « v o ¢ v o o o o o o o 0 0 . 0

Future WOI‘k. c:‘o .u . o‘ . L .0 o" . . . L] L] . L . . .

Acknowled@ent s L] L] L d * L] L » . L .. - * . . L L d L] . . - - L] o

152

152 .

152
155
157

158

162

163

167

168

176

180

181

182
182

18k

186

¢,



Appendices. .

A. Calculations for Interpretation of Literature Results. .
B. Identification and Eliminatioh of_Two—Dimenéion Effects

in the Température Profile at a Gas-Liquid Interface .

-ix-

C. Physical Properties of Fluids and Plastics at 2500 .

D. Fixed Surface Results.

E. Free Surface Results : . « . -« . .

F. Convection Onset in Air.

"G.  Alternate Descriptions of the Sufface—Temperature-Time-

Curves

H. Transformation of Rs,,c into Raz e e o s e o o o

I. Shape Factor(S) Data for Convection Initiation at a

Fixed Surface. .

J. Ihfluence of Temperature Gradients Along

Surface.

K. Values of Experimental Ra

L. Nomenclature . .

References.,

*

t

and RaTC.

-

a

. a » .

Gas-Liquid

187
187

200
208
212
222

236

240

25

252

- 255

259

262

265



Cexie LBL-660

THE INITIATION OF NATURAL CONVECTION CAUSED BY TIME~DEPENDENT PROFILES
| Ian Frank Davenport and C. Judson Kihg
Department of Chemical Engineering and
Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720

June 1972

ABSTRACT
This experimental study is concerned with the initiation of

convection in deep pools (penetration depth is small compared with the

fluid depth) and shallow pools (penetration depth is comparable to the

fluid depth). Fluids covefing a wide range of Prahdtl number, Pr, were
either cooled from above through a gas;liquid surface where both surface

tension and density forces were expected to contribute to ﬁhe convection,
or heatéd from below where only the density forces were present. The

study of these two systems simultaneously allowed identification and

separation of density and surface tension effects. The results were then

ﬁsed\to evaluate current models of convection initiation driven by either
densitj forces, surface tension forces or a combination of both over a
wide range of experimental conditions.

The onset of convection in deep pools driven by densityvforces was
Qbserved to be described by high Prandtl number and low Prandtl number
phenomenon., The high Prandtl number phenomenon was obéerved to behave
similar to the onset of convection from a liﬁear density gradient across
the flﬁid (shallow pool). However, the striking dissimilarity betweén

the deep pool and shallow pool phenomena was that the critical Rayleigh
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number in the deep pool case was independent of the rigidity of the heéting

or cooling boundary, which is opposite tojthat found in the shallow rool

case. The understanding of the low Prandtl number, deep pool phenomenon

haé-yét to be developed.
f Convection initia@ion dri#en by su}face tension forces was
;bserved not to occur in fluids with plaﬁar surfaces, and one dimension
temperaﬁure gradients., However, some’importaﬁt conditions fpr surface-
tension motion at a.gas-liquid interfdcé were'identified; including surface

deformation, i.e, waves, meniscus, and point source surface-tension sinks.,

Prediction of steady state éonvection heat transfer coefficients, -

using Howard's (1966) model of density boundary layer growth and

destruction and convection initiation data, appeafs limited when the

predicted values are compared with experimental yalues.

1



I. -INTRODUCTION

'Natural convection has been a pcpular topic of research over the
past decade. This stems from researchers in disciplines such as ocean-
ography and atmospheric sciences working with large—scale systems, and
chemical and mechanical ehglneers worklng with small—scale systems,
desiring to understand the fundementals of convectlon so as to allow them
to be more prec1se in thelr predlctlons. There is no doubt that the
avallablllty of large computers to solve the governlng equations numerlcally
has also opened up avenues of research on this topic., Consequently,

many aspects of natural'convecticn have been explored and some of these

understood, but reliable predictions for many applications are still

unavailable,
Natural convection is observed when the temperature or composition
gradient in a fluid-phase heat or mass transfer process produces an unstable

hydrodynamic situation, This situation can arise when a more dense layer

'is formed on top of a less dense layer, or when surface tension inequalities

exist along a phase boundary. At a 11qu1d-llqu1d or gas~11qu1d boundary,
both dens1ty and surface tension 1nstab111t1es have been observed, whereas
at a'gas-solid or_liquid—sclid boundary the density effects have been
observed to be dominahf. |

Convective motion driven by these instabilities can be sustained

if the driving forces are largebenough to overcome the viscous and con-

duction stabilizing forces. This condition for motion is met when the
Rayleigh number (Ra) (see Table 1), which expresses the ratio of the
bouyancy forces to the viscous and conduction stabilizing forces in

density driven flow, and the Marangoni number (M) (see Table 1), which
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Table 1. Definitions of Rayleigh and Marangoni Numbers

3 |

RaH = B QT H- Rayleigh number based on fluid
S u‘ depth (H)
o 1/2.3/2 :
ﬂ Rat = peB AT o ¢ - Rayleigh number based on thermal
; s boundary layer thickness (at)l/2
Ac H |

M, = o T Marangoni numbér based on fluid depth (H)

a0 .
M, = -——-7—-- Marangoni number based on thermal
t ual 2 boundary layer thickness (ot)l/2

%
Ra (o)°4 5%“& td

t _ Y : .
‘Mt = . 22_ - thermal driven
" T :

0
Ra, pg s'%.e’tc

T L S A'cdmposifion driven
" o0 .
dc¢
3p 1/2
(Ra)pypmyar, = 37 & 4T
{Reyyass 3391/ 2 Ay
oY
3 1/2
M s _ 3y ° oy
T,) 3G 5172

t THERMAL 3T

AT

(1~-1)

(1-2)

(1-3)

(I-4)

(1-5)

(1-6)

(1-7)

(1-8)




expresses the ratio of surface‘tension forces to COﬁduction'and viscous
forcee in surface tension flow, ere greater than some.critical value,
'fhe research and application of natural convectien motion.reveIQes‘.
around two.cenceﬁts: vthe eonditions for initietion,of convective motion
from the static conduction state (the conditions at which the driving
forces are just great enough to overcome the #iscous and conduction
stabilizing forces),-and.the‘transfer coefficient resulting from sustained
convective motion. .

o The.objeCtive'of'thié thesis is fo expand the'experimental data
reportedvin the literature on density-driven ("natural") convection initia-
tion for cases where the ratio of the fluid depth to transfer boundafy
layer'thicknees varies fﬁom-large‘valﬁes (deep pool) to small values
(shalloﬁ-pool). Thesevdeta are usefui for evaluation of cﬁrreﬁt models
of eonvectioneinitiation and in previding physieal insight into time—.
dependent cohvecfion initiation pheﬁbmena.‘ |

In addition, the current theories of steady-state turbulent
natﬁral convection (discussed in Chapteéer VIII) suggest a similarity
between the initiation and sﬁeady-state phenomena (Burger, 1970 ana“
Foétef, 1971). The informafion deﬁelopedvfrom a turbulent convection
initiation inﬁestigation is useful for evaluation of this siﬁilarity

hypothesis.»
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'II.i CONVECTION:INITIATION.
Thisthapte; will réﬁiew the literature on convection initiation
by either density or surface tension drivihg forces, or a combination of
‘both, and will introduce thg'goals of the experimentél work. |

1., Density-Driven Convection Initiation

When a fluid is heated from below or cooled from above, bouydncy '

forces can be generated which lead to sustained motion. The form of motion.

depends upon the ratio of the rate of generation of the buoyangy forces
to thé growth rate of the stable forms of motion, the ratio‘of the
" buoyancy forces to the viscdus,and conduction stabilizing forces
(Rayleigh ﬁumber), and the ratio of the'conduétidn té the viscous
stabilizing fofces (Prandtl nuFber).

| ’vPrOVided the rate of increase of the buoyancy forcé is élow in
comparison with the growth rate éf the'stabie conveéiivevfatternS'qf
motion (time—independent case),‘the first ihtense motion ﬁili be in a
¢ellular form (Rayleigh, 1916; Stuart, 1964). If the rate of increase
of the buoyancy force is much faster (timg-dependent caéé), the first

convective motion will be in the form of thermals (Howard, 1966), which

are turbulent periodic bursts of fluid from the heated or cooled surface.: o

At high enough values of the Rayleigh number’(RaH), cellular flow
will become unstable regardless of the heating rate, and the_flow will be
turbulent. This is known as the onset of turbulence in the time-

independent case.




l.1. Time-Independent or Cellular Convection Initiétion

For a linear density gradient through the fluid, the onset of
cellular convection from the "motionless fluid". state occurs at a value

of the Rayleigh number ("first transitional Rayleigh number') well

established theoretically and experimentally, It has a value on the order
of 1000, and increases with incréasing rigidity at the boundaries and
is highef as the cénductivity of the boundary increases. The topic has
been extensively reviewed b& Chandrasekhar (1961) and Berg, et al. (1966).
_’The critical Rayleigh number for fluid contained between two perfectly
conducting, rigid boundearies is_approkimately 1704k, For fluid contained
between two perfectly cohdu¢ting boundaries, with one rigid and the
other free, the Réyleigh number is gpproximately 1100, Finite-amplitude
disturbance studies (using a perturbation expansion (v) with terms (€)
‘raised to integer powers i.e. v = € + e + 63.;.) by Malkus and Veronis
(1958) and Busse (1967) have éhown theoretically that the observed cel-
lular cdnvectibn at onset is the one maximizing heat'fransport. 'Wﬁen the
Boussinesq épproximation (all fluid properties other than density are
indepéndent of temperature) is valid, the cellular pattern is two-
dimensional roll cells; whereas if the Boussinesq approximation is not
valid, hexagonal cells can be stable for a short range of super—critical ‘
_Rayleigh number, whefeupon they are replaced by roll'cellé at higher values
of Rayleigh number, The predictions agree well with the observations of
Bénard (1900), Silveston (1958), and Somerscales and Dougherfy (1970).

The form of ceilular motion for supercriticél Rayleigh numbers hasb

been studied theoretically and experimentally. Busse (1967) predicted,
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| for fluids with infinite values of the Prandtl mumber, that the roll cell
" would be stable to.infinitesimal disturbances up to a Rayleigh number of
about 22,000, provided the ;«ou cell wavelength was within a narrow
bandwidth. Experimental observations by Rossby (1966), Chen and Whitehéad
(1969), Krishnamurti (1968, 1970), Koshmeider (1966), a.ﬁd Busse and

jWhitehead (1971) have supported these predictions and have identified
i .

| . .
features associated with the development and breakdown of the two-dimensional

roll cell structure. The width of the roll cell increases with increasing
Rayleigh.number. Photos reported by Busse and Whitehead (1971) show that
at conditions of instability the roll cell boundaries transform to either.
a zig-zag pattern or a rectangular pattern, which has the appearanée of

| cross~roll cells with their axis at 90° to each otﬁer (bimodal convectionj.

This is the second transition, which occurs at a Rayleigh number that is

dependent on Prandtl number (Krishnamurti, 1970).

1.2. Turbulent Convection Onset in the Time-Independent Case

The bimodal, or three-dimensional, regular hexagonal form of
convection succeeds the roll cell pattern and persists as the Réyleigh
number is increased, until at sufficiently high values of the Rayleigh
number>(RaH) periodic temperature fluctuations appear with magnitude and
frequepcy increasing as the Rayleigh number is increased, Eventﬁally, at
very high Rayleigh numberé a time-dependent flow, appearing as turbulence,v
feplaces the cellular flow. The first'appeﬁrance of»time-dependent

characteristics is the third transition and is Prandtl-number dependent,

'This represents the start of the breakdown of cellular convection,

L&



Experimentally cbserved values of the Rayleigh number at the second and
third transitions are tabulated in Table 2.

The cellular transitions apd bregkdown have only been recently
“investigated clobsely, notably by Busse (-1967), Krishnamurti (i97o), and
Busse and Whiteﬁead (1971), and the mechanisms involved inAthese pheﬁomena
are not well established. vHowe§er, fhe observations of these investi-
gators, with sdme intefpretatidn‘by thé present author bgsed on physical
reasoning, prévide_generalized inférmation on cellular mechénics.

The c&nvective flow pattern involves circuiation of fluid. The
driving force for cifculaﬁion is the buoyancy force, and the resistaﬁce
to g;£i§nis.due.to flﬁid viécosity and tO‘sheaf effects at.the fluid
: bodndaries. ‘Primafy.condubtion across‘the‘fluid layef‘establishes the
critical’buoyénéy forée'necessary for convectibn, but motion is sustained
by density.differéﬁces in ﬁhe horizontél planes of thé fluid. Conse-
Quently; the tempgrature profile in a cell must be two-dimensional. The
horizontal gradients are maintained by convéctife heat trgnsfer asgociated
with the fiuid motion. -Howevér, secondary conduction effects tend to
conduct hegt-in the opposite direction of the convective‘heaﬁ flow, and
so resist the establishment of these horizontgl gradients. It is a
balance between sécondary conduction and convective heat transfer procesées
which defermine the temperature distribution and henée thé vélocity and
heai transfer chafacteristicé of the cellﬁlar motign.._Figure II-1 displays
fhe relationshipvbetween the temperature and the felocify'in cellular flow.

The convective velocity is limited by the’viscoﬁs drag and the
shear at the boundaries,-and the.thermal diffusivity of the fluid detgrmines

the influence of theé secondary conduction transfer., For a situation where
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Teble 2. Rayleigh Number at Convection Pattern Transformation

a) Frénsitibn from Two-Dimensional Roll Cells to Three-Dimensional Cells: ?

i _ Rayleigh Number

‘Investigator iPrandtl'Number (RaH)II
S : v v
Krishnamurti (1970) 6.7 _ 17,000 :
g 57 . . 22,000 f
100 . 22,000 g
860 22,000 , |
8500 17,000 ;
b) Rayleigh Number at Third Transition: 1
Investigator Prandtl No, Revleigh No. (Rey) ., Comment s |
Schmidt and | !
Saunders (1938) 5 ' 48,000 o _ @
Silveston (1958) 5 to 35 50,000 - f
Rossby (1966) 0.023 1700 approx. Krishnamurti (1970) é
: : 6.8 4k 000 suggests that this g
T ? transition was prob- i
39 82,000 - ~ ably that observed .
o ' for fully developed
61 ' 175,000 turbulence rather
104 210,000 than the first ;
403 426 .000 signs of turbulence. i
e _ :
940,000 ]
880 1,600,000 !
Willis and _ ;
Deardorff (1967) 0.7 ' 5,500 : |
6.8 © 35,000 | - ,
18 120,000 :
57 140,000 o
Krishnamurti (1970) 0.7 - 4,800 (1) External condi- :
. ' - tions steady to allow ;
6.7 30,500 precision in long ?
57 47,600 period, low Ray
100 . 56,000 - readings.

(continued)



Table 2. _(contiqued)'

b) Rayleigh Number at Third Transition:

Rayleigh No. (RaH)III

Investigator - Prandtl No.

Krishnamurti (1970) 200 | 56,000
o ‘ 860 .. 58,000
8500 ° - 56,000

Comnents

(2) Meny temperature
probes.

' (3) Observed transi-
"tion with onset
temperature fluctua-
tions and change in
slope of heat flux
vs. AT :
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——> PRODUCES

1.,2.,3.,4. Factors which influence

Production
' -  TEMPERATURE PROFILE
L, SecOndary///}( : 1. Primary v
Conduction (Horizontal) . Conduction (Vertical)
CONVECTIVE
HEAT TRANSFER , BUOYANCY FORCE

3. Boundary Shear
. 2. Viscosity
VELOCITY

Fig. II-1. The Interdependence of the Temperature and Momentum Fields
in Laminar Cellular Flow.
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the rigidity &t the boundaries is coﬁstant, the ratio of thevconvectiVe
trghsport'to the conduction transport'can be gifén by thebratio of the
viscous properties to the conduction properties of the fluid, which is the
Prandtl'number. | |

The‘breakdown of a celluiaf structure occurs when the céhvec£ive
fransfer process cannoﬁ'maintaiﬁ thginecessary bélance with the conduction
transport in shaping the temperature prCfile and so provide a high enough
vvelocity to give'the necesséry ¢onvective transfer; _As the Rayleigh
number (RaH) increaseé, the temperature gradient across the fluia increases,

" and from dimensional ahalysis'considerations, it canvﬁe expected that the
;"dbsbluté temperature gradient in the horizontal direction will incréase.

- This represents'ah increase in the mégnitude of the~§econdafy conducfion
transport which evéntualiy leads to the 5reakdoﬁn of thé cellﬁlér pattern
‘discusséd above. The Rayleigh number (RaH)ICOfresponding to cellular
breakdown should be higher as the Prandtl number isuinéreaséd; sinqé this
higher Prandtl humber-represents‘a felative increase in the ratio of - the
viscosity fd thefthérmél diffusivity involved in Seébndary coﬁdﬁciion.

(See Table 2.) | |

Krishnamurti (1970) observed that at cellular breakdown.packets of
hot fluid appeared in the cellular flow.and cofrequnded with the first_l |
signs of temperature fluctuations. She postuiated that these.péckefs of
—fluid.werevcarried by the éellular motioh éﬁ approximately the or£i£ 
veldcity. Howéver, her interprétation_is suspect'since; if_fhe conductive’
heat transfer is influéntial enough to reéist convective altératiph of

the temperature field (discussed above), i£ is doubtful that‘the hbt

packets of fluid could resist conductive dissipation so'as to retain
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their’identity for even a fraétion of therorbit period. On thevother
~ hand, in the cell pattgrn,'itrcan'be expgcted; froﬁ observed temperature
isotherm.patterns in.the cell by Willis and Deardorff (1969), and byA
Silveston (1958), that’thereﬂare'regiéns.in the cell whereiﬁ perturbation
produces aFSignificant alteration of temperature and velocity in tﬁat
| region. Because of the delicate balance bétween cbnduétion.and cdnvection
processes, this region is probably the site for initiaihééll breﬁkdown.
If the cell.strﬁdture isvunéﬁable;'thé.heat conductéd'to this site
should be greater than the héat,fémoved by cbhvectioh, which will decrease
the density gradients and lessen the convection veloéity in this fegion.
Decreased convection heat transfer will result in‘ap,increase'in the teﬁ-
perature of the region over the steadjfstﬁte vélué invtﬁe ceilular fiow.
This will create a localized hot packet of fluid. The ggmh of the hot
packet in temperature and‘eleVation, and in size is ensured by the fact
that the increase_in temperature deflects the currents further from the
site and lessens the heat conVected‘away;_'The hot paéket of fluid.will
'becOme mebile when the buoyancy‘forées.overcome the viscous and conduction
stabilizing forces. The packet shoﬁld then'diséipate its heat as it
rises through the fluid. | |

‘ In order to describe.the_appearance of thé hot packets; the
folléwing dimensidﬁal ana;jsis appears valid. Thé felécity.and temperature
' distribution in the cell pattern can be described by,RaH and Pr. After
onset of tﬁe periodic appearance of hot packets, the peribd (or time
between-appearahce of thermals) is an additional dependent vafiablé in
describing the cell flow...Dimensional Analysis reqﬁires anothér dimension-

less group to account for the period. Rossby (1966) suggested the

S
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time-depéendent ngleigh_number (Rat -'see‘Table 1) aé this other group.

He_and Krishnamurti (1970) found experimentally that a constant value of

Ra£.when a thermal is released”qould adéquétely deééribe the perioditity_.
over decades of chghgezin‘RaH.b They'meéSured,the:period between"temperature :
fluctuations by:suspending thermocouples in the cell flow;uaﬁd used the.

- total tempergture drop agrossithe fiuid in'evaiuaﬁing Rét.V In this ﬁanner,
they determined'thgt the ¢riti¢al Rat for tiéfmal genéfation decreaseé
slightly as Pr'inéreasedfin'fhe‘range of Pr from 6 to 8500, where cel-
lular flow was still observable. 'Wiilis andiDeardofff 11971) measured
frequency data for fluctuations in air (Pr #.0.7) in thé range of Ray
from 4,500 to 30,000, vhere the flow changed from _cellu_lar flow to
turbglent floﬁ. They-observed thaﬁ the value 6f Rat'incréased by almost
50% as the Rayieigh number Ray increased. This trend was also ﬁotedliﬁ
Krishnamurti's re;ults, but the increase in value of Rat did not appear

~ to be as significant.

j';]'Z.r:'t summary,‘the'tranéition from‘celiuiar or_léminar‘fldw to
turbulent fiow highlights'the importance of the balance between the

-confective and conduction transfer processés’iﬁ determining the pattern

of the cdnvectibn flow,

1.3. Onset of Turbulent Convection from a Time-Dependent Profile

1.3.1. Theoretical. 1In an infinitely deep pool of fluid, all
patterns of convection motion can grbw, in theory, as a result of an
‘adverse density profile in the fluid (Howard,vlg66)._ However, the

- growth rates of these pétterns vary, andvthe_observed’initiation'
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phénomeﬁdn cqrrespond; to fhat pattern havihg the fastest growfh from the
,éonductiOh state to the 6ﬁServed cohveéfion state. foster (1965, 1968) ,
has calculated the growth rates of a class of'cellulér'convection patterns
for this éituaﬁion and has shown ﬁhat the fasteSt growing cell is that
with é ;ength scale on the 6rder of the thickness'of'the'denSiﬁy boundary
layer at first obéervgﬁle‘cbnvection. |

| When the fluid is deep enough so that the density profile never
"feels" the non-heating or:hon-céoling boundary, the phenomenon is
féonfinéd to the region of tﬂe boundary éroducing thevadverse density
gradient. Inithis case, the density prqfile extends into é semi-infinite
medium and is théreforevtransiént. Conséquently, the_mégnitude ofvthe :
buo&ancy force.at_a givén point in the f1ﬁid changes with time. This
introduceé into the convection initiation problem an exﬁra dimension
v which was not considered in'the'time-independeht frobiem discussed in
Section I-1. The growth rates'df the cbnvectivé patﬁefns, which.ége
dependent on tﬁe bubyﬁncy'force magnitude: and distribution, must changei
“ with time as thg temperéture:profile changes. .Thus,_prediction of con-
vection‘initiation fbr the boundary layer case neééssifates.ap understanding
of the relationship between the growth rates of the convection patterns,
on the one'hapd;-and the rate of change of the dehsity profile, on.the
other, Diffefegt models have.been advanced postulating this rélationship;

The'eérliest attempts to prediét the onséfvof'éonvection from a

. transiént profile,assumedvthét thg groﬁth of the ébsérved convective méde
was infinitely fast comparedeith the rate of changé of the density profile.
This becamé known:as the Quési-étgady-State Assuﬁption (Q.S.A.), and |

included the work of Morton (1958), Lick (1964), and Currie (1967). This
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Temperatufé

0 ¢ H
Dlstonce into fluid (z) |
XBL725- 2977

Fig. II-2 The Segment Approx:l.ma.tlon of a Curved Proflle. The areas
~ under the curved - profile a.nd linear approxmatlon are equal., Thus
accordlng to Lick (1965), : :

H

/21T % &= [ T dz

0

o H
2 = 2‘]' VT/Ts dz

0

or-
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enalysis_ﬁas a modifieatithOf the aﬁalysis used to study convective‘
:initiation froﬁ the time—independent linear conduction ﬁrefile.' The
' fime—dependent curved ﬁrofile ﬁae divided into two iinear eegments
(Flgo II= 2), one segment contalnlng all of the den51ty change and the
ether segment having zero density change. The eritical Rayleigh number
éRaH) based on tﬁe total fluid depth (H) was found as a function of the

ratio (Q/H) by f1nd1ng the wave number of the disturbance which gave,

the m1n1mum value of RaH that corresponded to fluld motlon. ‘The Rayleigh

number RaH found from the analysis increased as the ratio (2/H) deereased,
so that in the limit of small (2/H) which corresponds to a boundary
elayer gradlent the group RaH(—Q was constant., This 1ntroduced the
1mportance of the Raylelgh number Ral, based on the boundary layer depth
(), for descrlblng boundary-layer convectlon 1n1t1at10n. .However, the
weakness of this analysis has been discussed by Robinson (1966) who |
shewed‘that the growth rate of the celluler patterné‘of convection_over )
most_of'the:growth period was eompareblevto the rate of change of the
density profile for thermal diffusion in a semi-infiﬁite—medium. This
contradicts the Q;S.A,, discussed earlier.

| Attempts to invesfigate cenveetioﬁ initiation where grewth rates
of cellular'cenveetire patterns are considered to be comparable to the

rate of change of the density profile have been made by Foster (1965,

1968), Mehler and Schechter (1970), and Gresho and Sani (1970). The basis

of this approach was tc consider the growth of a velccity perturbation in
a time-dependent adverse density field ("Amplification" Theory). The
fluid is assumed to be in motion at all times, and the assumption is made

that this motion contains a wide range of fundamental waveiengths. The
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adverse densify profile encourages preferential grbwth of the vertical
velocityvcomponents of a narrow bandwidth of wavelengths, unfil the
convection reaches some finite bbservable size. |
This situation is treated mathematically by iﬁtegrating the
time-dependent equatiéns of motion with~a_given time-dependent temperature-
profile, and a specified initial velqcity profile. The time taken for
the ampliﬁude of ‘the initiai velocity compénent’to be magnified bj a
given factér'(éommonlyflooo)vis found from thisvintegfation. The model
cannot predict the amount of amplification necessary for observable
convection, but in principle a small number of ekperimenfs could be
performed to détermine the'amplificatioﬁ factor corresponding to
observable convection. Once deﬁermined, this amplification factor shoﬁla.'
be constant for that given<initial_veloéity.profile, and ail ofher
~ variables constant.
" The disadvantages of this approach are
(1) Tﬁelamplification factor réquired'foerbsérvablevcon%ééfion
is dependent upon-the’initial~amplitude of the. fundamental
wavelengths, bThus, as the=vel§city source varies (e.g., with
location of the experiment), the initial amplitudes of the |
various waveleﬁgths canibe expécted tovvary, and thus
ihvalidate the use of a generalized correlation for convecﬁion
_ iﬁitiafion. |
.Commént (1) could also be important in scale-up consideratibns.
| (2) The'mathematics are simplified by'linearizing thevequations
| of motion;about the pure conduction solution before‘integration.
This action is justified by assuming that all perturbations in

‘velocity and temperature profiles are small up to the time
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- shortly beforevconvection begins to be observed. " The linearized

equations are not expected to be valid once iarge-scale motion

begins. Further, inertial effects are neglected in linear_theory

because they involve thé product of two small quantities (V.VV),

which could be important in the acceleration or growth period.

The disadvantage of‘lineariZed*mathematics is their range of -

validity. However, this linearized approach gives an indication

" of the relatibnéhip.between different dimensionless groups, which
férms the basis for experimental corfelation.

The theoretical results from Amplificatibn Theory for the critical
time (tc)‘ahd thé critical wéve number (ac) functions of Prandtl nuﬁber
~for the féstest growing wave'in a continuous wave spéctrum, for a specified
amplification factor, have i;e‘en published (Foster, 1965; 1968; Mahler aﬁd
~ Schechter, 19703 Gresho énd Sani, 1971), The two deﬁsity profiles examined
.have been resﬁonses to a step chahge and to a lineaf:chgﬁge in surface
conditions.with time, where the thermal bouﬁdary layer thickness is much
émaller than the liquid depth.

The dimensionless group for conveétion ihitiétion-have been
utilized in Amplification Theory with specific-cénnotations'applied to
thém.' However, these groups arise from the.dimensional analysis of the
basié‘equations of motion and the.relevant boundary conditions, and need
not necessarily have the Amplification Theory connotations applied to

them. The following are the dimensionless groups for this phenomenon.

ﬁl = Rat = dJdimensionless conduction time before first observable

convection

Pr

=
1]
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my = 9‘—2- = effect of fluid depth
: H _
at e e
My, =5 = effect of fluid width
_ W . ‘
“5 = Mt =  Marangoni number to describe the importance of surface
tension effects
T = - _groupito describe initiél velocity condition
ﬂ7 = group to describe degree of rigidity at boundaries
n8 = ‘group to define type of condition temperature profile

" (e.g., step change at surface)

1.3.2, 'Experimental.’ Several experimental studies on time-

dependent'convectibn initiation have been reported in the literature.
Foster (1965) evaporated watér from a quiescent pool and measured
the surface temperature optically as a function of tiﬁe. Prior to a run,
the water was allowed to reach thermal equilibfiﬁm with its container
and enclosed gas space. “The fun was sta&ted by removing the equilifrium
conditions from the gas phase;- Convection'qnset was defined as being
where tﬁé sufface temperéture vs. time changed from a negative to a
positive slope, since convection enhanced heat transfer? and in ﬁhis case
lowered the‘femperature'difference between the bulk end tHe surface which '
" had been established during the conduction period. ‘The surface temperature
duriné the cénduction period, wﬁs approximated by a lineaf decay with fime.
The time-dependent Rayleigh number for the linear surface temperature

change was defined as

oT '
Ra, = i .
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' ‘ - ' aT I
The time derivative of the surface temperature (5—5) was varied

. t5/2) = consteant. In

and. the results verified the relatlonshlp (
another series of experiments, Foster (1969) heated water from below so
that the hottom surface temperature increased linearly with time; The
heating rate was varied, 'and the results again verlfled the relationship
?gfs . tz/z = constant).

' The first signs of convection were observed by noticing movement

in a thin layer of dark, fine partlcles Jlying on the bottom of the fluid.
At the time when convectlon was 1ndlcated by a change in surface -
temperature slope, the ink was observed to move at random points in the

ink layer. After a short time, the area exhibiting convection increased.
In an area where convection was observeble, the distance between centers

of motion was found to be dependent on the thickness of the thermal

layer, as had been predicted by Amplification Theory.-

In the heating experiments, the surface was described as "fixed",
because the heat transfer was across a solid-liquid phase boundary; whereas
in the evaporation experiments the heat transfer experiments were described
as "free", because the cooling was across an air-liquid surface. Tt
should be noted that free surfaces are treated methematically by the
beundaryveondition %é% = 0, and fixed surfaces by the bonndary.condition
2Z ‘0 ' Generally the predicted fixed—surface.Rayleigh number from
Amplification Theory is from two to three times that in the free surface
case, depending on the Prandtl number (see Chapter VI, Sec. 1.1). The
ampiification factor found by Foster (1965, 1969) comparing experimental'
and theoretical Rayleigh numbers for the free surfece was in the range

lOl to 102; whereas the fixed surface amplification factor was determined
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3 5

as 10~ to 107. The_préSence‘Qf surfacé ﬁaves in fhe evapofation exﬁeri-
ments was éuggested'as & possible éause fdr‘the‘difference”in amplification
factor between the ffeé and fixed sufface‘experiments. |

Blaif and Quinn (1968) performed mass transfer experiments By
absorbing gaées into water. A high~pressure reservoir was connected to a
pair of experimental celis, one qoﬁtaining no liquid and one containing
liquid énd gas in'equilibriﬁm. The pressure in both cells was increased
.siﬁultanéously, and fhe’mblés of gas absofbed (measured as the pressure
differential between the two cells) was recorded as a function of time.
The conditions at dnSeﬁ of COﬁvection‘#ege identified by the first
~departure from a linear relatioﬁship between the moles of gas absorbed
and.the square root of the time of the run. Criticai_conditions were
_verified,by Schiieren‘techniquesQ  In these experiments the change in
surface conditions was_appfoximated by a step functiOh. The Rayleigh
number for a step.function ﬁas'definéd as | |

39 3/2 ,1/2
Ra, = v e
t _ M :

By varying the driving force for absorption (AP), the relationship

(AP . tz/z = constant) was verified. In a separate series of experiments,

the inverse rélationship with viscosity in the Rayleigh number was
verified by increasing the viscosity of the water with a'thickening agent.,

The water—-air surface was contaminated and shown to have a fixed surface

5

‘character. The apparent amplificétion factbr was in the range of 10”7 to

10°.
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The first convection motion at high density-gradient driving
~forces appeared as a combination of rings, plunging columns or droplets,.
and sheet-like streamers. ,Fof smaller density-gradient driving forces, -
the initiel motion appeared in the form>of plunging sheeté, without the

bolumﬁar mode.

Mahler and Schechter (1970) performed experiments similar to those
of Blair and Quinn With clean and contaminatéd aqueous éurfaces. The
results were intefpreted by defining different degrees of surface
contemination; the'more contaminated the surface, the greate? the surface
rigidity and hence.the greater ﬁhe critical Rayleigh numbef. With this
interpretétion the results agreed well with the theoretical predictions
for aﬁ amplification faétor of 103. However, important surface tension
and surfaceﬁﬁave effects were not considered in their‘interpfetation.
These are discussed in Chapter VI, Sec. 1-2.

Onat and Grigull (1970) heated a wide rangeuof“fluids from below
with a linear time increase of temperature, to determine the relationship
of Ra, with Prandtl number. Their results agreed well with Foster's (1968)
Acalculatéd functionality for an amplification factor of approximatély lOl.
Interferometric studies showed the development of the coﬁvection initiation.
Prior to the breakdown of pure conduction, the boundary region had planar
isothérms. However, at the point where the surface temperature deviated
ffom the linear slope in time, bumps in the isotherms were observed to
appear at the outer region of the boundary layer., These grew rapidly
into packets of hof fluid resting on an almost planar boundary layer, and

"broke off upon reaching a certain size,
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The above discugsion highlights the practical weakness of
Amplification Theory, éince the observed amplificatioﬁ factors corresponding
ﬁo exPeriménﬁal convection initiatiOn varied from:lOl to'105,' As can Ee
seen ffdm Fig. II-3 for an exﬁmple published by Foster (1969) simulating
an actual experiment, this raﬁge.Of amplification factor produées a wide
variatiop:in_éonVection 6nse£ timé. .vaiously further refinement of

Amplification Theory is heeded before”reliable predictions can be made.

2. Surface-Tension-Driven Convection Initiation

Observation siﬁce the time of‘Thémpson (1876) hés shown that
surfacé-tenéioﬁ gradienté,vproduced by either composition or temperature
gradients, can éausegliquid motion. - Surfécé-tension-driven motiOnlhas
béen observed in'gas-liéuid (Ellis and Biddulph, 1966; Berg et al., 1966),
liquid—liquid (Orell anerestwater, 1965; Bakker, Sﬁ.él" 1966),vand gas— .
liquid-solid (Hima,.1970) systemﬁ;‘ Often, the sa@e compositiop or -
temperature profiles fhat'céuSe surfaceftensibn-driven motion alsd cause -
density-driven stabilizing or destabilizing effects.‘ Some experimental -
cﬁnditions, however, are fhouéht tp.be domihatéd by the surface tension
effecté, and in_the ﬁathemafical aﬁalysis of these Céses the body forces
are neglected (Leviph, 1962), .These'iﬁclude cases where the surface
tension gradieﬁt is péralle;'id-thé liquid—air.Sﬁrface; or in shallow

-poolsvwhere'the gradient is»normal tq the liquid-air surface.
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Fig. II-3. Amplification of the Fastest Growing Wave as a Function of

Time in Foster's (1969) example.
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2;1; Surface-Tension-Driven Motion Produced by a Gradient Normal to the

Liquid Surface

2.1.1. . Theory. If liquid #t é surface has a hiéher Qaiue of
sﬁrfacéftension than_would be produced if.bulk liqﬁid'weré at tﬂe surface,
éonvectibn can pefsist.v“The driving fofce for motion is the feductioﬁ |
iﬁ éurfacé energy which results.whegkthe buik iiquid is brought to the
surface. _Thié.is usgallyAdeScribéd.és the ﬁMarangéni Effect";

Pearson (1958) used éﬁ‘approach for théofeti¢al analysis of
surfaéeaténsion—driyen méﬁion similér to that'empléyéd for the densityg
driven convection problem withailineér'temperéture gradient through the
fluid; Motion was foﬁnd.to pérsist if the crifical conditions, as

indicated by the Marangoni number (see Table 1) were surpassed (M, > 80).

gExtensibns of his approach have been made so as to include surface

deformation, sufféée.rigidity, various thermal boundary conditions
(Berg, 1966), and the éffect 6f Gibbs adsorption (Brian, 1971). -

| Vidal and'Acrins'(l967) havé extended‘the methqd adopted by
Péarson to non—iinear temperaﬁure~or composition profiles in fhe iiquid, "
usingvthé same appréximaﬁioné as -Morton, Lick, and Currie, mentioned
earlier. This approéch may well be subJeét to the same criticisms as

the Q.S.A. approach to density-driven convection, but no time-dependent

vconvectioh studiés using the Amplification Theory have yet been published

for surfdcéAténsiqnédrivep convection,so as ﬁo allow an evaluation of the .
Q.S.A; vaiidity. The_théqretical.predictions éf Vidal and Acrivos agreeav
only-Qualitafively'with'their experiméntalvresults, as was the case for
the aforémentioned density—driven convection studies which compared

experimentél results with Q.S.A.-based predictions.
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2.1.2. Experimental. Dimensional analysis of this phenOmehon

suggeets that the same groups are_importaht as were mentioned for density-

driven convection initiation in Sec. 1.3.1. However, in this case the
density effects are negligible (Ra = 0), and ‘the Marangoni number is

the 1mportant group.

! . o
|
' Clark and Klng (1970) used a rectangular channel device to

eaaporate four-solutes (see Appendix A) from n-tridecane into nitrogen,
both streams moving'in'horiZontal laminar flow. The bnset of cellular
motlon was recognized by an increase in’ the llquld phase mass transfer
.coeff1c1ent and could be described by a unlque value of the time- |

dependent-Marangonl number (= hBOO) for “each solute.

Blair and Quinn (1969) correlated instabilities in a nass trensfer

system with the relation (AP - ti/z = constant),'with’a gsimilar technique

. to thaf,described in'sec{.l;3.2. They fouﬁd that surface-active agehts
‘added to the solvent changed the relationship to APt3/2 = constant{*
Since the change in. surface ten31on and in dens1ty in these experlments
was linear with AP they verlfled the Marangonl relatlonshlp

Aoti/g = constant and the Raylelgh relatlonshlp Apt3/

= constant in
these'different experiments, - Rough calculatlons indicated that the
critical Marangoni number was about 3100 (see Appendix A).

Mayr et al. (1971) carried out desorption in a short, vertical

wetted-wall column with solutes acetone,'ethyl ether, and triethylamine

desorbing from an aqueous solution into a cocurrent nitrogen stream. Each

* ' .
The Marangoni number (Mt) for this experiment is:
M‘ _ Ac g1/2
t " 1/2
B 4 /

The Rayleigh number was described earlier in Sec. 1.3.2.
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system showed convection effects, and the critical Marangoni number was

' reported to decrease as the Biot number decreased.

2.2, Surfacé—Tension—DriVen‘Flow Produced by Gradients Parallel to the

Liguid Surface

Kenny (1968) has reﬁieﬁé& the:literature on this’topic'(lOl
articles), including.fhe éffectsvof éurface ﬁension gradients én the flow
of bubbles thrb‘ugh a fluid, on cellular motion in evaporating thin pools
of liquid, and on the prevention bf'surfaée tenSion-driVen flbﬁ by
-surfaétants. , _ | »

Berg and Morig (1969) and'Kayser and Berg (1971) have investigated .‘
thé effect. of surface»ténsi@n gfadients at meniscuses in liquid—liquid
sysﬁéms. " They observed that,bwhen ﬁhe Surféce tension along the interface
increased in the directibn'éway:frqm the_wall,‘cellular eddies were

largef‘than if the surface tension decreased away from the wall,

,3.v Combined_Surface Tension and Density Driven.Cpnvéctibn Initiation

3.1, Theory
When suffaéé‘ténsioh and densit& effecfsioccuf together, they can

either reinforée or offset each other. Nield (1964) published the fifst
theoretical study of the coupling effect for the caée of a linear gradient
normél to the ligquid surface. .The analysis was similar to that of Pearson, .
.but the bodyvarceé, which are important for the density—dfiven cdnvectioﬁ
portion of the analysis, were included, Numericél ccmputation shbwed fhat,"
to an approximatioﬁ, thevnofmalizeq Rajleigh number ahd the normalizéd

Marangoni number were additive.
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(RaHO and MHo.are thevvalues 1n the abSenee of the other phenomenon.. RaH
and M. are the velues in the presence of the other phenomenon.)
1' - Extensions of this approaéh_have been puhlished for a parabolic

gradient,‘and the results are'simiiar‘(Debler and Wolf, 1970).

3.2. Experimental

Berg?and Palmer (1971) and Koshneider (1967) performed similar
’ experlments in partlally verlfylng Nleld's theoretlcal predlctlons. A-
liquid w1th a free surface was heated: very slowly from below to ensure
a linear temperature gradlent Convectlon onset was detected when the
llnearlty ceased between the heat flux and the temperaturevdlfference |

across’ the liquid. The ratlo of Raylelgh number to Marangon1 number was

increased by 1ncrea51ng the liquid depth The results show some scatter,:

but approxlmately follow the predlcted relatlonshlp.

The treatment of trans1ent proflles for mixed dr1v1ng forces has.
not appeared in the literature from elther the experlmental or theoretlcal
aspect However, Davenport and King (1972) observed an apparent effect of
stablllzlng surface tension effects on an adverse dens1ty gradlent in
'analy21ng the data of Mahler and Schechter (1970) for the absorption of
sulfur dioxide into water. 1In this case, the critical Raylelgh number

was almost doubled by the presence of the stabilizing influence..
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L. Goals of the Present Convective Initiation Investigation

4.1. FExperimental Goals

There appears to be a need for experimental data to evaluate:

the predictions of Amplification Theory and poséibly expand the concepts

Presently associated with convection initiation.

The experimental data which it appears necessary to gather include:

(1)

(2)

(3)

Determiﬁing the critical Rayleigh number (Rat) vs. Prandtl

number relationship.

Iﬁvestigating'the effects of vibration. Amplification Theory

suggests that fhé'observed results should be dependent on the
form of the initiél veloéity distribution in the fluid.
Examining the diffefeﬁée betwéen cdnvéction initiation at a
"free" (gas-liquid) and "fixed" (sblid—liquid) éurface. Present

models of both time-dependent and‘timéfindépendent convection

' indicate that the highéf shéaf at a fixed surfacevwill increase

)

()

the critical value of Ra,

as opposed to that for a free surface.

Examining the dependence of Ra, on the depth of the fluid. As

t

the fhickness of the boundafy layer approaches the fiuid depth,
the mechanism of initiation should change. When the fluid depth
is much larger than the thickneSS‘of the boundary iayer, the
fiuid motion will correspond to é deep—pool mechanism. When

the fluid depth”and boundary‘layer'thickness.are cbmparable,'the
fluid motion:wiil cofrespond to a shallow-pool ﬁechanism.

Examining ‘the dependence of Ra, on the width of the fluid

t

container, Wave analysis does not také into account the wall
discontinuity effects, and experimental determination of the
phenomenon in & narrow fluid container appears more straight

forward than the numerical approach.
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(6) Examining the dependence Qf‘convection initiétionvon the'

shape of the density profile in the fluid., A Step change in .
- surface conditionsvwill_produée'a different shape of deﬁsity
profile vs. time than will a linear change.

" (7) Examining coupling effects of surface tension and density

' forceé as the fluid- depth changes from a deep pool to a shalloy
pool.v Evapofation from deep pools of liquid (s cm or more) has
produced convection which is density-driven, as was shown by
Foster (1965). However, at small fluid depth (5 mm orbless) .
with gas-liquid interfaces, convective flow produced by evapora-
tion has beén.attributed fo’surfacevtension;éffects rather than

"density:effects'(ﬁerg gE_éL,, 1966; Vidal and Acrivos, 1969).

 .As the fluid depth is decreased to fulfill Objective 4, the
transition from density—drivén flow to surface-tension-driven
flow can.be'investigated. |

The experiments investigatihg density effects aidne were carried

out by heating a liquid from below in a completely confined container.
This.arrangement should be free of surface tension effects because of
the lack of a free surface. Foster (1969) has shown that thisvarrangement
prdduces density-driven cqﬁvection. |

V_Careful experiments with free surfaces can yield results where
both surface tension and aensity férces are présen‘b° 'With thg knowledge
of how the aensity-driven convection should behave, derived from the
fixed-surface heating experiments, the surface tension effects can be
separafed énd éérrelated; In this project the free surfaée_experiments

were performed by carefully cooling the liquid from above.
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Thevexperiments were'performed‘in stationary pools of liquid'withi
heat transfer providing both an adrerse density gradient and anradVerse
~ surface tension gradient. The temperature fields were established s0 _
as to be very nearly One-dinensional in the vertical direction,_ This
was necessary since the theories being assessed picture a one-dimension
vertical temperature gradlent.v Further, gradients along the liquid-gas
surface’ were found to produce unde81rable types of surface-ten31on-dr1ven
effects, |
Although the results were derived from heat transfer experlments,,

the1r appllcablllty to mass transfer w1ll be assumed through the Prandtl
number to Schmidt number analogy. Thus heat transfer experiments with
fluids of Pr = 1000 will be snalogous to mass transfer with Sc = 1000.

| dne limitation of this experimetnal approach lies in the extension
of the results to moving liquids. The experimental correlations are
derived from stagnant pool experiments, which is not necessarily the same |
basis'as streams in laminar'or'turbulent flow,' This was illustrated by
Burger (1970) who showed in a serles of experlments when sulfur dioxide
was absorbed into water- that llquld phase stirring decreased the onset
time. However, the stagnant-pool experlments appear "to be the simplest
arrangement for study of density and surface tension effects, with the

current understanding of the phenomenon.

4,2. Theoretical Goals-
Wave analysis has been assumed valid in the treatment of time-

' dependent boundary layer convection, because it has been successfully
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_used'tofdescribe time-independent convection initiatiqn. .Such.en
assumption-necéssitates that the velocity distribution iﬁ the horiéontal
plahe‘have its nedal points predetermined in the fluid. It appears. |
inconsistent to.see the‘same fluid previding,the initial'velocity distri;
bution in the form of vaves which-are compatlble w1th the mass transfer
Iscale - (0 01 cm) and the heat transfer scale (0.1 to 1.0 cm) In the
tlme-lndependent problem, the density gradlent was linear, the only scale
was the fluld depth, and the motion had an infinite amount of time
(tﬁeoretically) to settle into the least energetic Cdnveetion-pattern,
which was on the scale of the fluid depth. In the time-dependent problem,
_the initial "stagnant" pool necessarily has some slow motion within it
with dimensions on the .scale of the fluid container‘(Muller and'Ibl,
1958; Muller, 1956). It does not;appear obvious why this motion should

be treated in a wave form. Instead, the initiation mechanism appears to

- be connected to the process by which this'sloﬁ, large-scale motion interacts

with the buoyancy field to produce localized small-scale motion.
Investigation along these lines appears wprthwhile since it

should provide deeper insight into the convection initiastion mechanism,



-33-

III. FIXED SURFACE EXPERIMENTS: APPARATUS AND PROCEDURE |

'1,  Introduction

Heéﬁing ﬁn encloSgd'liquid from‘bg;ow pfévides a situéticn where
dénsity-driven.conyecﬁidn éhould_ge free from surfaéeitension effects;:
Using this exferimentai'apprpach 0bjectives 1, 2, 3, h,vand 5 outlined
in Chepter II, Sec. h;; weré'fulfilled or paffially_fulfilled; Thev

remaining objectives were fulfilled using the free surface apparatus.

2. . Apparatus and Procedure -

2.1. Introduction
The method used_té deteét the onset of convectioﬁ'involved

_ mqnitoring the femﬁerature of . the l;Qui§4séiid interf;cé.and observing
the first deviation from a conduction_piofile.i Figuie IIi;l shows a
typical surface temperature fesbdnse iﬁvfhese‘experiménts. _Fostér (1965,
1969) showed that this deviation from the conduction. profile corresponded
to the first observable motion in the fluid, The conditions at the onset of
convection Qere fecordéd asvsurfage'temperature change (ATc) aﬁd fime of.:
heating by conduction (tc). All:of the résults'in this dissertation.
were derived.froﬁ responses ;imiléﬁ to_théﬁ shown in Fig. III-1.

‘ The‘surface femperature.increased linearly withutime befére the
onset of convection, and co#seqﬁently tﬁe results ére an'extension of thé

work reported by Fostef‘(l969), and.Ondt and Grigull (1970).

2.2. Fixed SurfaceSApnératus

The apparatus vas deéigned to‘prOduce'a one-~dimensional temperature

lprofile in the vertical direction in the fluid. This was accomplished by
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Fig. III-1., Resronse of the Metal-Liquid Surface Temperature During a
Fixed Surface Run. : .
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using a heating surface with a uniform temperature, and selecting the

liquid and its contaiher-sb tﬁat_Bothvhéd'similar:thermal properties.

2.2.1. Design of Apparatus.:-The'gpparatus*consisted of a
Plexiglass cylinder attached to a 750 watt heater with an isothermal
heat surface (Fig. IfI-2). The heaxiné élement wéé a metallic, eiéctrical—'
resistancé;type, annulué plafé heater manufacturéd by Kamlrok,:U.S.A., and
available from the LBL‘stogkroom. The,ahnﬁlﬁé heater was the only type
easily availableﬁwhich'did not>have severe temperatu}e gradient§ across.
the heating surface. This particular medel was chosen bgcause it had the
largest ouﬁside.diameter of those available with a small inside diameter;
The isothermal heating surfacelﬁaS'produced_by alternating layers: of :
-aluminum énd'paper &onefléyer of aluminum 1.5 mm\thick,_and two léyers
each of aluminum and paper, égch,O;S mh.thigk);_ These_yefe attached to
the annﬁlué‘heqting surface, so as to increasé the effective thermal
cdﬁductivity in the horizoptal direétionvéompared’tgltﬁat‘in the vertical
difection. This desién Suppfessed the effects of any two-dimensionality
'in the temperaturé on thé surface of the heater (Fig. III—B).

The heating surface was made horizontal by using a level and
adjusting three scréws in the leyelingbtable. The screws were placed in
& tripod design, and the leveling principle was the same as in a set of
weighing scales, The 1id vas fitted'tightly, but was rémovable iniprdér
to clean the inferior of'thé vessel; ‘Thebrubbef stoppers and holes enéblg
the liquid to be made flush with the 1id and 'thusv "f£ix" the upper surface.

The dimensions of the apparatus are given in Fig., III-2.
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‘Liquid container dimensions |
(a) Inside plexiglass dia. = 9.0 cm
(b) Inside piexiglass height =4.6 cm

| - iRubber stopper
i . - . ’F\"err]oroblel'.d-
| - R I plexiglass li
I"l e ] /
Plexiglass
walls ' _
7mm thk-~ |
N . . Aluminum
| ﬁnnulus | o v o ;Lni gaper-
eater\ - 1] layers,
lf S E— — ?JTO
Plexiglass stand’ - Leveling table power
o | o | supply
. XBL725-2975 |

Fig. III-2. Schematic diagram showing design of the Fixed Sﬁrface
" Apparatus., ” ' -

i
it
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2.2.2., Isothermal Plate Testing. The temperature profile of the

bare plate’Of”the annulus heater (and subsequent surféce of the aluminum

and paper layers) in bothvthe rédial and circumferential directions was
found by putting a thermocouple attached to a metal block (1 cm.diamgter,

1 cm high) at different points across fﬁe.surface.> The radial units were

S mm apart and the angle directions were at 0°, 90°, 180°, The thermocouple
© and plate’weré'allowed'tovcoﬁe to equilibrium, and then the heater current
“was switched on. The plate was allowed‘to cool after a run. The bare
‘heater surface profile and the profiles of the final design are given in

‘Fig. III-3.

2.2.3. Selection of Solid and Liquid: Thermal and Corrosion.

Matching
2.2.3.1. Thermal Matching of Liquid with Container. A one-

dimensional teﬁperature profile necessifates a similar temperatﬁre profile
in Eoth fhe liquid and the container. qum examination of the thermal
conductién"eduations'and'boundary_conditioné, this condition can be
obtained only when the thermal diffusivity (a) aﬁdvthe'thermal conductivity
(k) of both liquid and container are equal. Most organic liquids_have.

3

values of k in the range 2.7 to 4.2 X lC)-J4 cal/sec cm®C and o = 10 cmz/seé
(Reid and Sherwood, 1966). Solids normally have higher values of both
properties, but some plastics fall in the liquid range (Appendix‘D).

.2.2,3.2._>Corrosion Matching of Solid and Liquid. Care must be.

taken to choose test liquids which will not dissolVé‘thé solid plastic.
Many plastics are solublé,in ketdnes,iesters;'aromatics and chlorinated

hydrocarbons.
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Fig. III-3. Temperature Distribution of the Heated surface in the Fixed :
_ Surface Apparatus. The measured temperatures (arbitrary units) after
. 12 seconds of heating are shown in brackets.
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2.2.3.3. Choice of Solid}» Plexiglass was chosen because it has
thermal‘prOPErties in the liquid range and it is not chemically attaéked_
by some organics. It was readily available, and its transparency was

useful for observihg large-scale convectidn effects.

2.2.3.h. Eﬁaiuatibn'of Plexiglass Thermal Propérties. Many organics
with vdryigg thermal properties ﬁere cooled in the final design container |
(Fig;>IIIT2)5.and their surface temperature_resbonses Weré compared with
that of Pléxiglass. The tests showed that the plastic thermai_conductivity
was about 3.7‘x 107 cal/cm sec °C and the thermal diffuéi%ity sbout
16f3 cma/sec. These values ére invtheiréngé quoted in the Plastips
Encyéiopedia (1970). | |

~ 242.3.5. Choice ovaiquids. Using the;abové corrosion and thermal

matching criteria, the following test liquids were chosen (see Appendix D

for values of physical properties).

’ Liguid».v . o o j | } Prandﬁi ﬁumber
Methanol : ; | T A
n-Decane’ o _ v | 13.7
_n-Buﬁanol - . ' v 43

. p-Octanol ' o 108
Silicone 0il, 50 es. = _ g LEs -
'Siiicone Oil, 100 ecs. | . 890
Silicone 0il, 1000 ¢s. - 8500

~2.2.4, Surface Temperature Measufement. The surface.temperature

of the heated'surface'was measured by placipgvg Copper-Constantan thermocouple
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on the surface of the:isothermal plate, approximately'in thé'center. It
was insulated from the metalbplate byAarthin'sheet of mica.r_The mica had
beenvglued’to the metal surface with_Kodak 910 adhesive and sand;papered.
down until oniy a thin layer'of-mica remained ‘ The 0.001 inch diameter
theruocouple Junctlon was then attached to the mica w1th the above

ladhe31ve.

2.3. Variatlon of Depth of Liquid

The apparatus as shown in Fig. III-2 was‘used to conduct the.deeé
) ﬁool experlments. The shallow pool experiments were carried out using a
‘smaller diameter Plexiglass annulus, temporarily placed on the‘apparatus,
but not glued to any part of the equipment. A'largeaaluminum cylinder,

50 mm high and with a diameter‘siightly less than the permanent Plexiglass
_annulus was placed on top of’the'temporarily'placed'ahnulus (Fig. III-k4).

In the shallow depth experiments, 1t was realized that the

-temperature profile would be affected by the boundary condltlons at the S

" upper surface. If this surface was adiabatic, the temperature at the

upper boundary surface would change-with time, and more varisbles would

'.have to.be measured and,correlatedvthan if the upter surfacerteuperature

_Auas kept.at_a constant value, Although the adiabati§ condition is‘more
similar to most ultiuate practical situations, the const_ant-temperature -
condition was chosen because of the potential of an easier correlation

_ where no guideliaes existed"theoretically for smallvdepth convection.

~ Figure III-5 shows‘the extent to Which this temperature was kept constant.

| The llquld was poured into the apparatus SO, that the liquid Just'

covered the smaller annulus. The metal block was lowered so that the
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Onset conditions
(AT = 6.7 °C :
t = 200 sec) =

Temperature
~of heating
surface

AT (°C)

Temperature at
~ bottom of aluminum
- cylinder

- .

-

t (sec) | | -
| - XBL725-2972

Fig. III-5. Temperature Response During & Shallow Pool Run (Fluid depth

of 2.06 mm) showing the Approximae Constant Teuperature or the Upzer
Liquid-Surface_(or bottoz surface of Alu:inum); K




;h3;"

metal-liquid surface was obséfved to‘céntain no air bubﬁles. The ligquid
wasiailowed fo rise'betweeh_the»metal walls and.the permanent Plexiglass
walis. A putfy'was then used’to_gegl the top of the metal with the
permangnt wall., A thermocouple was attached to the bottom of the metal
c&linder to evalqaté hbw constant.the temregature of the upper liquid
surface remained. 7 |

The heights of the tempoféfy annuli were 36{5 mm, 11.9 mm, 6.2 mm,
3.48 mm, and‘2.06 mm, each wifh an inside diameter of 36.5 mm and wall

thickness of T mm.-

2.4, Variation of Wall Diameter

The diameter of the temporarily pléced annulus could be varied 50

‘as to estimate the influence of the wall-spacing on convection initiation.

Because of the flexibility of the fixed-surface desigﬁ,over the free-

surface apparatus, the_effects Qf thg walls could be more easily tested

in the fixedesufface apparatus. The three_diameters used were 90 ﬁm-

(height LY mm.)_, 69 »mm. (height 11.9 mm), 36.5 mm (heights listed in Sec. 2.3.).
"Holes‘with diameférs of 5.7 mm and 8.7 ﬁm were drilled throﬁgh a

Plexiglass cube (side 25 mm) and were used to £ind extreme wall effects.

2.5. Limitations of Appardtus

One obvious limitation in this apparatus is the'narrdw range of

.liquid type which -can be used and not be corrosive to the Plexiglass. The

lowest Prandtl number that can be obtained with non-corrosive and thermally

. matching liquids is 6.6 (methanol). Acetone, which is corrosive, has a

Prandtl number of about 3 at rdom temperatiure, and air and liquid metals,

which are not thermally suitable, have Prandtl numbers in the range‘O.Ql to 0.7.
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Another limitation arises from the difference in thermal expansion

coefficients between the Plexiglass .and the metal surface tovwhiCh it ié -

glued. As the temperafure is increased the.thefmal stresses at the
Plexiglgss;metal bond ihcrease, so that leaks can rapidly océur. 'Thé‘
;Higher temperatures were nécessary only for the very viséous’liquids.

| '-The‘tiﬁé duration for the exrerimental runs was.limitedbfrom.abouﬁ
Lo seconds‘to 250 seconds. The‘attachment'provided the isothermal heating
with a subétantial heat trahsfer reSistance which added to the timé delay

of the heated surface response., This was manifested by a curved gradient

during the initial stages of heating (Fig._III—l). The effective starting '

time has to be estimated, so as to'ailow for heating which does not occur
under thé steaay teﬁperature gradient.

fhe time is limited to leés‘than 250 seconds because the heater
response becomes ‘curved at longer times. Even when adjustments were made
ﬁo the héafing rate during a run, the linearity of tﬁe'response.bqume
vdiffiCUlt tQ controi beyéﬁd this point;'.The difficulty:;ssociated‘with
obsérving'convection onset at long éonduction‘times is discussed in |

Chapter IV, Sec. L. ' ,' ' -

3. Auxiliary Equipment

3.1. Temperature Recofdingz

The temperatures.for both the free-surface and the fixed-surface
experiments were monitored by Copper-Cohstantan thermocouples (0.001 inch
diameter), purchased commercially from Omega Engineering Inc., Stamford,

Connecticut. The response was recorded on a Leeds~-Northrup recorder

v .=
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- especially adapted to measure in the rangesuBO-uv, lOO uv, 200 uv, 500 st

1l mv, 2 mv. Two recorders were avallable, w1th speeds of 9 inches per
hour, 60 inches per hour, and 90 1nches per hour.
" The thermocouple-callbrat;on is shown_ln Fig.-I_II—G.j It was taken

by fastening a thermocouple to,a buldb thermometerﬁwith the junction

_attached to‘the'bulb, and stirring water at uarious temperatures with the

thermometer. The difference in temperature between this thermometer
readingiand'the-thermocouple‘reference,was ﬁlotted against the thermocouple
e.m.f. registered on a_temperature'recorder mentioned above,

Some ‘experiments were run with critical temperatures as low as 0.1

°c. Since-the thermocouple e.m.f. is'proportional to the differencé between
. the junction and the reference temperature, greatest seuSitivity is

~ obtained when the temperature Change_Of the junction is proportional to

the magnitude of the e.m.f. produced. This procedure'is arranged by

keeping the reference temperature at- the bulk‘(and surface)lfluid

.temperature, whlch is the room temperature in these experlments. In

this" manner, small temperature changes can be read W1th accuracy. The
procedure permitted use of the 50 uv scale, rather than the 1 mv scale
which.uould have been necessaryihad'the”ice—water reference‘been used.

The reference teméerature might haue uariedtby one Centigrade degree over
a day, but this slow ratevdid uot show during runs. _Further,'the experi-v
ment required only the difference-oetween the surface and bulk temperatures
of the test llquld not the absolute values, so that prec1se knowledge

of the reference temperature was not crltical
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Fig. III—6; The Copper;Constantan Thermocouple Calibration., Reference

Junction was kept at 22°C. Slope is 1.6°C/mV.
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3.2. Vibration Equipment

‘The Qibration generating equipment was designed to'provide a
forced Qibfatibn to the héating apparatus and a contaiﬁéd liquid Whigh
had eitherva fixed or free upper sﬁrface. A schematic diagraﬁ of the
' ‘apparatus of the final design is shown in Fig. III-T.

The major com?oﬁent of this system is a vibration exciter (MB .
‘model‘EAlZSO),witthn electronic power amplifier (MB modei EA 1500 PM),
both available commercially from MB Electrénics, New Haveﬁ, Conhecticut.
‘The vibration exciter ﬁas désigned oﬁ the same principle as a loud speakerQ
An alternating electric field.interécts with a permanent maénetic field
to produce an oscillaﬁing_force on a metallic cone, | |

>=An_acceierome£ér Vasvﬁttachea_to the.metal cone. It produced a

voltage directly proportioﬁa; to the movement' of the cylinder cone. The |
letage wés measured on, an o;cilloscdpe. For the machine used in these

experiments the accelerometer was calibrated by

11.2 mV = 0,0512 fe,(D.A;)

where
‘mV = voltage output in millivoits
£ = frequency of vibration in c.p.s.
D.A, = displacément of cone;'peak'to peek - inches.

~ The aécelerométer was supplied with the cher.two components from MB
.Electronics. S

~ The function genefator was a Hewlett Packard Company 202 Clow

Frequency Oscillator with a range of 1 - 10° ¢.p.s..and a variable
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amplitudé of 1 -~ 100%. The instrument'could:be considered as a 20 volt
genersator ﬁifhvaYGOO_ohm internal impedance. |
A timer was used to limit the duration of a run. This instfument
would break the cifcuit after a specified time.
.»Tﬁe apparqtusvwas allowed to_run f@r about one minuﬁe before the
heating beganvin each run. This was to ensure steady state in the initial

motion, which was verified by looking at the oscilloscoﬁe.

3.3. Experimental Technique for the Vibration Experiments

Two different ﬁave forms in the liquid were produced by having
either a fixéd or free upper surface. Amplification Theory suggests
that growth fime will vary with‘differeht vibration forms.

Only two liquids_weré used--méthanol,va non-viscous liquid, and n-
octanol, a viscous liquid.' It was gnticipated that the vibration wave
form produéed in theiliQuid by enviropmental vibration would be.dependent
to some‘extent upbn the viscosity of the liquid., For a gi#en environmental

vibration wave form, a viscous liquid might not have as large a vibration

amplitude as a non-viscous liquid. Thus the amplificatioh factor required

might be expected to increase with increasing viscosity.
A parameter which might be important in describing the results

is the power input to the liquid. If the liquid is assumed to be in

phase with,'and have the same amplitude as the vibrator, and the vibration

motion is assumed to be sinusoidal, then the following analysis is valid;b
Power input is the change in energy per unit time. The change

in energy is associated with the difference in kinetic energy at zero
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displécement (kinetic energy is é%-Azwz)land at makimum'displacement‘(ze:o

“kinetic energy). ‘Changes in potential energy are too small to be considered.

The time for this change in kinetic energy is é%-. Hence, the power input
mAZy3 ‘

where

is

{
i m = mass of system

-3
]

amplitude of vibration

£
L]

frequency of vibration

For convenience, the powef input in these exjeriments ﬁds taken
as A2w3, which is proportional tofthe power input per unit mass.

The limitafions.of the apparatus are as foliowsa

1) When the power input to the liquid was highkgnough,.the liquid
motion appeared to.generate heating ﬁithin.the liquidf Tﬁis invalidated
the temperatufé fiéid which we intended to work with, and thus did ﬁot |
‘permit édmpafisqnvwith results_whére iﬁternalAheatiﬁé was negligible.
It is unlikei& that common_environmental_vibratién would bé strong enough

to produce internal heating. However, this factor limited the amplitude

that could be reached at a parﬁicﬁlar frequency.

2) In fhe experimehfs with a free upper éﬁrface, the_liQuid coﬁld
becoﬁe wavy or turbulent at high amplitudes. This motion would destroy
the heat flow by conduction and thus invali&ate.the'eXperiment;‘ Thus
vibration amplifudes_were further limited with the free upper surface | ; ' R
vexperiments. | |

| 3) The vibration.frequehcy was limited to the range lOl‘;Aloh C.PeS. . %
. _ , . N ) , } ,
| by design., Below 10 c.p.S., the'amplitude could not be registered by the -~ = f

accelerometer, However, conditions which would p:bbably be met in practice
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were COvergdvin this range of frequency énd amplitude. The range of
operation'is‘shown in Fig.FIII-8. |

4) The accelerometer was not sensitive enough to meésﬁre the
vibrations of the "vibration-free" table described in Sec. 4. Further,
the accelefometer was not sensitive énoﬁgh to measure below a certain
amplitud"é for each freqﬁency. This limited the 1ov}er' amplitudes that
could be thained at frequenciés:bélow about 2000 c¢.p.s. and hence
prevented the éxperiment fromAbeing carried'ouf with constant aﬁplitude'

over a wide range of frequencies.

4, Vibration-Free Table

‘A.éite.was recognizéd'as having a'constanf vibration frequency
and amplitudé was locéted at Lawrence Berkeley Labératory, Building 70,
Room 136. -The experiments were carried out on a table which was 20 feet
by 2 feet;'with two layeré of conérete 6 inches ﬁhiék éeparated by rubber
cﬁshioné 2 inches thick. The table rested on three concrete supports
which went through the building foundation to rest on rock. .This table
had been in use fof some fery precise laser experiments. The table was
located in a special soundproof room.énd was 1solated during the experi-
ments. The recorders and other electronic equipment were positioned

outside the room to reduce the vibration levéi in the room.

5. Performance of Apparatus

In this equipment, only conduction and initiation of convection are

strictiy in a one-dimensional temperature field. Once convection has
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increased the liquid temperature, and the solid temperature continues to
increase by conduction, a two;dimensional témperature field will result.
The heat transfer coefficient in the liquid will be greater fhan that in
the solid, and so'the'two—diﬁensional character will persist. Tﬁis means
that any transition or steady state.résponses'seen in this equipméﬁt will
be a result of a twé-dimensional field. However, the response shortly
after convection begins shoﬁld yield meaningful data oﬁ fhg,tfaqéifion‘
region, Steady-state natural ;onvection in a one-dimensional potential
gradient fieid should best be‘studied in mass transfer systéms.where fhe

wall does not introduce two-dimensional effects.
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‘IV. FREE SURFACE EXPERIMENTS: PROCEDURE AND APPARATUS
o | | il. Oblecti#gs - | |
" The gim of the exferiments deécribedvin this chapter-is to
investigaté convection adjaceﬁt to a'frée-sﬁrface énd td try to establish
further characteristics of dénsity;dri§en‘and surface-tensign—drivgn fldw;
including | |
| &) identification of both types of motion,
b) separatioﬁ of the effects, s0 asvtolstudy then individually,
_c) understanding coﬁplihg effects between density and surface
tensioﬁ-forces,

d)'idéntificatidn of conditions of instability.

2. Selection of Procedure , .

' Previous experimentation has been concerned with,évaporation

from ggiescenﬁ péols (Sﬁangénberg and.waland,‘196l;”F§ster,'1965;.Vidal
ahd Acrivos, 1968); That.experimental.system'isiinhérently difficult
to control, as well as haviné:a limited iange of‘sﬁrface héat flux. These
limitations ﬁere later‘overc§me using mass transfer s&stems, but the
experimenfs were limited to high values of Se (Blaif and Quinn,vl969;
" Mahler and Schecﬁter, 1970).

In.order to extend the work of these latter ﬁorkers; it is the aim
of the present ﬁo;k to investigate | N |

a) ranges of Sc and Pr lower than 600'(héét transfer in 6rganic

. liquids),
ﬁ) a wide range of surfacf tempefature functions,

¢) the effect of depth on the motion. -

g
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Heat transfer experiments are relatively simple and offer a wide
range of Pr,_especially‘in the region where the theoretically predicted

asymptotes for Ra, versus small Pr and large Pr meet (Foster, 1968).

t
Further, the thermai proﬁerties of common liquids are well known and
easily'ﬁvailable,  Heat transfer experiments can be perférmed by:

ig) e#époration from quiescent pools

"'b) evaporation‘from pools controlled by a draft of air‘blown"
| over the liquid surfaée
c) a heat sink Placed above the liquid, with no intentional
" evaporation, |
Because method (a) invol#és quiesceﬁt pools, the initial velocity

field'in'the liquid (produced by building vibrations, etc.) should be

maintained uniform during a series of experimental runs; this requires

‘that the environmental vibrations be steady. The vibrations should also

be minimizgd to_reduce-surféce deformation, which might enhance surface-
tenSion;driven:motion (Berg, 1964 and Scriven.and Sternling, l96h)~in

an uncontrolled manner. This method, however, has the disadvahtagevof‘ :
providing.a narrow rénge'of heet flux at the liquid surface. Since the
cooling isvgenerated‘by~evaporation, whichvin turn is proportional to the
differenc; in humidity between the bulk gas and the liquid interface, a 2
éystemvfofcontrol the bulk humidity isvneeded; There is also difficulty .
in producing a sharp change in conditions af time t = 0. If_the>lid is
lifted from a container with the liquid andvgas phases in équilibrium,
and if the gas phase will then be at room conditions, the ¢xperihent is
limited to the one driving force. Another disadvantage, discussed in

Appendix B, is that evaporation causes.two-dimensional effects near the
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'container:walls. This-is:thevresult of a cooling liqﬁid surface lying
adjacent to a non-cooling container surface, thus producing & temperature’
gradient along the liquid surface, This effect, combined with the
meniscué producing a two-dimensional geometry, canvlead to complicating

types of surfaCe-tension-driven,motion'(KaYser and Berg,”l971)
|

i

- ~ 'Method (b) has the advantage of produc1ng a wide range of heat
fluxes at the surface from varying the draft veloc1ty, and causing a |
sharp change~in conditions at time t = 0 by switching.the draft on'or
off. This method has the dlsadvantage of not belng able to reproduce

the same llquld veloc1ty fleld for varying draft veloc1ty, and this

violates the condltlons for a constant ampllflcatlon factor. Consequently,"'

testing of the Ampllflcatlon Theory would be very dlfflcult using this
method. ’

| Method (c) has thevedvantages'of-(a) andb(b)fend none of the
"dié&dvantagee, provided the equipment can be designed to produce a one-
dimensional temﬁerature field. The stagnant.pool has a constant—vtbrationi
fieldrwhen'pleced in a steady environment. . Both the_solid oonteiner
surface and.iiquid suffaoe will have the_same temperature.profile,
prov1ded the cooler has a one—dlmen31onal character and the solid and

llquid have similar thermal propertles. This method was therefore

chosen as‘the basis of free surface experimentation,

3. Apnaratus'andiProcedure

3.1. Introduction

The method used to detect the point of instability involved

monitoring the temperature of the gas~liquid and surface observing when it

first deviates from a conduction profile.

—— S
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The apparatus was designed so that the whoie liquid surface was
isothermal; by moving the effects far from the liquid éurface. The one-
dimensional character in the appératus was bésed on;fhe existenge of three
separate thermal fegions--(l) cooler, (2) air space and cooler support, |
and (3) the liquid and its cbntainer—éeach'sectioﬁ having planar parallel
boﬁndaries;and.uniform'thermal properties (refer to Fig. IV’--l)° The

development of the apparatus design is traced in Appendix B.

3.2. The Liauid and Its Container

3.2.1. Planar Geometry of the Liqpid Surface. The liquid ana
,iéontéinefvsurfaces must be on the §ame plane for fwo reasons: |
(1) a difference in level wili mean a difference in gap space sbove
the liquid and solid. If the liquid surface is below the solid
surface, thé‘resistance to heat transfer ﬁill be_grgater |
throﬁgh the gap space above thevliQuid5'and this will result
in fhe solid éurface heaﬁing up faster. | \
(2) ; meniscus provides a two-dimensional geonetry. The result
of either qf these effects is an undesirable two-dimensional
teﬁperature profile along the liquid surface.

_ The remedy was found by designing the container sﬁrface flat and
with a sharﬁ; right-angled corner at the edge adjacent ﬁo the liquid. The
liquid surface could then be brought to the level of the container walls
without burstiﬁg the edges, provided the container surface was horizontally
leveled, The riskiof liquid bursting the edges was further minimizgd.by‘

securing the container firmly.
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Fig. IV-1l. Free Surface Apparatus Strategy.
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3.2.2. Selection of Solid and Ligquid. The liquids and the

Piexiglass‘aé chosen'for_thleixed surface experiments on the baéis of
corrosion and thermal éompatibilipy (Chépter IIT, Sec. 2.2.3.5.) were
used in the free surface experiments, é#cept fo; methanol. This exclusion
arose-becauseﬁliQuids in the ffee surface experiments had to be non-
volgtile‘foriéevéral reasons. First, 1liquid height control is imporﬁanf;
especiéli&fin maintaining fhe:planar liqﬁid and solid surface, Segdndl&,
én.evdporating liquid will condense on the ¢ooling-Surface which is
directly abo#e the liquid and altef the planarvsufface of the cdoler, as
well as cohdensing on the foam coolér supports (see below) and establ}shing
a short circuit for hest transfer through the air gap_region,.

n-Undécane (Pr - 17) was included in the list of ﬁestvliquids
to subsﬁaﬁtiaté fihdings at loﬁ'Prandtl number,

3.2.3. Liquid Container Design. Containers were built to suit

both the deep pool and the shallow pool experiments. The width (36.5 mm)
in each désign'was constant and limited by the size of the thermo-electric

cooler,

A3.2.3.l; Deep Pool'Design.(Fig. IV-2). The vessel had an inside
width and depth of 36.5 rm, and a wdll tﬁickness of 7 mm. The ends were
perpendiéular to the walls, and a cqpper'plate was glued to the lower
end. A’thick slab of cardboafd was glued to the oﬁfside wall, abéut
halfway up.the wall. Foam insulation was fashioned to fit arouﬁd the
vessel and sandwich the ca;dboard. - The insulated vessel was held to a
leveling tabie 5y elastic bands which gave figidity to the vessel;

| The top Sufface'of ﬁhe vessel was made horizontal by placing a
level on it and adjusting the leveling téble'described in Chapter III,

Sec. 2.2.
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Fig. IV-2. Design and Dimensions of Free Surface Deep'.Pool Apparatus.
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3.2.3.2. Shallow Pdol'Désign'(Fig. Iv-3). The'iower boundary
of the liquid was held at a consfant temperaturé by a block of copper
whichvwas glued ﬁo the bottom surface of the container. This followed
the procéduré adopted in Chépter iII, Sec. 2.3. The coppef block was
glued—to'a Plexiglass stand, and fqam insulation surrounded fhe véssei
and coppér. Several models were construcfed? each having a.different
PlexigiaSs height. | "

Thé'apparatus was-leveléd in the same way as in the deep pool

apparatus.

'3.2.3.3.  Thermocouples. The thermocouple juﬁctions should be
placed_on the surface, and the thermocouple leads shguld lie as close to
the surface as péSsible, so as to eliminate a teﬁperaturé gradient in the:
wires near the thermocouple.Junction. |

Ohe way of positioning the thermocouple:wires'and Junction to
achieve this ¢ondition #ould be't§ lay taut wires aéf@ss the Plexig;ass,
so that the wifes'are'at thé surface. Tﬁé disad#antage of this method
‘was found to be fhat the‘iiquid creeps along the wire and wets the top
of the Plexiglass. |

An alternate approach, Vhich was.the one utilized in the preéent
work, is that illustrated in Figt Iv-k, Thg glass leads support the
thermocouple, and, because théy are not glued to'the‘Plexiglass,'these
leads can bé adjusted so that the tips are in line with the plane of the.
Plexiglaés, these leads can be adjusted so fhat the tips are in line with
" the planevof the Plexiglass sufface. This design overcomes the problem
of the liquid wetting the Plexiglass surface, but it does introduce a

hydrodynamic hindrance and an inhomogeneity of the thermal properties in
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Fig., IV-4. Thermocouple Suspension in the Free Surface, Deep Pool
Apparatus,
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- the liquid, becauSe glass and'organic liquids-have-dissimilar thermal = -

. i :
properties. S

Because the walls of the shallow pool do not have sufflclent -

'helght of Plex1glass through whlch to 1ntroduce the thermocouple leads, an

' alternate design had to be found for the shallow pool equipment. The '

nost convenient method ﬁas to put thehglass leads throngh‘the metal‘block,
and adjust the helght of the thermocouple by adjustlng the glass leads, |
as shown in Flg. Iv-3,

| Copper-Constantan thermocouples, as’descfibed in éhapter I1T,
Sec. 3.l.,'werefused in the apparatus. o

3 2.3.4, Liquid Level Measurement . ‘Because the thermocouples

were de81gned to be along the surface of the llqu1d the thermocouples
were positioned carefully by manlpulatlng the glass leads and the ten51on
in the wire so that the wire along the surface was in ‘the same plane as

the surface of the container walls. The liquid height was then raised

until the thermoconple.was'in the'planerof the liquid surface. Thls”method'~“'

worked well. .

3.3. Design of Cooler Support

In the overall aeslgn'strategy (refer Fig. lv-l), thislsection was
a composite of'support‘and air,'sandwiched between two planar:boundaries;
Protided the support coula be made so that it had an even thickness,:the
only natching to be investigated concerned the thenmal properties of the

air an@ the support.

3.3.1. Material Selection, Because air at room temperature is so

~much less dense, it has thermal properties different from most solids. ' The
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only materials which have approximately the same values_pf thermal.
pfoperﬁies as air are the very porous (and therefore nearly all air)
;foaméd solids., Poiystyrene foam, bging among the'mpst porous and yet
hgviné'the méqhanical stfengfh to act as a support, vés selected.

3.3.2. Dimension Selection. In the design of a cooler which was

paréliel'and opposite to a:surface'éf.sélid‘and.liquid, edge effects were
to be expected, similar to edgé effects in a papallél—plate caéacitor.
The desigﬁbstratég#‘déménded that these.edgé effects wére to be far enocugh
avéy”from'the liquid portion»of the éufface'so,that the liquid could remain_
in the one-dimensional heat.transfer region, |
Some_experimeﬁts were performed with a cooler resting on top of
a Pleiiglass‘c&linder. The temperature responsevon the cylinder surface
ﬁas megsuréa. Resﬁlfs indicéted that two-dimensional effects were only
Ksiggifiéant'in thevrégion 5etweep the wall ana 1.5 tiﬁes the height away
from'thé wall, Best results were obtgined when the cooler diameter was
about fhe samé size or slightly ldarger thag the.cylinder_diameter.‘ The
tﬁicknesé of thé wall of the'Plexiglﬁss &eésel which was finélly ﬁsed was
T mm, and‘the heigﬁt of the foam sﬁppbrt.wés 1.5.—_2 mm, Whichvwould

isolate the two-dimensional effects from the liquid surface.

3.3.3. Manufactgré of Foam Support. The foam has very liftle ;
mechaniéal strength and is difficult to machihe, especially to the accﬁracy
required in thié épparatus, i.,e., to a uniform thickness of 1.5 mm.

o | Thé technique used té ﬁanufacture these supports involved making
a ﬁold out‘of cardbdard, with a hole having the same diameter as the
outer annulus diameter of the foam, and having a depth of 1.5 mm. anm

was cut into a cylindrical form with the same diameter as the hole, and
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one end was smoothed on a sandpaper machine;'.The.anm,cylinQer was cut

so that its thickness was sbout 5 mm. ‘It was next placed'ih“thé mold

and machined on a'saﬂdpaper machine until the'foam_wés level:with thé

~ top of the mold. The foam annulus ﬁas’theh_cut from this.

! ~3.3.4. Final Comments on Foam Support. One of the most important
a 23 : : )

Aunctions of the foam support is to stop any air coﬁvection which might

be produced by the cooler and which might'sweep across the surface of

‘the liquid from outside the equipment. This is one of the reasons why

the support was made in an annular shape.

Ancther important comment is that the foem has to be produced

end maintained so that it does not lose'its'porosity, "If the porosity

is decreased, the support will beéome a much better heat conductor than

the air and short circuit the airvgép._-Thisrvould résult in two-dimensional

!'éffects}‘

3.4, Cooler Design and Performance

The  cooling épparatus is’ required to providevan'isothermal cold

 plate, thevtempéréture of which can be controlled and varied.' The two

systems used were a thermo-électric cooler and a cold-liquid sprayer.  The
sprayer had the advantage of being able to provide a variety of temperature
profiles on the liquid surface, whereas the thermo-electric cooler was

not as flexible and was limited to a linear decay in surface temperature,

. However, the sprayer had the disadvantage of introduéing variable vibratibps'

into the system because of the‘sprayihg mechanism: The thermo-electric
cooler hed no méving parts and was essentially vibration-free; therefore
it was used to represent the "stillest" poSsible condition forlfree-strfaCe

convection. .
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3.4,1. Thermo-electric Cooler. The thermo-electric cooler works

“on a thermodynamic cycle of transferring heat from aiheatisource to‘a
heat sink by putting work into the system.

| The' components of the thermo-clectric cooler are arranged;so that heatc
ié'traﬁsfefred by uéing N and P type semiconductors connected’electrically B
'in.éefies.and thermally 15 parallcl. The direction of heat tfansfer is
governed_by the cufrent direction. Thus the thermo-electric cooler can
heat or cool by fevefsing'the direction of tﬁe:curfent.

Thc operating characteristics of the thermo-electric cooler are.

very sensitive to the temperatufesvof the source cnd sink, and for
reliable operation the heat sink must be efficient in removing heat in
ordcr to keep the hot surface from ovcrheating'(i.e., there must be g 1
‘good thcrmal Junction between the pump and the sink). 'The heat transfer
capacity of thc pcmp decreases as the teﬁperature difference between the

source and the sink increases (Fig. IV-5).

3.bh.1.1. ‘Cooler Design. Thecthermo-eleCtric coolef chosen was
- a Cambion.model 3953—2;vavaiiatle commercially from Cambion Thermionic
Corp., Cambridge; Massachu;ettc. The operating characteristics are shown
in Fig. IV-5. This model was chqéen because of its circular cooliﬁg
platéwch”tecause it had a high heat pump capacity for its-sizea't'H

The hcat sink was a copper cylipder, filled with water andvattéched
to the heat pump with‘glue, Thevheat.transfer Junetion between the sink
and the heat pump was'improved using a thermal interface compound

(Cambion Silicon Grease #630-7208).

3.4.1.2, 1Isothermal Character of Thermo-Flectric Cold Plate. The

" temperature profile on the cold plate was measured énd was found to be
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colder near the edges and warnest at the‘center (Fig.-IV-6);’.The
temperature proflle measurements were performed by plac1ng the cooler
on top of a metalllc cyllnder w1th 8 thermocouple Junctlon attached to
its'furfacef ‘The position of the thermocouple was marked on the surface
so that the"temperature reSbonsevat any point'on the.cooler-could he
recorded by'mouing.the coolerdto:different positions, Since the response
was-transient; thettemperature after'a‘Standard period or.time,ﬁas taken
, as’the.measured quantity..

Various methods were-derised to make‘the cold surface isothermal.
Each was‘aimed at decreasing thelheat transfer at the edges,‘by increasing
the heat transfer resistance there,fand incresasing the heat transfer to
the center, 'Thevfinal‘design involved.layers of copper, sandwiching.a.
composite.layer with radially varying heat transfer resistance, attached
to the cold side of thebheat‘pump.' The finel form of the composite layer
and resultant temperature proflle are shown in Flgs. Iv-6 and IV;T. The
fheat transfer resistance decreased in the order~ paper, cellulose, copper.

’3°h.ll3. 'Thermo—electric Gooler.Operatlon. Some tests were made

to increase the rate of coollng, by us1ng cold solvent as the sink fluid.
The observatlons made were as follows:

(1) More heat transfer resulted from conduction than from the
thermo-electric Process}‘ This wassseen when the rate of heat transfer-
measured'increased onl& slightlyxwhen the current‘was on. When the heat
punp acted as a heater, 1t blocked the conduction process so that the
| temperature of the bottom cold 51de could be controlled.’ This observation
introduced the possibility of using the cold solvent, and the heat pump
acting as a heater, as a means of Varying the surface tenperature profile

fron.a linear decay tohavstep change..
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of heat transfer conductance: Copper > Cellulose tape > Paper.
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(2) The cold solvent does not pefmit a steady'staté éf the
liquid surface ﬁempérature to evolve in the way that it would if the
solvent was at room femperature. This has the disadvantage of requiring
that the cbld solvent be pouréd into the sink éontainér just as the thermo-
electric cooler is switched on, thus defeating'the purpose of'the vibration-
free experiment. | S

As a resulf of these investigatiohs, the sink liquid témperatufe
was képt at room temperature. This had the additional Advantage of
allowing the équipment to be set up with liquid in place.v Also the
apparatus did not have to be dismantled after each.run»to bring the
system baékvto thermal equilibrium., With this arrangement heat could be
added'fia'the‘heat pump, and cold liquid could be easily added to the:
sink if réquired. | |

3.k.2. Spfay Cooler. The spray cooler was developed to overcome

the limitations of the thermo-electric cdoler, By pfbducing a varietyiof
liquid surface températuré functions, from linear decay to step functions.
A step function on the liquid surface can be produced only
approximately when the cooling surface is separated froﬁ thé liquid by
an air space. However,a.linear surface temperature préfile can be-obtained
by slowly decreasing the temperature of the cooling plate, the exact
temperaturé history required for the cooling plate being determined
experimenfally. The température profiles for the linear.decéy resemble
those shown in Fig. IV-8. |
A step function profile on the liquid surface can be approximated

by two linear segments (Fig. IV-9), the earlier segment having a vefy steep
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graqignt and the latter a very'shallqw gradieht. This can be achievgd by:
usihg é very high driving‘forﬁe.duriﬁg the.iifetimé of the first,seg@ent..
and then‘decreasihg the driving force during the lifetime of the second
segment., The shape of the temperéture‘history of the cold plate during
fhe second segﬁent éan be estimaﬁed éccordiﬁg to the following analysis:
A heat balance at the liquid surface for a coﬁstént tempgrature

at the liquid surface gives:

aTa.ir , "aT

air 9dz

=k ——}-J.'ga

k : R .
z =0 1iq oz zZ =0

* The relaxation tiﬁevin the air space to a éhahge in temperature
can be approximated as very small S0 that‘the temperature gradient aéross_
the air gap‘can‘be-assumed'almostvlinear.' Preliminary experiméntal and
theoretical investigation supported this assumption for thisvequipment.‘

Thus

) : T, ,
k. ..A_T_zk . —}ﬂ
air £ liq 2dz



~The

or
k.. 9T, [
k oz

Tair z =0

‘where AT = temperature difference between cooler and liquid surfaces and

% = air gap spacing.
‘ . 9Ty 44
During the second segment perlod it can be shown that 32 -
1z =0
will fall sharply at first and then flatten out later. Since AT is '
oT .
proportlonal to _§%ig' =0’ the temperature of the cold surface and the

llquld surface w1ll be ‘in the shape shown in Flg. IV—9

Segment Segment
(1), | (2)

| _ / Liquid Surface

Temperature +

Cooler Surfaoe'

_ Time -+
Fig. IV-9,' Shape of "Step Function" surface temperature change.

3.k.2.1. Spray Cooler Design. ‘From the foregoing discussion, the

~spray cooler had to be designed so as to (1) provide as large_a'driving
force as possible during Segment.l '(2) keep the time of Segment 1 short
and (3) control the temoerature of the cooling plate durlng Segment 2 1n
order to obtain the de51red llqu1d surface temperature.

| These above demands were achleved by sPraylng cold solvent

(-60° C to ~10° C) onto the cooling surface and. then evaporatlng the
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solvent with a forced draft (Figs. IV-10 and'Iv-ll). The cold solvent
loﬁers the teﬁperafure'of the cooling”plate quickly and proVidés the‘
.initial'driviﬁg force. :Hoﬁevér,'the system éannét.sustain this léw
temperature forﬂlong because of heat flow to it, and this provides the
rgpid rise in temperéture‘during Segmean2. The temperature drop of the
| cold-pléte‘is.controlléd by»thertemperature of_thebcpld solvent, and the
duration ofdsegmentvl'is COntrolledvby the quantity qf cold solvenﬁ.

‘The flow of'fhe draft aif cohtrolévthe.evaporation.cdoiing of Segment 2.

3.4.2.2, Spray Cooler Apparatus. Apparatus to control these

‘actions is_showﬁ“in Figég IV-10 and IV-11. qud_liquid is held under
pressure invthe Syringé'and the sprayer.v:When ﬁhe’clip is opéned, the 
liquid enters the.sprayer and'isvdisfributed onto thé botfom side of
the.cooler.before'running Out_the eight exit tubes. .The air pressure
is adjusted to cqntrél the flow of air through the appafatus. This is
set before the cold liquid and the Stopper.aré plécéa'in the syfinge.'
The syringe is calibratéd to facilitate measufing the amount of coid

liquid to be pumped through the cooler.

o 3.h.2.3. Distributor Section'(Fig. IV-10). The principle of this
section is to provide the cooling surface witﬁ eQual amounts éf cold
liquid oVer'iﬁs érea éimultaneously. This evénldistfibutioﬁ is especially
’importént whén liquid is fifsf introducea and.ﬁhevgfgafeﬁt changes ih the
.plate temperature»take_placé. rExperience hés shown that when the plate

is not uniform in temperature,,motiqnﬁdri?en by‘lateral gradients iﬁ surféée‘_

tension sets in,

7
i

The greatest challenge wifhvthe spray section is in obtaining the

right sort of spray. To a large extent, this is governed by the gap
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Fig. IV-11. Schematic Diagram for Spray Cooler Operation.
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distance between the distribﬁtor plate and the cOpper“shell. ' Because
the leads holdiﬁg the distributor plate were made of 20 gauge copper
wire, theApésition of the distributorbplafe could be adjusted to.give
.aﬁ.ébserved'good spray. This was tested before.fhe cooling surface
?as soldered to the shell,

'3.4.2.4. Outlet Systems. In order to ensure quick and even

drainage, eight outlets #ere positioned in the walls of the cooler." Each
outlet had an opening éize‘of 1.5 mﬁ and was plaéed so that the base of
the coolef was level with the opehing of the outlgt or ﬁith the bottom
wall of the pipe, which was about 3/4 mm thickness.b The variation in the
vertical positioning of those outlets Vhose-opening was flush with the
cooler flate was randdm'and-was caused b& imperfect machining. However,
drainage results showed that each section was well drained and that minor
adJustmenfs were neceésafy on only two of the outlets té ensure even flow.

~ The outleﬁs were'drained by rubber hoses and combined.into bairs,:
the hoses for which were laid on the foam insulation. The exit liquid
was collected from thesé outlets,

3.4.2.5. Heaters (Fig.<IV;id). Heating to bring the system back

to the.opeggting temperatﬁré was accomplished with two 25-watt reéistance
heaters attached to the upper surface of tﬁé copper shell connected to a:
power supply. The reéponse of this system was fast. The:environmental

tenperature could be controlled with either the heating or cooling system

to bring about approximate steady state within three minutes.

3.4.2.,6. Two-Dimensional Temperature Suppressor for Spray Cooler.
The isothermal character of the cooling plate was further improved by
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gluing a layer of paper to the plate. This increased the resistance to
heat»transfef in the vertical direction and promoted evening out any

two-dimensional character in the plate temperature.

3.5. Convection in the Air Gap

While there is an adverse temperéture'gradienf in the air gap;'
therevis no véfified fime-dependent cprrelétion available to predict
canection in thét phase, However, some rﬁns wére teken with a thermocouple
'mbnitoring the air side of:the coqler plate. Conﬁectioﬁ responses were
noted when the air space was about 6 inches deep, but were not observed |
for 3 mm depths. This confirms that-thé source of convective motion is

- in the liquid phase rather than in the éir phase in these experiments.

3.6, Performance and Operation of EQuigment

The eiectric cooier was found to maintain afiiﬁear profile over a
greater'rangevthan the sbray cooler, The épray éoéler ﬁroduced the two
extfeme,sufface functions-flinear decay and step function--as well as

intermediate types (see Fig. Iv-12).

4, Comparison of Free and Fixed Surface Onset Conditions

The major difference in performance betweeh the ffee and fixed
surface experiments was in the detection of instability. The point of
instability for a fixed surface was taken as the firét'departure from puré—
conduction behavior in the bottom liquid surfaée temperature. However,
after the convection had begun, fhe temperature difference betveen_surface

and bulk for the fixed surface continued to increase rather than to decrease.



~80-

Plexiglass surface tempe‘g'r_u_@

¢ K
24 Onset conditions’ tLi‘ »
O o _ qul
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(a) Step change in surface temperature
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3‘ o, 0
© Onset conditions
a (Tc=l.9 °C )
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= temperature

Time

(b) Linear time decay of surface temperature
.~ XBL726-3I75

Fig. IV-1l2. Experimental Temperature Responses on the Gas-Liquid and
Plexiglass surfaces using the Spray Cooler. The Surface Temperature
of the Plexiglass is shown %o Display the Conduction Response which |
was used as & Referernce in Identifying the Onset of Co'nvéction.
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This difference is aue to the ratio of héat flux in the air to heat flux
in the.liquid being less in the free surface case than the fatio of heat
flux in the annulus heater to heat flux in the liquid in the fixed éurfaqe
case, The lack‘of temperéture.decrease in-the'fixed surface éxperiments
added_difficultyvto detecting convection onset wifh curves having an onset

time greater than 250 seconds.
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particular fluid is proportional to AT t
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V. FIXED SURFACE RESULTS
]

1. Deep Pool Results

1.1. Convection Free of Wall, Depth, and Vibration Effects

:Invthese eXperiments; the heating rate and the fluid viséoéity
were varied so as to verify the internai consistency of the time—dépendent
Rayleigh numbér and determine its deﬁendence on the Prahdtl number; The
depth of the fluid was either h;S em or 5.6 cm, %%-wasvalways less than
0.01, and %%-was always less than 0.01. The experiments were performed
on the vibration-free table, except.for those described in Sec., 1-3. All"

runs were made with a bottom surface temperature which increased linearly

with time.

1.1.1. Internal Consiétenqy_of the Réyleigh Number. The time-
dependent critical Rayleigh number may be partitioned into two groups,
one dependent_upon the physical'properties of the liquid and the other

dependent upon the nature of the imposed surface temperature.

1

3/2 a 1/2
_ peB AT(at) — [ peBe +3/2
Ra, = ™ = ( g ) (aT £.7%)

.(AT is thebtemperature drop across the fluid.) -

For any given liquid in which the physical properties do not vary

1/2
significantly, the first group in the Rayleigh number (25@%___0 and the

Prandti number are constant. Thus the theory would predict that Ra, for a

t
3/2

(o4

spectrum is constant.
The experimental conditions for first observable convection (refer

to Fig. III-1) are plotted on Fig. V-1 for the following liquids; methanol

, provided the initial disturbance
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Fig. V-1. Experimentally Determined Conditions for the Onset of Convection
~for a linear temperature decay at a Fixed Surface in a Deep Pool.

o Methanol, O n-Decane, a4 n-Butanol, A n-Octancl, ® Silicon 0il 50 es.,
A Silicone 0il 1000 cs. Bulk liquid temperature at 25.0 * 0,2°C.
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.(Pr = 6.6), n-decane (Pr = 13), n-butanol (Pr = 43), n-octanol (Pr = 108),
and Silicone 0ils 50 cs (PF = 450) and 1000 cs (Pr = 8500).

The results verify the relation (AT tz/z = constant) for each
fluid tested in this apparatus, and suppoft the findings of Foster (1969)_
. for water. Although his results were reported as O———;' t5/2 = constant),

3/2

the results here were reported in the form AT tc for the following

reasons:
’ 3/2

(1) AT tc is the simplest and the most wiiform combination of

surface temperature and onset time for any surface temperature history.

T '
The approach of-using-—Ji" tz/g utilizes a characteristic of the surface

at
température history (sg—o,.which will véry from one surface temperature
history to another.

(2) AT can be more easily identified as a physical quantity than
»( ) or any other surface temperature characteristic. Thus this form

of correlatlon should have a greater general utility than other forms.

The dlsadvantage of this approach in practlce is that the crltical
conditions (AT, tc) are found by 51mnltaneously_sOlv1ng the heat conduction
eqﬁation with the appropriate boundgry conditions, along with the AT .
plot. This isvin contrast t§ reading the critical conditions directly
from a plot for.a given type of heating (ife. constant flux).

1.1.2. Functionality Between Ra.t and Pr. The values of Rat for

each fluid were found from the results of Fig. V-1, and from values of
physical properties obtained from the literature. These properties are
listed in Appendix D. The results have been plotted in Fig. V-2 so as to

show the average value and the range of values obtained from Fig., V-1,

372
c
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t
(Pr = 0.7) (refer to Appendix F). Even'though the température profile

The heating apparatus was also used to estimate Ra, for air

wAs two-dimensional near the walls because of the difference in thermal
properties between air and Plexigiass’thé region ih'the center of the
plate was thought to be nearly one-dimensional. The gpparatus had to be
imodified so as to detect instability. ‘A thin thermocouple was suspended
limm (approx.) above the surfdce'ahd this détected.the onsetvofchnvection
much better than the thermocouple on the air-solidvsurface. The results

and calculations are presented in Appendix F.

Predicted rglationships between Ratvand Pr calculated by Foster
(1968) using Amplification‘Theory with constant amplification factors of
'108 and 101 has also been plotted on Fig. V-2. The data show that the
apparent amblification factor corresponding to onset decreases as thé Pr
.increases. However, the data do fall in the ranges reported in the
literature and reported in Chaptér'II, Sec. 1.3.2. The predicted curve
is qualitafively cérrect insofarvthat it predicts Ra;t approachingvé
constant valgg'ét high values of Pr, and ﬁat increasing as Pr decreaées.

A mofé thorough test of the shape of this curve would be to extend
this work into the ligquid metal domain (low Pr). The apparatus used in
this work was thermally incomﬁatible with liquid metals and therefore not
‘Vsuitable for the neéegsary extension, butdthé design principles used in
this work could be extended to liquid metal experiments.

Foster (1969) published results for heating water in an épparatus
similar to that,used in this report. With Pr = 6.6, hé correlated hié

3 5

results with an amplification factor of 10~ to 107, which agrees well with

the results in this study.
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: 102. Effect of Wall Spacing
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The solution to the Amplification and Q.S.A. theories ééeﬁﬁtgaan;

infinite horizontal layer so that wall effects do‘noteenter3thee§i631eﬁ§-

- Although this is an unrealistic assumption, it simplifies the analysis,ﬂi.;"“ﬁv

Krishnemurti_(l970) commented that the frihging of the isotherms in the,b
vicinity of the walls intfoduces.a hbrizontal tempefeture gradient into
the fluid which leads to'sub-criticalv(i;e. two—dimensional) mdtien. |
Sub-critieal-metion at walls'ﬁas observed by.Koehmeider (1966).

"The effect of wallvspacing on the linearfdensity-ﬁrofile convection
onset problem has been discussed theoretlcally (Davis, 1967; Dav1es-Jones
1970) as well as exPerlmentally (Heltz and Westwater, 1971, Deardorff

and»Wlllls,'l965- Quinn and Mitchell, l966);‘these_results may serve

"as a guideline for tran51ent convectlon. The cr1t1ca1 Rayleigh number was

found to increase-as the ratlo of the wall spac1ng (D) to the fluid depth
(H) decreased This 1ncrease was due to both the effect of shear-sﬁressr

at the walls and the rearrengement of fhe convectivevmotion fo circulate
iﬁ_a confined séace. With.an infinite horizontal layer, the convective
cell takes on dimensions eorreepending to the miniﬁum energy for convection,
When the wall spacing has dimensions similar to er less than the'lowest

energy convectlve cell the liquid has to c1rculate with a cell d1men51on

-dependent upon the size of the wall spaclng. Convective ¢1rculat;on with

this restrlctlon requlres a higher energy-level. Heitz and Westwater (1971)

. found that for convection in a veSSel with square horizontal cross section,

the Rayleigh_numbef (RaH) increased for 2 < 2, but that for LN 2_the

H 7 - H
Rayleigh number did not increase significantly; Similar results using

gases have been reported by Deardorff and Willis (1965), and Quinn and

Mitchell (1965).
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‘-chterl(l969) repcrtediphdtcs of thefincipient observable convective

cell patterns. From such photos, it was observed that'only the cells

‘next to the'wall of the containerAwere affected by the presence of the

walls, and Foster made the generallzatlon that the walls have only a
mlnor effect on the cond1t10ns necessary for observable convectlon. In
these experlments, the width of the tank was 30 ‘cm, and the penetratlon
depth was never more than 1 cm, |

Although the mechanisms in the time-dependent and time-independent

convection cases may be different, the equivalent of-g-in the linear profile

D
case ,should probably_ be proportional to V%g- in "the transient case. Experi-

ments werefrun:with the"apparatus.and techniQuexdescribed'in Chapter'III,

‘Sec.b2’hb The results have been tabulated in Appendix C, and plotted

in Flg. V—3. It can be seen that wall effects are negligible for

n-octanol (Pr = 108) and n-decane (Pr - 13), provided %%'<’0.1. For

t

-greater values of D2 , Ra_ rises sharply. The dependence of Ra, on Pr

t
at '

 for £ > 0 1 was not clearly dlstlngulshable.'

D2

1.3. Effect of Variable Vibration in the Vertical Direction
‘The influence of different forms of vibration on the onset time as

reflected by Rat was studied using the equipment and technique discussed

in Chapter 111, Secs.’3'2 and 3.3.

Results reported in Flgs. V-l and V-5 and in Tables 3 to 6 show

that as the forclng v1brat10n decreases in frequency and increases in

vamplitude, the onset of convection occurs earlier. Since the vibratlon

conditiOns'employed in these experiments. represent the extremes expected.

in practice, the upper extreme representing conditions just prior to
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~0]1-

370167 — 50
IOx
io

I ,
X
L 08 ' . ' S 30
- 330F _ - xl2 S .
_6' _ x9 '
n:_ 09 | .04 _ v x|4

300 . L | .

| ' o5 «xl6

o 100 1000 10000

| Vibration frequency (c.p.s)

XBL726-3171

Fig. V-5. Experimental Values of Ray as a Function of Vibration Frequency for
n-Octanol at a Fixed Surface. The Numbers on the Plot Correspond to
Series of Runs Listed in Tables 3 and 4. For a specified frequency and
‘for either-a fixed (x) or a free (0) upper surface, the amplitude .
decreases with increasing numbers. Rat on the vibration free table
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Table 3. Fluid: Octanol; Upper Fluid Surface: Fixed

Tdentification  Vibrat Vibrat Vibrator Maximum
ator ' rator : ) X -
Number Frequency Amplitude(A) Power (A W3) Av?rage Vibration Number
X N Rayleigh No. . of Runs
for Fig. 5 (w)(c.p.s.) (inches) (incheszc D.5 TS Velocity
' sEeTe (em/sec)
. ' -7 -2 : -3
1 8100 kx10 8.5x10 1350 . 3.2x10 2
2 2.,1x107 1 2,3x1072 370 1.6x1073 2
3 1.2x107" 7.7%1073 335 1x1073 _ 2
" 60 3x1073 e 315 1.8x107% !
5 éx10~ 7x10™2 290 3.6x10"2 2
6 ) 1.2x10‘1‘ 3><_1o‘3 280 71073 1
7 10 .10, _ 10 385 1 2
8 6x10™2 3.6 335 6x10"% 2
9 4,5%10™3 | 2{><J.o‘2 315 2 2

4,5%x10"

.—36-



Table 4., Fluid: Octanol; Upper Fluid Surface: Free

: ‘os . . . Vibrafor H Maximumr
Idenf,lflcatlon Ylbrator _ Vll?rator . o3 Aversge Vibration Number
-Number Frequency Amplitude(A) Power (Aw~) : : - »
for Fig. 5 (w)(c.p.s.) (inches) 2 3 Rayleigh No.- Velocity - . of Runs
° SATeEeRe (inches c.p.s.”) (cm/sec)
-7 - -2 l -3
10 8100 bx10m ' 8.5x10 355 3.2x10 2
L - -/ ' o s | :
11 1000 1.07x10 | 12 . 3ko 1x10 L
12 3,410 1.2 330 3.4x1072
13 6.9x107 4.8x10™2 360 B ST 4
14 1.s6x10'6 2.4x1073 315 1.6x1073 N
15 1300 3.5%10 : 3.2 320 -~ 1x10 T L
16 . 7.0%107° 1_.-3><10f1 290 2.1x1072 3
17 1x10™° 3x1073 300 31073 3
18 10 6x10 - 3.6 270 6x10 2

X . . : .
Vibration Free: Rat = 500 to 550,

-€6-



Table 5., Fluid: Methanol; Upper Fluid Surface: Fixed

Average

Vibrator Vibrator Vibrator Maximum
Frequency Amplitude - Power. Vibration £Z§{Z?§h ‘ EE§-x 102 N?;E:: of
(c.p.s.) (inches) (a%3) - Velocity No. o <
. (em/sec) °c/sec
8100 1.37x10"7 9x10”3>  1.5%1073 1050 2.8 1
3;9X1o‘7 BX10'? 3,2x1073 865 S 2.7
6000 3.9x1077 3.2x1072 . 2,5%1073 -800 2.6 1
L4000 3.9x107" 9.5x10f3 1.6x1073 1000 : 2.7 B |
3000 3,9x1077 ix1073 1.2x073 800 | 3.1 ‘ 1
2000 3.9%1077 . 2.hx10‘3 7.8x107" 800 . 3.2 : 1 2
1000 8.7x207° 7.6 8.7x10‘2, 900 2.7 . 1
300 3.9klo‘h L1 1.2x107% 920 : 2.9 1
| 8.7%10™° ax107t  2.6x1072 850 _ 2.8
60 2,9x1073 1.8 18107t 1000 2.3 1
10 107t 10 1 860 2.8 1
“(e) | : ,
1072 -1 107t 750 | 3.0 1
“(e) ‘

* .
Vibration Free: Ra

—f(6_
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Table 6. Fluid: Octanol; First Observation of Viscous Heating

Vibrator
Frequency _ _
(ceDes.) . 8100 " 1000 300

Vibrator
Amplitude

(inches) | 5.3Xlo-7

<10~ 7 7.8%10"
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viscous héating (see Chapter III, Seé. 3.3), it would appear that vibrations
of‘approximately 60 c.p.s. and amplitude of 0.001 inches have thé greateét
destabilizing:effeét, lowering Ra, by L0% from the value obtained with |
a very low-vibration environment.

Thé two different:wave forms produced in the liquid with free
éﬁd fixed ubper liquid surfaces did not produce results which were
significantly different from eacﬁ otﬁer, except at low frequencies and
high amélitude with the free upper surface where the liquid was almost
turbulent, which lowered Ra, significantly.

The conclusion from the results is that vigorous vibration
lowers the onset time, but not as severely as Gresho and Sani'(l970) and
Foster (1968) anticipated using Amplification Theory. Levels of vibration
can bhe expected to vary with tﬁe location of the fluid containér, but
the experimental results show that under a#erage conditions, Rat may -
change up to 15% as a result of variation in environmental vibr#tion.

This is to be compared with the 10% variation in Ra, for the heating

t
experiments reported in Sec. l.l. In that case, the vibration environment
was constant.

Figure V-5 shows 10 c.p.s. to be more stable than 60 C.DeS.,
which was against the trend of the higher frequencieé. The acceiéroﬁeter
showed that vibration motion below 60 c.p.s; was erratic; and at 10 c.p.s;
it was véry irregular. Conseéuently, the ?ibration motion in the two
cases was &ery different, but the results show the motion at 60 c.p.s.
to be more destabilizing.

The possibility of something else other than environmental

vibration triggering the convection initiation appears real from the
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spread in the results so far obtained. Observation from experiment
suggests that this is tied to tempeérature nonhomogeneities in the fluid,
although this is difficult to prove. This point is discusée@ further

in Chapter VII, Sec. 2.

1.4, Effect of Varying Physical Properties in the Thermal Layer

Beqause some physical préperties-(e.g., viscosity) are tempersature-
dependeht, values of physicéiiprdperties in the thermal layer will differ
from the bulk conditions.. Properties.in our experiments weére evaluéted
at bﬁlk conditions. Both Ra£ and Pr will be affected, but as can be
seen from Fig. V-6, only the viscosity ié significantly affected by
temperature. Although the calculations fof Fig. V-6 are foryoctanol, this
trend is general for all the liquids'tested,'

~In héafing experiments visqosity decreases in the thérmal layer.

Thisvwou;d increaée Ra, and decrease Pr as compared to the values
'.computed at bulk conditions. At low values of Pr,'Ré.t increases wiih
décreasihg Pr,Fand so the viscoéity effect would not be as noticesble,
At higher Pr, Ra, is independent of Pr and the indicated Ra, would be
higher than that estimated using physical properties at bulk conditions,

In Fng V-1, variablé viscosity effects would be observed through
the resulté for high temperature differencés AT failing belbw the line
_ ﬁith -1.5 slope drawn through;the loWeriAT results, esPeéially with the
‘Dow Corning Silicone fluids.» Thé oppdsité_was observed; this cquld be
'dge to the sliéht difference in shapé qf the éurfécé teﬁperatufe cufves_for
‘rapid and sloﬁ heating (refer'to Chapter V, Figs. VI-6 to 10; Chapter VII,

Sec. 1.2.). At rapid heating rates, the surface temperature curve was

found to increase above the linear form (i.e. arch upward, S < 0.,5),
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which would produce a highér value of Rat than expected from a linear
temperature response. At slow heafing rates, the surface temperafure
dropped below the linear response at long times (S > 0.5), and this

t

would produce Ra, lower than expected from a linear temperature response.

Thus, at high'AT thé inérease invﬁat from the slight change in surface
temperature linearity probablyrmore ﬁhan:compensated for the slight
decrease with changing viscosity. | |

In the experimental anélysis_of.cénveCtion'along vertical
cylinders (Fuji et al. 1970), the viscosity effect is accounted for 5y'
‘the ter@ (ﬁ%);/s, where Hw is the visgo;ity at the wall andbu ié the

viscosity in the bulk. For 1000 cs'Silicone 0il, a temperature increase

of 24,5° C would produce a»30%-decrease:in viscosity.
- .t 1/5 ) .
B - (1.30)Y% = 1.05

“‘In'this case, the,viscosity effe¢£ would produce a 5% reducfion

in Ra,, which is less than thefscatter,iﬁ the results. .
In the linear theoreticgl,analysis by Palm (1960) and.Sggél and

Stuart (1962) for a fluid with bofh surfaces "free" and at a constant

temperature, the effect of veriable viscosity through the fluid was

shown to Be

R S : 2
1%:1,_0;0&8 (B Wy™
*H'p ok
For the change in properties in the 1000 cs Silicone Oil_as before,
this relation would again indicate a 5% reduction in Ra .
The above discussion ieads to the conclusion that variable viscosity

effects are probably not important enough in these results to affect the

conclusions.,
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2. Shallow Pool Results

The shallow pool experiments were cerried out using the teehnique
and apparatus described in.Chapter‘III,_Sec. 2-3. As.outlined in Sec. 1,
the correlating parameter te show the increase in Rayleigh number; based
on either fluid depth (RaH) or penetration depth (Ret) at shallow depths
and constant Prandtl number is %% + The observed results have been
plotted in Figs. V-7 and V-8 for ‘three fluids and for liquid depths
down to 2.65 mm, and the results are tabulated in Appendix c.

The transition from deep pool mechanism to a shallow pool
mechanismxis clearly seen iniFig. V;T. The shallow pdo; data converge.
on an asymptote which is independent of Pr and tc’ and dependent on fluid

"depth (H). The lack of Pr dependence in shallow pools is discussed in
Chapter VII, Sec. 1.4, The shift in dependence from t, to H is discussed
in Chapter VII, Sec. 1.3. The deep pool asymptotes are independent of
ﬁ%-but are dependent on Pr, as reported 1n Flg. V=2, .

The effect of non-llnearlty of a den51ty profile in a shallew ,
pool is seen in Fig. V-8 where the shallow pool data of Fig. V=T have
been replotted as RaH[= Rat (EEJ 3/ ] versus ig-.

| The data at large'(gg)'converge on the asymptote Re = 1700,.Which
is the solution to the linear density profile and time-independent con-—
vection initiationeproblem (refer to Chapter II, Sec. l.l).

The comparison of the data with theory is made in Chapter VII,

Sec. 1l.3.

There are no published shallow pool experimental results for constant

temperature at the upper surface. However, some shallow pool experimental

results for an adiabatic upper surface have been published. Soberman's
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(1958) results for a step increase at thé lqwer boundary have been
reported in Appendix A on‘coordinates that allow'comparison with our
IWOrk. 'The values of RaH are belqw our results and lower than theoreticaily
predicted by'Currie using the Q.S.A. approach, This could indicate that
there is some error in Soberman's results (refer to Chapter VII, Sec. 1.3
for'evaluétion of Q.S.A.). |
Foster.(1969) reported values for convection omset in shallow
poéls with a linear increase in the lower sufface temperature Witﬁ‘time.
The liquid at the_gpper surface was opén to the air and so was closer to
an insulated surfaée than‘to an isothermal surface, The critical Rayleigh
numbers (see Appéndix A) were estimated to be Ra, = 10,800 to 12;70Q at’

2t - 1.8, as shown in Fig. V-T. Considering that it was possible that

H2.
the upper surface did not act as a perfect insulator, in which case Ra

t

would be overestimated, and that the temperature profile in the liquid
differs from that in this experiment, it appears poééible that the shallow
pool mechanism is not very dependent on tbe shape of the temperatﬁre
profile in the liguid. Thié point is discussed further in Chapter VII, :

Sec., 1.3.
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VI. FREE SURFACE RESULTS
With free surface convection, both density and surface tension

effects can be expected. These effects can be separated using the

relation (AT . tg/g = constant) verified in Chapter V to idéntify'density
influences, and (AT ~'ti/2 = constant) to identify surface tension

influence (refer to Chapter II, Sec. 2.1.2.).

1. Deep Pool Results

In the deep pool experiments, the thermo~electric cooler was
used with the téchnique and apparatus described in Chapter IV, Sec. 3.k.,
to identify the type of convection at a free surface for a linear decrease
in surface temperature with time. The spray cooler, with technique and
apparatus described in Chapter IV, Sec. 3;h., was used to investigate
the effect of varying the shape of the surface temperature-versus-time
curve,  The liquid éontainer used was designed from fesults obtained in
‘Chapter V, Secs. 1.2, and 2., to be free of wall and lower boundary
éffects, It was assumed that free surface and fixed surface convection
behave similarly with respect to fluid width. .

1.1, Characterizing Free Surface Convection and Comparing it with Fixed

Surface Data

The results of the deep pool, thermo-electric cooler experiments
have been tabulated in Appéndix-E and are plotted on Figs. VI;l, 2, 3,
and 4, The fixed surface results, as shown 'in Chapter V, Fig. V-1 have
been plotted with the free surface results to permit clearer identification

of density-driven effects.
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The results for n-decane n-butanol, n—octanol and lOO ‘cSs Slllcone
0il at the sloypr heatlng rates (large tes small AT ) obey the relatlon
AT'ti/z = constant. This indicates that convection at these condlt;ons
is dehsity-driven. '

o Mehler, et al. (1970) using Amplificafien Theory caleulsted the
ratio df!the‘RaYleigh“nuﬁbers at fixed and free surfaces for ‘a step
change in surface conditions and an amplification facfor of 1000. The
ratio was found to be 1,93 at Pr =7 epd 2,62 at.Pr = 600, Foster (l§68)
-calculated this ratio as 1Q95_for iﬁfinite value of Pr and a.step{chsnge
of surface conditions.

N Q.S.A. has been used te calcﬁlate Rat = 32 for two fixee surfaces
‘(Cvurrie,"l967)"and»Rat = 5,4 for two free sﬁrfaces (Lick, 1965). By
cempering the results of‘different:shear conditions for the linear
density profile; which have been tabﬁlate_d by Berg gjc_ | al. (1966) and |
which are: ‘fixed-fixed (RaH' 1700) fixed-free (RaH 1100), free—free
(RaH 650), and assuming that the ratios between these results holds

for'theQ.S.A° analysis, the ratio of flxed_tp free surface deep pool

32 650 . 1700)'
1700 ~ 5.4 = 1100°°

Generally, the free surface results in Figs. VI—l 2, end 3 have

Rayleigh number according to Q.S.A. would be 3.5 (=

the same value as the fixed surface results, and when they fall below
the flxed surface results it is not as low as the current theorles
predict' The free surface results are lower than the fixed surface
results only in experlmental reglons of hlgh dr1v1ng force (low t —_—
Fig. VI-2) or long conduction times (Fig. VI—h). It is in thesevexperi;

mental regions that |



=110~

(1) surface tension-deﬁéify fofce doﬁpling, and/or
(2) side effects inherent in the experimental eguipment
become-imporfanﬁ as destébilizing'effects{ These are discuésed in the
follbﬁing paragraphs,
| The ratio of surface tension forces to densiﬁyvforces (= Mt/ﬁat)
gn‘the deep pool éase‘for a pérticular fluid_is.propértional to l/tc.
Thus, as tc increasés; coupling beﬁveen éurface‘tension and density
driving forces would become increasingly important and coﬁld lead to
the decrease in stability of the fluid.
| The side effects are pdséibly due to two-dimensional character
in the liquid suffacevtemperature. At high coqling rates (small te,
lérge ATC) there was a greater possibility for the cooler surface tov
develop a two-dimensionalichafacter inherent within the design'of the
,therﬁo-elecfric cooler, This effect Vas demonstratgd Vith the 100 cs’
Silicone 0il resulté. These results initially showed free-surface -
Rayleigh numbers abouf a factor of threevloﬁer than the fixéd éurface

results., On the supposition that the layer between the heat pump and

the cold plate could have been damaged, which would pefmit two-~dimensional -

character on the cold plate, the layer‘was relaid and the free surféce
Rayleigh numbers were found to be only slightly less than fhe fixed
surface results, as shown in Fig. VI-L.

For longer cooling periods, as in the 100 cs'Silicone.Oil experi-
ments, the difference in thermal pr0p¢rties between the Plexiglaés and
the liquid_coﬁld become important.

The meniscus effect, which had been minimized in this.apparatus,

could also have been important if a two~-dimensional charécter of the

- 3 « .
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surface'tempgratufe’developed. Iﬁ was fquhd ih preliminéry experiments
that the presénce Qf a surféce-temperaturé gfadient coulé lower thev
éritié&i Rﬁyleigh number, even withoﬁt‘éurface-tension—driven motiéﬁ.
This is aiso in agreement with thé'obsefvations of Burger (1971), andi
Berg and Morig (1969).

| The observatiqns‘that improved, i.e., more isothermal, thermO—:
electric céoling_suffaceé'inCreaSéd the vaiue of the critical conditions
‘(tc, Tc)vsignificantly, and that most of the free surface results lay
on a -3/2 slope, indi¢ate that latéralitemperature gradienté rather than
surface tension-driven coupling ffom:the vertical graaient was fhe”cause
of destabilization in these experiments. |

:Thé experimental regioné where.ﬁhe frge surface data have valugs.
similar'to'the fixedﬂSufface_data are least ihfiﬁgﬁced by tﬁe above
destabilizingveffécts; Thus, the results show that coﬁvection initiation
is indééeﬁdent of the.shear COnditions at the heating Sr'cooling_bqundary,
in the absence of destabilizingieffects-in a vertical one-dimensional,
deep pool density field, |

This result differs from the predictions of both Q.S.A. and
Amplification Theories, a point which is considered further in Chapter
VII, Sec. l.h; This cgnélusion alsovdifféré from fhe conclusion and
experimental results of Mshler and Schechter (1970). They obsérved
that the'onset time at a confaminatéd»aquebus'surface (defined as a fixed
surface) was almost double ﬁhét at a non-contaminated surfépe,'defined.as
free surface. The experiméntal conditions in'these.experiments'(éee_

Chapter II,>Sec, 1.3.2.) and in the present study were different. In
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"~ order to'appreciate'this differénce,_the experiﬁentéi conditions of
Mahler and Schechter and‘their forerunners, Blair and Quinn (1969), will
be considered briefly.

Sulfur dioxide was absorbed into water to prdduce the.unstable
density gradient in both studies. Blair and Quinn observéd that when a wire
mesy was held across the céntaminated'aqueous surface, the onset times
wéré the same as those without tﬁe'wire mesh, after the absorption
raté hadvbeen corrected for the reduction in transfer area by the_ﬁire
“mesh. They concluded that this showed that a contaminated aquéous surface

acted like a fixed surface.

When the water surface was partially covered with natural
contaminant (insoluble surfactant) and parfially covered with oleic.acid
(soluble surfactant) so that the surface pressure across the surface
ras at equilibrium, the onset time under the contaminant was 24 seconds
wvhile the onset time uhder the oleic acideas 20 seconds. The form of

‘motion under each surface was also observed to be different. The dif-
ference between the two surfaces wés'attributed to différences in surface
‘compressibility, which effected the lateral rigidity of the surfacé,. Thus,
Blair and Quinn concluded that the less rigid the surface; the earlier

the onset fime; Mahler and Schechter extended this work by obserViné

the effect of different types of surfactants.

There appear tovbe.two possible explanations of these results
of these two previoﬁs studies: |

il) Less rigid surfaces have smaller onset times in onefdimenéional,

density~driven convection.

'2) There is a side effect in the experiments which lowers the onset

time as the surface rigidity is decreased.
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Mahler and Schechter éésumed-Explanation 1 without considering
Explanation 2. If (2) is’p@ssible, what effects can‘lower the stability
at a gas-liquid interface? Experiments have shown that the presence of sur-
face waves at éfgas-liquid‘intéfface can lower oﬁset times, See for example,
Chapter_VI,.Sec. l.2.,‘wﬁere the spray cdoler generated surface waves and
produced,onset times in n-decane which were approximafely 50% lower fhan
those produceq by tﬁeivibration-free thermo-electric cooler. As the liquid
viscosity“increaséd,'the éffeét of surface’vaves decreésed, and the density
boundary layer at the onset‘wés generally thicker (see Fig. V~1).

When the’instability'is'produced in.water by mass transfer, both
the viscosity and the density boundary layer thicknesses are in the range

where surface waves should be important. The surface waves are generated

by building vibrations, but are reduced in special cases, such as in the

vibration-free table deséribed in Chapter III, Sec. 4. The second source
of vibration-is'in thevmeChanigal action which inc:;;sed thg sulfur. dioxide
partial pressure suddnely so-as'to épproximate a step change in these
experiments. Since the iﬁStability obcurredvbetween.lo and 20 seconds,
this ﬁechanical aéfibn Qould bé significant. The mégnitude of the surface
waves would be expected to decrease as the surface rigidity increased.
The presencé of surfactants would increase stability (i.e., lengthen onset
timeé) bécause they‘ihcrease the surface rigidity and dampen the surface
wave action. |

.Thése comments apply equélly to the results of Mahler and Schechter‘ 
and those beBlair,and'Qﬁiﬁn. “The conclusion frém comparisén of the
sulfur diéxide—ﬁater absorptidn experiments with‘ﬁhe ﬁéat trahsfer results

is that surface waves on a gaé-liquid interface,“rather than the surface
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rigidity, are the cause for the difference found between onset times at
"free" and "fixed" surfaces in the sulfur dioxide-water absorption experi-

ments,

1.2. Effect of Variation of Surface Temperature Profile

\ The results of the deep-pool’ spray-cooler experiments have been
tabulated in Appendix F and are plotted in Figs. VI-6 through VI-11.
The correlating parameter used to describe the shape of the surface

temperature vs. time profile was

area under surface temperature curve up to (tc, ATC)

= area given by tc X ATc
S = 1 for -a step change, and
S = 0.5 for a linear decay

This was the simplest parameter that could describe thé su?face
temperature curve, It has fhe drawback that several curve shapes can be
~described by a given value‘of S (see Fig. VI-5). An additional parameter,
a non-dimensional first momént of the‘curve about the temperature axis,
was used to dif‘ferentiate qualitatively between curves wi‘f:.h similar va.lﬁes
6f S, but different curve'shapes.

AT T
c

/
“

t
c

Fig. VI-5. Curves with different shapes but same value of Shape Factor S.
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' The results show that Rat decreases as S increases in the range
0.5 < § < 0.85. Curves with Si> 0.85 were difficuit to produce, because

of the éhallowness'of_the initial slope and its rounding off into the
plateau‘temperature segment; These same limitations would hold for

almost any type of step—funétion produétion where the time to reach

. the platéau is comparable to the convection time.

The‘écétter is probably due to a number of éauses.' First, the
definition of S did not uniquely'déscfibe a curve, as pointed out above.
The curves Were're#iewed,to'see if there was a trend‘with respect to the
first momept of the curve, but no significant trend was found. This
could be due to‘fhe fact that the decrease in Rayleigh number in the Rayleigh
numbeerS-S relationship”occuré most sharply for curves with only small
devietions from iinear profiles in which S almost uniquely describes the
curves (refer to Fig. VI-5).

The second'poésiblé reason for Scatter in the éffectfbf gravity
upon the instability. Due tb the spray action in the spray cooler,
vibratioﬁs could have been introduced into the system énd could have’
produced waves on fhe surfage of the liQuid. The presence of surface
waves woﬁld account for the difference ianat between the spray cooler
results and the fixed surface results at low Pr (Fig. VI-11). The
variation in Pfrwas‘producea by.vérying,the liquid viséosity, and it is
possibie‘that the size of thevsurface waves and their consequent effect
on the stability of the thermal layer increased'with decreasing viscosity.
A theoretical stu@y»by‘Berg (1966) on surface tension effects showed that

surface deformation can result’in a decrease of stability.

RSN
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‘The third possible reééon fof scatter is the'coupling effect
between sufface-ténéiOn'énd density-driven convection. However, the
results of Sec. l.l. imply that the cqupling effect is probably negligible
in these ékperiments. | |

‘From the foregoing, the more viscous 1iquids, n-octanol and
lﬁ-hexanol, appear to have less surface deformation than the less viscous
_liquidé, and hence shou;dvbe closer to thé‘theoretically analyzed cases.
Indeed, the linear surface température (s = 0.5) decay for n-octanol
can be extrapolated to Ra, = 500, which is the same reésult as obtained
with the thermo-electric cooler which was free of surface waves (refer

to Figs. VI-10 and VI-1ll). Comparison of the results with theoretical

predictions is discussed in Chapter VII, Sec. 1l.2.

1.3. Comparison'of Deep Pool, Free Sufface Results with Literature Results
Foster (l965).and Spangenberg andAROWIana (1959) published results

for convection where water was evaporated fromvstagnéntvpools. 'Thége
results have been tabulated in Appehdix A, Although Foster identified
the surface.temperaturé—Vs—time curves as a linear decay of surface
temperature with time (S = 0.5), Vidal and Acrivos (1969) found that
evaporation frdm stagnant pools could be better described by a constant
flux at the evaporation surface. A curve with constant flux would have

8 = 0.67T. The typical surface temperature curve that foster worked with,
which was published with his results, can a;so be'described by S = 0.67.
Foster's.results.for evaporation of water of Rat = 255 with S = 0.67 and
Pr = 6.6 agree well with the.results‘of n-decanol_(Pr = 13) usiﬁg.the

spray cooler (Fig. VI-6). The fact that these data compare better with
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the spray cooler results than with the thermo-electric cooler results
(refer to Fig; VI-11) indicateé the possibility of surface-wave influence
in Foster's experiments.

Clérk and King (1970) published results for evaporation of carbon
disulfide from tridecane solvent (see A@pendix A). Aithough the liquid
system was moving in laminar flow, density-driven coﬁvection could be
identified by Re, = 285, sz 0.62, for thermal-driven convection at
Pr = 27...Comparison with the spray cooler results for n-butanol (Pr = L48)
and n-undecahe (Pr = 18) is good, considering the hydrodynamic difference
between a stagnant pool and a laminar flowing strean.

Ball and Himmelblau (1967) identified density-driven convection for °
the absorpticon of carbon dioxide into a laminar flowing aqueous stream
(see Appendix A). The mass-transfer-driven Rayleigh number (Rat) was
reported at 785 with:Sc = 300, but the'thermal-driven Rayleigh number
was not reported. Since the absorption was exothermic, the thermal
gradient would tend to stabilize thé'systém, wﬁich may account for the

high value of Ra

£ when compared with the present results where no

stabilizing influence was present,

2., Shallow Pool Results

‘The.results of the'shallow pool'experiments‘using both the spray
cooler ana thermo-electric cooler have been recorded in Appendix F, and
~are plotted on Figs.'Vi—l2, 13, 14, and 15. The apparatus and experi-
mental technique usea‘were described in Chapter IV, Sec. 3.2. -The surface

temperature c%anged linearly with time so as to be compared with the fixed-

“surface, shallow-pooi data of Chapter V, Sec. 2.
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@Fig. VI-13. ZExperimental values of Ray at a Free Surface as & Function of
Depth Factor (at/H2) for n-Butanol using the Thermoelectric Cooler.
Fluid Depth: O 5.0 mm, M 3,3 mn, @ 2,16 mm., Spray Cooler data for
0.5 < 8§ < 0.6, see Fig. Vi-15. A n-3utanol, [ n-Octanol, - - - Boundaries
of Syray Cooler data®r 0.5 < S < 0.8.
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From the results of the fixed-surface, shallow-pool data it was
apparent that both time (tc) and fluid depth (H) were important in the
description of shallow-pool convection initiation. Consequently the
data have been plotted in terﬁs of Rat (time-dependent Rayleigh number,
Figs. VI-12, 1L) and Ray (fluid-depth dependent Rayleigh number, Figs.
'VI;l3, 15) to illustrate the time and fluid depth effects.

The free-surface, shallow-pool data (Figs. VI-12, 13, 14, and 15)
appear to have the same values as the fixed-surface, shallo&—pool data,
This shows that the méchanism for convection initiation at these two
surfaces in ihe shallow pool case is the same, o; that convection onset
in these experimental conditions for free-surface, shallow pools is density-
driven. This is true even for thin liquid films (2 mm) and higﬁ values
of Marangoni number (Mt = iO,SOO; M, = 5,200).

This conclusion is in contradistinction to previously published
work on convection initiation in thin films of evapéfaﬁing, pure, organic
liquids. Berg, et al. (1965), and Vidal and Acrivos (1967) found con-
vection initigtion at RaH much below 1700 and so ascribed surface-tension
force as the driving force, These results were duplicated in our laboratory
when a temperature gradient existed along the liquid sﬁrface, which can be
expected in evaporation experiments (see Appendix B). When this surface
gradient was eiiminated, the results could be described by Figs..VI—lQ to
15. Thus, this study shows that previously published results fqr thin-
film, free-surface, thermal convection produced by evaporation did not
conforﬁ to the theoretical models used to describe surface-tension-driven
and density-driven convection, because of the temperature gradient along

the liquid surface in those experiments.

e e B e s W
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The compariséh betwéen the ébray cooler and thermo-electric cooler
results given oﬁ'Fig. VI-13, shows that the infiuénce of the vibrations
is not impdftant.in shallow~-pool convection. Thisvis ﬁrobably due to the
size of thé gravity waves in this experimental appératus being reduced
by the éhallo& depth of liquid. “

vThé scatter in results can possibiy be identified with uncertainty
in the height of the liquid used. Although care was téken to fill the
vessels to the pianar level of the top of the walls; the liquid heights
‘could have been slightly'less than those recorded. This would account
for some free-surface values lying above the fixed-surface results on
Fig; VI-ih;’ There could also have been some surface tension-density
coupling, but this was difficﬁlt to determine since one plot could not
separate‘the.following two effects:

1) Marangoni_forée—Density force coupling

2) Marangoni number vs g-FE-rela_.ti‘cnship.

H2

. - ) . ) . -
Some scatter could also arise from side effects discussed in See. 1l.1.
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VII. DISCUSSION OF RESULTS

1. Evaluation of Models Describing Time-Dependent Convection in Deep Pools.

The modelé describing density-driven convection initiation have been

discussed in Chaétér IT, Sec. 1.3. and are briefly summarized as follows.
They fall into two classes depending uﬁonbthe rélafive magnitude of the
$ .
| time to establish an unstable density gradieént, and,the'grbwth time of the
disturbaﬁbe. When the growth time is assumed negligible the mafginal
stability assumption is inveoked. The type of médel used then depends
upon the nature of the'density gradient throﬁgh thé fiuid layer. A
linear gradient through thé fluid has been successfully‘examingd using
the timé-independenf model., The curved density gradient, arising in
transient transfer proéesses, has been examined using the Q.S.A. approach,
which freezes the density profile in time. When the growth time is
comparable to the time to establish the unstable density profile, the
marginai'étaﬁility'aSéumption has been shown to be invalid (Robinson,
1965). Under these cbndifions, the phenomenon haé"béen studied using
Amplification Theory. .
| The pUrposé of this section is to evaluété the strengths and
weaknesses of the Q.S.A. and Amplification theories describing convection
'initiétion;in a wide, deep pool. The shallow-pobl, time<independent
model has been well established theoretically and experimentélly and can
ube used as a réference for judging the'validity éf the marginal stability
aésumption when applied to non-iinear dehsity profiles. Mathematical
comparison between the Q.S5.A. and Amplification theories by gbbinson (1965),
Foster (1968), and Gresho and Sani (1970) has highlighted features of both

theories -and rejected the Q.S;A. approach as invalid for deep pool analysis,
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Such a comparison is'éuépect since the form of thé developing disturbance
has not yet been established and therefore has to be assumed. This assumption
is the 5asié for the "mathematical" comparison. The analysis in this
" section comﬁares the predictions of the‘tﬁo-theories with experimental
evidence;‘vSuch_a comparison has no aséumed basis as for the former
comparison, and‘would therefore appear to be moré practical in its
evaluaticn.

| The équétions gf motion,:liﬁearized around zéro fluid velocity
and the conduction profilé %% , are shovn below (refer to Chandreskhgr,
1962) to illustrate the effect ofvinvoking the marginal stability
assumption, a factor which distinguishes between Q.S.A. and Amplification
theories, Erior to making the assumption, the equations are as follows

(as used in Amplification theory):

3T . T

525.5 b {VII-1)
- Pro=-Fawd | (V1I-2)
R Ao o (vII-3)

Assumption of marginal stability causes the time derivatives to be
eliminated from thése'above equations. Thus the equations used with this

assumption are:

3T . p | T (VII-L)
2 . .

-9z
%6 = = J/im w L | - ~ (VII-5)

]

g
D
|

39z
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L A A] | (VII-6)

1.1. Ra_ Independent of Heating Rate

tlS

independent of heating rate for a specified type of heating, and all

Both Q.S.A. and Amplification theories predict that Ra

other conditions constant.

Experimental results reported in Chapter V, Sec. 1., and the
results of Féster (1969) verified this prediction for a linear change in
surface temperature with time. Other types of density change which have also
shown this conclusion include Blair and Quinn (1969) using a step change
in surface'conditions, and Onat and Grigull (1970) and Foster (1965)

using a constant flux at the surface.

l.2., Variation of Raz with the Shape of the Density Profile in the Liquid

Currie (1967), using Q.S.A. theory, predicted that Ra,, where 2 is
the effective thermal depth (refer to Chapter II, Fig. II;2), was independent
of the shape of the density profile in the fluid. Ragy (= Ray ° (%JB) was
calculated as a function of (%J, and the time required to attain Ra, for a
. specified value of (é& waé governed by the shape of the density profile
in the fluid.

Foster.(l968),yusing Amplification Theory, studied the cases of a
- step change in the surface temperature (Case A), and a liﬁear change qf
surface temperature with time (Case B). From Figs. 3 and 5 of his paper,
the ratio of the time-dependent Rayleigh number Rat at the large Pr

asymptote and an amplification factor of 108 for the two cases was read
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and evaluated as 3.0. The same ratio at the small Pr asymptote

(Ra

£ " Pr = constant) was read and evaluated at 2.3. ~The ratio of effective

thermal layer depth (2) to_penetration‘depth (Vat) waé different for each
case (refe? to Fig. VII-1), but after Ra, was transformed to Raj, the
values of Ra'Q for each case at high'Pr were approximately equal. At the
low Pr asymptote, thé valﬁe of Raz for the step function was approximately
45% greater than that for a linear decay. Considering the accuracy
.involvéd in reading data from Foster's paper, it ﬁoﬁld appear that
Amplification theory agrees with Q.S.A. theory at high.values of Pr in
predicting'Réz to be ipdependent of thé shape of the density profile in
the fluid, and hence the nature of the forcing function.

The.ekperiméntal data were measured in the form Ra, (Chapter V,
Sec. 1.) for n-octanol (Pr = 108), a high Pr fluid. The values of Ra
. (",—f?- - n)3
A is a . constant relating £ to the penetration depth.scalé (/EE) and has a .

£

were derived through the transformation Raz = Ra where

value dependent upon the form of the fdrcing function, as can be séen from

Fig, VII-1l. The transformation requires a knowledge of A3 as a function of
density profile shape in the fluid, which in turn is dependent upon the surface

temperature-versusétime relationship. This can be seen from the following

equations: N
-2— (2/H) =[ T(z)/T(0) + da(z/H) (from Fig. II-2) (VII-T)
. 5 _
z,t) '=_f(T(o,fr), T(i,r), 9‘52-)' (VII-8)
-~ H

t
f T(0,t)dT -
0 _

S = —TTBTET—TE— - assuming T(l,r) =0 _ (VII-9)
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The:sﬁrface temperature-versus-~-time curve can be described to a
first approximation by the.shape factor "S" (refer‘fo Chapter VI, Sec.
1.2.). In order to ca;culaté A as a functién of 8, the temperatﬁre.
profile in the fluid has to be expressed as a functioh of S. An observa-
tion of the mathématical'équations involved showé.thgt this is viftually
impossiblé fbr the generai case.. Howevér,'the family of.curves described

n/2 can be used to find values of S and values of A for a

by Ts f kt
particular value of n, which can lead to a relation between S and A for
this family of curves. This relation can be used generally to give A

for ény TS-Versus-tihe function, if it is assumed that the values of A for
all possible Té-versus-time curves with the same value of S fall within'a
narrow fapge about that calculated above using the TS = ktn/2 family of
'curves.:'The following analysis is based on this‘asSumption, since there

did not appear to be any other reasonable alternative to find a generai

rélatiOnship between A and S. Calculations for A vs. S for the family
. /2 .

of curves given by T = ktn for conduction into a semi-infinite medium
have been discussed and plotted in Appendix H.

. The values of-Rat versus Svobtained experimentally and reported
in Chapter VI, Sec. 1.2. and Appendix I for fixed and free surfaces were
,cross—plpttedeith the relation between A versus_S described above to give
values of ﬁaé versus S (Fig. VII-2). The results show that Ra, is
eséentially independent of shaée factor S at high values_éf Pr, as:
‘predicted from both theories. The scatter was prébably due to the assumed
_generalized relation betﬁeén A and S. The scatter for.the linear.time
decay of Tq (5 = 0.5) is shéwn to compare the scétter_&btained for a

particular type of Ts-versus—time curve,
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The possibility of Raz being-densify-prOfile-shape dépendent
for a low Pr fluid, as predicted from_Amplificétion theory, was not

investigated. Air, a low'Pr fluid could be used to study this effect.

1.3. Variation of Raz with the Ratio of Thermal Depth to Fluid Depth

| Currie (1967) used Q.S.A. theory tp_éalcﬁlate Re, as a function of

L/H for a fluidvbdunded'by two, perfectly conducting surfaces. His
results were transformed into the’férm Raz veréus T and plotted on
Fig., VII-3.

There are no calculations pub;ished showing Rat as a function of
%‘2’— using Amplification Theory. However, Mahler (1969) has shown that with
shallov'depths Amplificétion Theory predicts a maximum in the amplification
factor versus time. This was interpreted by Mahler as showing that
:cénvectiOn.would”not‘be observed if the maximﬁm ampiification factor was -
not great'eﬁough, even though the value of Ra, was above the critiéal
‘conditibn éaicuiéted using time—indepéndént theory. For example, for a
free-élus-fixed-surface shear case the time-independent critical condition
waé given by RaH = 1100, which has been observgd experimentally by Berg |
and Palmer (1971). Mahler calculated that'the maximum amplification factor
for RaH % 2000 wés 4o, and previoﬁsly he had correlated'deep-pool convection
onset with an amplification factor of 1000, The indeciéive nature of
Amplification.Theofy in this example places suspicion on the utility of
that theory at shallow depths, or ibw values of RaH.

_The'fixéd—surface experimental results were feéorded in Chapter V,'

Sec, 2 as Ra, versus 2% . The values of Ra,t were transformed into Ra,
. - -1 _ an
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using the relationship'between A and g% (refer to Sec. 1.2.) for a

. H
linear surface temperature change with time, which has been calculated
at
B2
The asymptotic value (Pr independent) at high values of

and plotted in Appendix H. Ra, versus has been plotted on Fig. VII-3.

at
. 12
yof Raz = 1700, which is the time-independent solution for a linear gradient

is in the range

with fixed, perfectly conducting surfaces,:angﬂ&lso the solution for Raz
where the marginal stability assumption has been shown to be valid

(Chandrasekhar, 1962). Figure VII-3 shows that, for a fluid with an
' at
g2
shows that the marginal stability assumption appears valid for deep pools,

~infinite Prandtl number, Rag is essentially independent of . This
and infinite Pr fluids if the length scale in the equations of motion is
taken as % defined in Chapter II, Fig. II-2. This assumption is not true
for all Pr since Raz is Pr dependent, contrary'ﬁo predictions using the
marginalvstaﬁility assumption. This result is discuséed further in
Sec. l.h,_

| The Q.S.A, predictions can be compared with the infinite Pf
results, éince fhe‘marginal stabilityvassumption appears valid for theée
results. -Frém Fig. VII-3, it can be seen that Q.S.A. undérestimates the
deep pool experiﬁental results by almost a factor of 40, The Q.S.A.
theory predicts that the presence of the bulk fluid causes the thermal
layer to be less stable, which from the expefimental results appears to
be incorrect. The experimental results for the infiﬁite Prandtl number
fluid show that convection initiation could have been predicted using
the marginal stability assumption and a linear gradient through the'thermal
layer, and neglecting the presence of the bulk flﬁid. The error in the -

‘frozen—prbfile approach appears to be tied to separating the thermal
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iayer from the bulk fluid and then considering the interactions of one
upon the other. The experimental results suggest that it is better to
neglect the presence of the bulk fluid and then consider the bulk fluid
side of the thermal layer as having shear conditions between a free and

a fixed nature. The deep pool asymptote as low values of gg-shows
H

Ra, = 1200 to 1350 for high Pr.

2
The relationship between A and g%plotted in Appendix H, Fig. H-3

shows that Rat and Ral become independent of Shape Factor at high values

of 9%,. This was found eXperimentaily for the results with the spray
H

cooler for shallow pool convection plotted in Chapter VI, Fig., VI-15.

at

He

~ factor (S) for the range 0.5 < S < 0.8. Further evidence for this concept

The values of Rat at high values 6f appear to be independent of shape
is seen in the closeness of Foster's (1969) shallow pool datum point

for water with an adiabatic non-~heating surface and tﬁe present work
where the non-heating surfaceltemperature was held constant (refer to
Chapter V, Sec. 2.). The temperature profiles in each case would Be

' different, but the pools are shallow enough so that this difference is

not important.

!

1.4, Ihfluence of Prandtl Number on Rat

The marginal-stability assumption eliminates the Prandtl number
from the equations of motion., In the case of the linear density gradient
in the fluid theory using the marginal-stability assumption and experi-
ment both show that the onset of convection is independeﬁt of the Prandtl
number, .Experimental results cover a range of Prandtl number from 0.023

to 8,500 (Silveston, 1958; Rossby, 1966). Thus an established test of
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the wvalidity of the marginal-stability assumption is that the onset of
convection pe Prandtl-number independent. |

The Q.S.A. approach uses the marginael-stability assumption to
déscribe the onset of convection in the transient or boundary-layer
density profile. As a consequence, the critical Rayleigh number (Ral)
is predicted to be independenf of the Prandtl number.

Amplification théory assumes the time-dependent terms in the
equationsvof motion to have eqﬁal weight with other terms. Consequently,
the amplification time is a function of.the Prandtl number, with two
asymptotic solutions. At very loﬁ Prandtl number, Rat « Pr = constant,
and at very high Prandtl number Ra, = constant. The significant dif-

t

ference between these two asymptotes is that Ra, * Pr has no viscosity

t

term in it while Rat does, Thus, Ra.t s Pr shows the region where only

conduction is the important stabilizing force, and Ra, shows the region

t
where both conduction and viscosity are important stébilizing forces.
The experimental results of Chapter V, Fig. V-2, show that Ra.t
increases as Pr decreases, which is in qualitative asgreement with
Amplification Theory, but.not Q.S.A. Theéry. These data are poorly
fitted with a constant amplification factor, but are fitted well with
just the two asymptotes discussed above (Fig. VII-L). In light of the
discussion of Sec. 1.3., the concept of amplification to describe the
very high Pr asymptote does not appear valid. Rather, in light of the
marginal stability assumption appearing valid at these asymptotic
conditions, this asymptote should be a conéeQuence of a disturbance

displaying convective influence almost irmediately after the conditions

for first instability have been reached on the scale of the thermal
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boundary 1ayer thickness. The asymptote for small Pr appears to be tied
to the growth rate of the disturbance from an infinitesimal to an
observable size. This arises from the observation that Pr precedes the
perturbation of the time derivative of the velocity in the equations of
motion, As Pr decreases énd approaches zero, the term.iL-gz-in the

Pr ot

equations of motion will become increasingly important. Thus Rat and Pr
will be important in the initiation phenomena for low Pr. In the limit
of very low Pr, the equations of motion (Eqs. VII-1, 2, and 3) are made
dimensionless through the group Ra.t » Pr, Consequently, the convection
onset conditions would be expeqted to be correlated by Rat = constant
and Rat * Pr = constant at extreme values of Pr. Amplification theory
predicts these two asymptotes from dimensional analysis and their values
are reported by Foster (1968) and Gresho and Sani (1970) for constant
amplification factors (w)f The data could be fitted 5y the asymptotes

Ra, = 350 (v = 10°) and Ra, « Pr = 7200 (v = 10°°) as shown in Fig. VII-3.

t
Note fhat these asymptotes correspond to widely different amplification
factors.

The observation that the Q.S.A. theory predicted Rat to be

independent of Pr for deep pools, which was contrary to experiment, showsv

that the marginal stability concept is not applicable to deep-pool con-

vection initiation except at very high values of Pr as discussed in

" Sec., 1.3. In light of the results presented in Sec. 1.3. and in this

section, new features of the mathematical description appear to be
important. The variation in fluid-depth experiments showed that if Raz»
is used to non—dimenéionalize fhe equations of motion; the following
inequalities explain the apparent validity of the marginal stability

assumption in both deep and shallow pools for a very high Pr fluid:
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Variation of Pr showed that as Pr decreases, the group Raz « Pr becomes
increasingly important. This suggests that as-Pr décreases, the term
;L-gz-becomes comparable to and eventually much greater than é——-in the
Br ot , a2
asymptotic limit.

The Pr dependence in deep pools shows that the ratio of the
thickness of the conduction boundary layer to the thickness of the

momentum boundary layer changes as Pr decreases. This is reflected by

the change in asymptote from Ra

t = constant to Ra; « Pr = constant. The

t
lack of Pr dependence and'consequentvlack_of change in boundary layer
thickness ratio does not occur in shalléw pools because the thicknesses -
of these effects are constrained by the fluid depth; i.e., fhe'témperature
profile is almost linear across the fluid layer, ahd the motion is
restricted to the fluid depth. It is only in deep pools where the fluid
layer is unconstrained by the geometry that the Pr-dependence is obsgrved.
In summary, a simple model for computing Rai in the deeﬁ éooi case
(a) considers the density boundary layer profile to be approximated
by a linear segment as described in Chapter II, Fig. II-2. The
equations of motion are made dimensionless using the length
scaie in Fig. II-2,
(b) neglects the presence of the bulk fluid.
(c)‘postulates a ‘shear condition at thévbulk-fluid edge of the
| density boundary 1ayer that is between thoée of fixed and free

surtfaces.
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(d) assumes the relation gc << QJZ';
2
oy
(e) assumes the term g;-%% to be less than, greater than or
comparable to 555 , depending on the value of Pr, It appears
from experiment that L v >> QEE for Pr < 1
. Pr ot awZ
L dw 3% for Pr > 1000

Pr ot an

1.5. Effect of Vibration on Rat

The Q.S.A; theory has been used to investigate the behavior of
only infinitesimal disturbances in an adverse density field. The effect
of finite disturbances in a linear, time~independent profile through the

_fluid has been mentioned in Chapter II, Sec. 1.1. It was discussed how
fihite-amplitude disturbances can cause conVection onset at a lower value
.of the‘Rayleigh nﬁmber (RaH) than infinitesimal disturbances. This
concept can be applied fo Q.S.A. predictions and would be applicable in
the case of vibrating fluids where the amplitude of the diéturbances
would be.expected to be §f greater magnitude than in a "stagnant" pool.
The theory would predict that Rat will decrease a5 the viﬁration effect
increases.

Amplification Theory predicts the time for amplification of a
disturbance. Consequently, this theory predicts that the amplification
time would decreasevas the initial amplitude of the disturbance is
increased, which is the same conclusion as the Q.S5.A., theory.

The experimental resulté of Chapter V, Sec. 1,3. showéd that

vibration effects can decrease the value of Rat or Raz. Although the
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external vibration conditions were known, the velocity distribution in

the fluid was unknown, which eliminated the possibility of quantitative
comparison with the predictions of Amplificatioﬁ Theoryf Howéver, the
experimental results allow some qualitative discussion of Amplification
Theory. Vibration in the flulid could p?oduce sound waves and bulk fluid
motion to initiate convection. The sound wavelengths are much longer
(approximately 1000 cm at 100 c.p.s.) than the observed initial convection
wavelength (in the range of 0.2 to 5 cm). Further, the wavelengths of
the bulk fluid motion, and hence initial convection conditions, will be
dependent upon the size of the container relative to the size of the
incipient thermal. The opposite was observed, Instead the value of Rat
was observed in Chapter V, Secs. 1l.2. and 2,, to be independent of the
fluid width and depth provided the fluid boundaries were greater than the
size of the thermal. These observations suggest that the wavelength of
the motion produced by the envirommental vibrations—is probably not the
basic wavelength of the incipient thermal, which is in contrast to the
initial cgnditions assumed in Amplification Theory. Rather, this basic
wavelength could be derived from a breakdown of some bulk-fluid motion
effect, Possible sources of this bulk-fluid effect are discussed in

Sec., 2, of this chapter.

l.6. Effect of Rigidity of the Heat Transfer Surface on Rat

Both Q.S.A, and Amplification theories use the velocity perturbation

(v) expansion form v = g(x,y,t)f(z), where f(z) is the vertical coﬁponent
and is a continuous function of "z" through the fluid satisfying the shear

boundary conditions at the upper and lower fluid surfaces. The function for
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f(z) at a free surface will differ from that at a fixed surface because
of the differences in rigidity between the two boundaries. It is from

this reasoning that both theories predict that Ra, at a fixed surface will

t
be higher than that at a free surface.

The experimental evidence shows that in the case éf‘a linear,
tiﬁe—independent density gradient through the flﬁid, the difference between
the critical Rayleigh number at a free surfaée (Berg and Palmer, 1971)

" and at a fixed surface (Silveston, 1958; Rossby, 1966) is as predicted
theoretically. However, the experimental evidence presented in Chapter
VI, Sec, 1.1., shows that with deep-pool, penetration-type density
profiles, the degree of rigidity at the heat-transfer boundary has no

influence on the value of Ra, for convection initiation.

t
These deep-pool results,’togéther with the interferometric
photos of Onat and Grigull (1970), indicate that the first motion occurs
in the bulk of the fluid, and more specifically at the bulk edge of the
denSity boundary layer. This initial motion is apparently not strong
enough to penetrate the density boundary layér and "feel" the rigidity
of the heat transfer surface, Béth the Q.S.A. and Amplification Theories
inéorrectly assume a form Qf initial motion which is distributed through
the density layér and influenced by the rigidity of the heat transfer
surface.
A possible reason why large-scale convection first appears at the
outer edge of the boundary layer is that this is the region where the

conduction thermal gradients are weak enough to be comparable to stray

convection thermal gradients, which appears necessary for horizontal
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temperature variation, which in turn is a prerequisite for thermal
production. At the same time the conduction thermal gradients at the
edge of the thermal boundary layer are significant enough to gupport
the initiation process.

_The shallow-pool data for free and fixed surfaces are difficultk
to compare because of the uncertainty in the liquid depth in the free-
surface éxperiments. The shallow pool convection initiation data showed
‘RaH at gpproximately 180Q. From the linear, time—ihdependent density
profile studies by Berg and Palmer (1971), the high at/H2 data should fall
along RaH = 1100, The reason for the discrepancy probably lies in

(1) the difference between the assumed and the actual fluid

depths. 1If there was a meniscus on the liquid surface, the
liquid depths would be lower than that assumed and consequently,
the actual values of RaH would be less than the calculated
values. In the fixed surface results, the wall height was
equal to the fluid depth because of the geometry of thé
apparatus.

(2) the difference in surface rigidity is only felt at high

ot
H2

The time-independent, linear profile results of Berg and

values of and the experimental values were not high enough.

Palmer (1971) appear to be at 2% of at least an order of
H

magnitude larger than the present results.
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1.7. Compariscn of Mass Transfer Results with Heat Transfer Results

Both Q.S.A. and Amplification theory predictions do not distinguish
between adverse density gradients produced by heat or mass transfer. The
relevant thermal or mass diffusivity and coefficient of expansion due to
either a chﬁngé in temperature or composition in the definitions of Rat
and Pr account for the nature of the density gradient.

The experimental results using gas absorption or desorption in
aéueous systems have involved a step change in density at the gas-liquid
surface, and a‘contaminated aqueous surface. A summary of the;e results
is given in Table 7. Generally, the Ra2 are higher than the heat-transfer,
high~Pr valué of Raz, which is 1400. The increase coﬁld b¢ due to several
effects, including:

(1) Solute was absorbed out of an air mixture, so that there could
be gas;phase resistance due to- the presence of the air, which
was neglected. | _ -

(2) There could have been resistance to mass transfer from the
presence of the insoluble surfactant on the contaminated water
surface, which was néglected in the calculations,., Mahler and
Schechter (1970) duplicated Blair and Quinn's (1969) results
by placing n—octadeéanol, an insoluble surfactant, on the
liquid surface. Pigford and Springer (1971) found that
insoluble surfactants impeded mass transfer while soluble
surfactants had negligible effect. Thompson (1970) found
‘experimentally that the ratio of sulfur dioxide absorption
:flux ip the presence of n-octadecanol to fhat for clean water

was 0,37. A reduction in flux would reduce the concentration
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ay s Rag Determined from Aqueous-Gas Absorption/Desorption

Experiments Involving a Step Change in Surface Conditions and a

Contaminated Aqueous Surface.

Investigator Rat ‘Raz Gas

Blair and Quinn (1969) 350 %000 Ethyl Ether - desorption
" " " 320 3650 Ammonia - desorption
" " " 300 3400  Sulfur Dioxide - absorption
" o " 210 2400  Carbon Dioxide - absorption

Mahler and Schechter (1970) 290 3300 Sulfur Dioxide - absorption

Plevan and Quinn (1966) 1h0 1600 Carbon Dioxide ~ absorption

Burger (1970) 320 3650  Sulfur Dioxide - absorption
" " 270 3100 desorption

Ethyl Ether

e e e
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of sulfur dioxide at the top of the fluid and the effective.
value of Rat.‘ Mahler and Schechter found Rat = 180 for
ébsorption with a soluble surfactant, which would correspond
to Ra2-= 2150. This value would be_lowered even further if
‘the surface curve were less than a step function (refer to
Appendix H).

(3) The initiation mechanism could be affected by the scale of
the density profilé depth. In the mass transfer experiments,
this scale (= vDt) was approximately 0.0l cm, whereas in the
heat transfer experimeﬁts, the same scale was approximately
0.35 cm.. There is a possibility that the observation of -
convection initiation is different over this range of density
layer thickness,

Reasons (1) and (2) appear to be invalid becaﬁse the reported mass

flux in the SO, experiments (see Burger, 1970) was never lower than that

2
predicted from penetratioh theory using literature values of the dif—
fusivity cdefficient of sulfur dioxide in water. The above reasons (1)
and (2) would pfedict a‘lOWer flux than that predicted from penetration
theory.

vAlthough the number of available experiments to draw a conclusion
from is limiﬁed, it appears that mass transfer experiments produced-values
of Rat slightly higher than heat transfer experiments. This can be better

evaluated when nore experimental data with heat and mass transfer are

available, and the initietion mechanism is better identified.



~152-

2. Nature of the Initial Disturbance

The present experimental study hasvrevealed many aspects of deep—
pool_convection initiation, and, with the Q.S.A. and Amplification
Theories; it has provided a deeper insight into the initiation mechanism
than existed before. However, the fundamental gquestions of what form
the instability takes prior to conveétion; and how it emerges out of the
conduction profile have not yet been resolved., The practical aspect of
this question concerns the relationship between the critical value of
Rat and the type of instability. There are many qualitative reports
with'éome conclusions in the literature, and these are reviewed in the

following section. These reports are then analyzed to obtain an improved

overall picture of the nature of the initial disturbance.

2.1. Qualitative Observations of Convection Initiation

2.1.1., Initiation at a Gas-Liquid Surface. The following studies
have been reported. )

\(1) Spangenberg and Rowland (1962) observéd convection onset caused
by evaporation in deep pools of water. Schlieren optics showed the thermal
layer initislly growing with a uniform thickness., After an initial period
of cooling, protuberances deve;oped on the leading edge of the thermal
layer and fhen grew and produced plunging sheets.of_cold liquid. Appearing
simultanéouély and abruptly with the roughened thermal layer edge, in the
view perpendicular to the surface (top view), wefe stripes which grew in
intensity as the plunging sheets developed. Photos reported by those

authors showed the length of a stripe in one example to be 8 to 10 cm,

whilst the thermal layer thickness was 8 to 10 mm. From these observations,
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the mechanism for convection was proposed as an accumulation of cooled
liQuid aiong'stripes, which caused local thickening of the thermal layer
and then instability.

vThe_protuBerances retained tﬁeir identity on the developing
stripe and later on the leading edge of the piunging sheets. As the
cooiing_fate increased, more sheets per unit are& were observed. Columnaf
'plﬁnging was observéd, but.its ‘appearance was transienf. Columns developed
iﬁto pluhging sheets within a few seéonds after formation, so that generally
the developed form of convection was plunging sheéts.
| ‘Interestingly, the thermopile used to record the surface tem-
perature discouraged convective growth. When therthermopile was moved
near a stripe, ﬁhat stripe faded and reformed some distance away from?thé
instrﬁmeﬁt. | ,

(2) Foster (1965) perférmed experiments similar to Spangenberg
and Roﬁiand, but instead of using Schleiren optics he used a layer of
"ﬁaShable" ink particles on the Bottom of the fluid to observe the first
signs of motion. This required that the fluid bé shallow enough so that
plunging convection would disturb the layer of ink. The disturbance
‘observed_in the ink layer reflects the nature of the first convection
to réagh the bottom of the fluid layer, which is not necessarily the
| same.és tﬁe férm of convection which first forms at the density layer.

The first motion was observed as white spots appearing in the ink
layer. Photographs show that these spots were grouped, with as many as
five spots;ih oné group. The experimental conditidns were similar to
Spangenberg and Rowland, and sc it is possible tﬂat tﬁe first developea

convection motion could have been isolated plunging sheets with



- ;151;-

vprotuberances on‘the.léading‘edge éausiﬁg the spdt appeafance.' Foster
did not show Side views of the convecti?e motion as Spangenberé and
 Rowland did, and so it is difficult to assess whéther the motion in
Foster's experiments was discrete blobs.or whether it was sheets.

It is interesting to observe from photos published in Foster's

paper that the appearance of white spots was isolated and random, although

photos taken shortly after onset showed convection more developed'neér
the wallé.thén in the’ceﬁter of thercontainer. |

Fogter attempted to correlate the distance betweén the‘ﬁhite
spots in a group'with the rate of cooling to teét Amplification Theory
predictions, Hé oﬁéerved that the distance bétwéen spots in a gfoup
decreased as the'éocliﬁg raté'increased. In terms of Amplification
Theory, this meant that-the_distance between the spots éhould correspond
to the wavelength'(kc) of the fasfest growing wave of the disturbance.
For a given Prandtl humber, thié predicted*distance:is-proportional to
the thermal-layer thickness, and tﬁe correlation of the distance between
spots with £he thermal layer thickness was‘onerved experimentally
(Ac N7 ZEE) by Foster. Furthermpré, Spangenberg and'Rgﬁland obsefved’_
that the number of plunging sheefs pér unit areavincreased.with“increasing
.cooling raté (decréasing thermal layer thickness), wﬁiéh is quélitatively
- in agreement with the wavelength argument of Foster. |

(3) Blair and Quinn (1969) absorbed sulfur dioxide into water,
where the agueous surface ﬁas contaminated. They,obSefved the initial
fo:ms of convection using.Schliefen'oﬁtics.

The'first motion was obser?ed in the meniscus region in the form .

of plunging sheets. Some time later, convection in the center of the
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fluid surfacé-was obse;ved, énd its form was dependent upon the driving
force, or the time for convection initiation. At high driving forces,

both ringlets and columns were observed to plunge into the fluid. The
numbér of ringlets and their time of first appearance was not reprodgcible,
and in some runs only columns were observed. The appéargpce of’ringléts
was transient,land they were observed for only a short period before
columns and_shéets became estéblished. The horizontal distance (Ac)
between neighboring columns was similar to the ring diameter. The results
showed appfoximately‘kc n 8 Yot for this form of initiation.

At low driQiné forces, rings were not seen, and plungipg sheets
were the main form of‘mbtion obsérved. However, Rayleigh numbers were
the same as for higher driviﬁg forces.

Thévéuthors concluded that the critical value of the Raylgigh
number varied by only ; few pércent with différent degrees;of disturbance
level and heﬂce different forms of initial convection motion——i.e., ringlets
and sheets. To substantiate this, Blair and Quinn made some runs ét high
driving force with and without a pressure deflecfing scfeén between the
gas éntfy and liquid surface. When the surface was visibly detected without
the scréen in place, the Rayleigh number was lowéred by appréximately ;S%
from the.results with the screeﬁ in place and no visible deflection. It
is important to note that convection onset was observed approximately 20
seconds after the gas eﬁtry, and that the surface deflection'may have
‘been dampened significantly by the time convection began.,

2.1.2. Initiation at a Liquid-Solid Interface. The following two

studies have been reported:
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(1) Foster (1969) studied the form of convection initiation in
water by heating the fluid from below in both shallow-pool and deep-pool
cases. A thin layer of washable.ink partiéles was laid on the heating
surface, and initiai motion was observed by patterns forméd in the ink,

Photos.were published showing’tﬁevink éatterné formed Just after
the onset of convection. _Convection‘was obser#ed to be'established near
the walls, but there.was liﬁtle ink movemént'in the cénfer of the vessel.

The deep-pool photos showed a tesselated ink pattern in the
areas of convection. There were indications that‘ﬁushrooming fhermals
were presenf in the photos and that the cehters of these thermals were
over the Junctions of“lihes 6f ink which had apparently been formed by
the sweeping action of the convection prdcess; Foster calculated the
wavelength (Ac) of the inifial motioh by the square root of the area of
én average cell. The results could be correlated approximately by

Ac = T.5 /atc .

The shallow-pool photos showed that the cell boundaries influenced

the form of convection in shallow pools. The patterns quﬁed_¢oncentric
_rings:in the ink layer. The phéfos showed.wéll developedvconveétion
patterns at the edge of the fluid, and these do not necessarily corresppnd
to the initiel form of motiqn in these areas. The inifiél'motion may have
been ﬁore random, but was quickly organized by the wall influence,

The disadvantage of ink studies‘is‘that the fluid motion ﬁas to be
strong.endugh to sweep the surface. ‘It has nof beeﬁ shown at whét stage
of convection development the sUrfaceAmotion reaches this strength. The
results.presented in Sec. 1.6. show that initial motion is at the bulki‘
edge of the density boundary layer. Consequently, the patterns'observedf

in the ink layer probably do not correspond to the'very first motion.
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(2) Onat and Grigull (1970) observed the onset of convection in
varioué fluids heated from below. Convection was observed using bi-prism
interferometry parallel tobthe development of the thermai layer. Photos
at successive stages of initial heating showed the development of bumps
in the fluid side isotherms, while the isotherms closer to the heating
surface remained planar. The growth of the amplitude of the bumps was

fast once they had appeared visible,

2.2 Conclusions from the Above Observations

(1) Convection occurs randomly on a surface, as opposed to the
orgdnized motion which is assumed in wave analysis theories.

(2) Initial convection patterns are not consistent in shape.
(3) The initial conﬁection pattern appears to depend upon the
density driving force--i.e., a high driving force givéé ringlets and
a low driving force gives sheets.

(4) The patterns at a gas-liquid'surface appear to be influenced
by prior surface deformation.

(5) Ra

£ can be confined to a narrow range for a
number of different forms of convection initiation as shown by Blair and
Quinn (1969).

(6) The initial disturbance is one which causes a local thickening
of the density boundary layer.

(7) The ratio of distances between protuberances associéted with

a plunging sheet, column or ringlet to the boundary layer thickness at

convection initiation is similar to that most preferred from wave analysis.
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(8) Wave analysis has a different meaning in convection initiation
than in steady-state convection (regular cellular cohvection). Initiation
is random and appears toc be a transformation from a disturbance into a
thermal; thus the initial wavelength of the distﬁrbance and its development
in the density field, both in possible change of wavelength and amplitude,
are important. Steady-state convection appears in‘well defined symmetrical
métion, where the wavelength does not change in time or space and the
motion can be described by a wave form. The esséntial difference between
£hé.two cases is in the wave-form description of the motion.

(9) The emergence of the protuberances and their growth appear
véry fast gompared with the accumﬁlation process leading to the thickening

of the density boundary layer prior to the appearance of the protuberances.

2.3. Possible Factors Leading to the Local Thickening of the Density

Boundary Layer

Protuberances have been observed to occurvin groups rather ‘than .
individually. This suggests that a regime of surface showing the first
signs of convection is the real initiator and that the protuberances grow
from the'disturbance.in that regime. For example, Spangenberg and Rowland

observed lines of local thickening (the unstable regime) with protuberanceé

growing on them.  Further, the growth procedure of the protuberances appears

well described by amplification of a favored wavelength (Onat and Grigull),'-

with the prediction for the fastest growing wavelength AC v 6.5 Yat being
experimentally observed. However, these observations show that, although
linear theory predicts the favored growth pattern of the disturbance, it

does not describe the accumulating mechanism which leads to an area being
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destabilized. Consequently, large-scale effects (cbmpared to the density
boﬁndary layer thickness) causing the destabilization have yet to be
identified, and herein iies a possible explanation for the va?iatioﬁ of
Rat from one experiment to another, Such an explanation could pe
contrasted to the Amplification—Theory éoncept of the spread in Rat beiﬁg
due to variation~in the amplification factor required for the appearanc;
of convection from one location to another.

The following are some effécts which may cléSsify as large scale

disturbances:

(1) Uneven heat transfer over a planar surface. This situation

would lead to a sloping densit& boundary layer,v

and the pesks in the density boundary layer‘might
lead to protuberance developments. Irregularities in the transfer ﬁréééss
“might occur with a non-isothermal heat transfer surfaéé'or non-uniform
thermal consisﬁency in the heating phasé, such as in the wall next to a
fluid.

(2) Transfer across a non-planar surface. This would include

convection at the meniscus region, where Blair and Quinn observed premature
convection. Non-planar free. surfaces could also introduce surface tension
effects, as Berg and Morig (1969) observed.

(3) Heat transfer across a wavy gas-liquid surface. In this case

the surface eddy movement might be influential in redistributing the
density boundary layer. This is a possible cause of the ringlet formation-

observéd by Blair and Quinn.

(4) Local temperature variations in the fluid produced by various

heat sources, including fluid vibrations. In the vibration experiments
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reported‘in‘Chapter ITT, Sec. 3.3., the fluid was observed to heat up
quickly af high power inputs.' It is possible ﬁhat at smaller vibration
amplitudes (lower power'input), the fluid also ﬁeated up, although this
was not observed by the thermocouple on the metel surface. Since each
vibration experiment was started by allowing the vibrator'to reach a
steady motion and the period to accomplish this was not constant, it seems
possible that the amount of internal'heating and consequent temperature
variation in the fluid would vary from one experiment to the next. This
influence may explain the spread in results of the the vibration experi-
ments, and it is therefore difficult to concludevwhether the local velocity
variations or the temperature variations were the cause of decrease in

stability.

(5) Buik motion in the fluid prior to the sﬁgrt of heat transfer.
A fluid with no intentional temperature drop acr§ss it normally has some
form of fluid circulation generated‘by non—isotherméi boundaries. Photo~
graphic studies reporfed by Muller and Ibl (1958) aﬁa Muller (1956) have
led to ideﬁtification of some of‘the factofs promoting this motion. These
include

(a) evaporation from the free surface,

(b) heat developed from light absorption;

(¢) wind drafts around a container, A

(d) fluctuations in room temperature.
- Large temperature fluctuations prédﬁced motion'with‘velocitieé on the
'ofder of 605 mm/sec. This motion was reduced to 0,005 to 0,05 rm/sec by
insulating the fluid ccntaiher and reducing the above four effects. Nofmally.
the non-insulated fluid is referred to as "staticﬁ_becaﬁse of the slow

velocity of these motions.
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The advection currents of this motion moving through the thérmal
boundary lé&er can provide the initial perturbatioﬁ° However, tﬁis one-~
dimensional stream must break up into local point sources which grow into
thermals. To do this the current must interact with the density field to

produce & wavy motion which will then break up into the desired units.

Advection current (Vy)

vt , \

W Isotherm affected by convection transfer

y+

The important dimensionless group relating the advection current

SV _
to the initiation mechanism appears to be'-—z;-, where V_ is a standard

volt

measure of the advection velqcity,,and\ﬁg is a measure of the velocity
of the thermal boundary layer edge.

Wavy two-dimensional isotherms were observed by Onat and Grigull
(1970). The above form of initial disturbance could be applicable to
their results.

.Stray large-scale motion could also be a residual effect from a
previous heating experiment. Experimental observation in the development

of the fixéd—surface technigue used in this investigation showed that the

difference between allowing the fluid to come tc rest for a twenty-minute
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period and a ninety-minute period after a one-minute run was a lowering

of the Rayleigh number by approximately 25% for the shorter rest period.

\

Both residuzl temperature and velocity variationé could be important
in this case.

Burger (1970) found that stirring the fluid in a veséel with a
gas-liquid sufféce had a slight destabilizing effect. When the surface .
became visibly broken, fhé convection transfer céefficient was much
higher and onset was not clearly distinguishable. ‘The form of natural-

convection motion in this case is not easily identified.

2.4, Conclusion
Because Rat
the bulk fluid effects may be expected to be more important than the

surface éffects as promoters of convection initiation. Since the fluids

which had been allowed a long time for thermal equilibrium (12 hours or

more) showed convection with onset times only slightly greater than the

fluids which héd been allowed a 20 minute equilibrium time between runs,
the temperature variations in the bulk fluid may oﬁly be secondary
promoters, 'Conseéuently, the residuasl or bulk fluid motion appears to
be the important promoter in formihg the disturbénée in the density
boundary layer. However, more visual observation of the convection
initiation phenomenon is needed to identify the primary and secondary |

promoters better.

is experimentally the same for fixed and free surfaces,
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3. Deep-Pool, Surface-Tension-Driven Mechanism in Light

of the Results of Chapter VI

The free-surface convection initiation results presented in
Chapter VI, Sec. 2., showed no surface-tension influence, even to high
values of the Marangoni numbgr (Mt = 10;500, MH = 5,200). This was in
the absence of meniscus effects, Surface-temperature gradienté, and surface
waves. This result is in contradistinction to the predictions of Q.S.A.

-theory-developed by Vidal and Acrivos (1969), who proposed a Marangoni
number b4 = (Mt) as.a critical value in the deep-pool case.

The discrepancy between experimeﬁt and theofy appears to be
connected_with the observation‘éf the equivalence of convection initiation
at free and fixed surfaces in deep pools. As discussed in Sec. 1.6..0f
this ghapter, the incipient convection is confined to the bulk edge of
the density layer and conseqﬁently does not feel the rigidity of the.
transfer surface. Thus, there is no shear variation at the surface due
to the incipient convection and conseqﬁently no surface_deformation.
Pfovided that there are no surface température gradients, local surface
disturbance or a meniscus, there will be no surface4fension gradients
along the surface, and hence surface;tension effects will be absent from-

_ thé.initiation mechanism. |

Surface waves and meniscusses have shown tﬂat'defofmed surfaces

and surface-tension effects can loﬁer the critical yaluevof Rat. Further-
more, in cases where surface-tension effects have appeared to dominate the
onset of convection (refer to Appendix A: Clark and King, 1970; Brown
and King, 1969; Blair and Quinn, 1969; Mayr, et al., i9Tl), surface waves
have been present and from the above discussioh appear to be the important

disturbance.
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Clark and King (1970), and Brown and King (1969) found that the
critical Value of Mt decreased from 8500 to 4500 in a horizontal flowing

liquid-gas contactor as the liquid flow rate increased from Re. = 150 to

L
900. SurféCe-wave influence shouldvincrease as.the’flow rate was increased.

Blair and Quinn (1969) used a stagnant arrangement which has been
shown to have surface waves present, as was discussed in Chapter VI,

Sec. 1.1.  They.found Mt = 3100 approximately.

Mayr, et al., (1971) studied convection ohset in a short wetted-
wall cqlumn'invwhich the falling film always had ripples along its surface.-
Althougﬁ'théy concluded that the Marangoni numbér was a function of the .
Biot number, there is evidence to believe that their datum point for
acetone desorption was affected by surface-tension éradients along the
gas-liquid interface, which enhanced rippling and could have lowered the.
system stability. Tﬁis is discussed in Appendix A. Without that datum
point, their Marangoni numbers were in the range 3700 to 5700.

One possible reason for the apparent stabilizing surface—tensioﬁ'
effect in Mahler'and Schechter's (1970) experiments with the absorpfion
of éulfur dioxide into water, discussed by Davenéort and King (1972),
appears to have been the presence of surfaée waves in the experimént
apparatus.(refer to Chapter VI, Sec. 1.1.). Anothér possible reéason is
that th¢ density disturbance in its early stage of development caused some
surface disturbance and hence caused surface tenSion stabilization., This:
Stabilizing.effect then retarded the obser#able onsét of_convectionf’

Biddulph and Ellis (1966) studied the effect of surface tension

forces on the amplitude of waves on a laminar flowing-water stream which .

was absorbing either acetone or methanol. They observed the amplitude
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of the waves to increase by an order of mégnitude whén the dfiving force
for mass transfer passed a.cfitical vaiue. The éuthors explained this
phenomenén by postulating that the solute absorption across the wav&
interface caused sites of low surface tension,'and high surface tension
gradiehté along the surface which caused avrapid spreading of surfacé
liquid. This resulted in.exposure of bulk liquid to ﬁhe surface in the
center of‘the éite, which increased the surface ténsion in the exposed
region. This.caused an annulus of low surface tension fluid and a tendancy
to reverse direction of flow. The moméntum associated with the spreading
and reversal of the low surface tension fluid resﬁlted in a surface ripple.
The above experimental observations suggést that surfaée waves‘are
important in deeﬁ-pool, surface—tension—driven:convection initiatioh.
Convection onset involving density forces and surface-~tension forces fér
the caée of the time-independent, linear profile in the fluia appears to
be in contrast to this absolute need of surface.moti;n. Ih‘fhé énalysis
~of this casé, Pearson (1958) and Nieid (1964) assumed thét the iﬁportant‘
disturbance for initiastion occurs throﬁghout the fiuid layer. Their
predictions have been experimentally verified by‘Palmer and Berg (1971)
' and Koshmeider (1967) ' . The possible aifrerence betwee;i
the linear profile, time-independent case énd the deep-pool, time-dependent
case is that the residual or bulk fluid motion, ﬁhich could be the initiator
of the density convection, is the initiator forvthe surface—tension-dénsity
'éoupling.écfion, and the time scale for the development of the large-
séale observable convection from this initiator could be much longer

than that for development from surface waves in the deep~pool case.
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Smith (1966) extended the earlier work of Pearson (1958) and
Sternling and Scriven (1964) by adding the effect of gravity waves to
the linea£ Stabiiitybanalysis. Hé found that the éritical Marangoni
number inéréased as the wavelength of thé surface wave relative to the
thermél'depth increased. The effect was dominant for thin iayers of
very viscous fluids. However, the results of the analysis have not yet
been correlated with experimental observation.

Experiments were performed to examine the importance of the
surface-tension gradient along the surface, and of surface deformation
through a meniscus or surface waves; the results are recorded in Appendix
J. Pools of liquid were heated with point sources and with uniform

temperature gradients along the surface, and in some cases meniscuses

were allowed. Surface temperature and the air temperature Just above the

liquid were monitored to examine surface-~tension effeéts. These results,
together with the observations above, show that sdmé'necessary conditions
for surface~tension-initiated motion are:

(1) a surface tension gradient along the surface,
and (2)Vsurface waves or a meniscus of é point:source.
To illustrate the importance of (2), experiments reported in Appendix J
showed that a uniform temperature gradient along a planar gas-liquid
surface did not préduce convection for temperature gradients as high as

3° C/em in thin pools of decane, 0.75 mm thick.
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VIII. PREDICTION OF STEADY-STATE CONVECTION TRANSFER
COEFFICIENTS FROM INITTIATION DATA

1. Introduction

Meésurements of heat transfer coefficients have shown that the
fransfer meéhanism in steady-state, déeﬁ-pool (large‘values of RaH)
natural convection is a'bdundary-layer phenomenon., Currently, the
boundary—layer thickness is thought to be maintained at an average
Qalue by a balance between conduction and convection (release of thermals)
processes,

The interaction between the convection and cdnduétion processes
has been well descriﬁed by Howard's (1966) mechanistic theory Qf steady-
state convection. Briefly, it suggests that the boundary layer grows by
conduction untii it becomes unstable, whereupon a thermal (a plume of hot
fluid rising from a heated surface) is geherated thcﬁ destroys the -
density boundary layer. The boundary layer grows by conduction agg;n and
repeats the érocess in a cyclic fashion., Convection is assumed swift
comparedvWith‘the time of'cqnduction. Consequently, this mechanism can be
epproximated by a succession of conduction periods where the boundary
layer is bﬁilt up from zero to some unstable thickness. The worth of
this model is that it allows prediction of the témperature profile and
heat transfer coefficient once the length of thevcyclic period is known.
This theory is aiscussed further in Sec., 2. of this chapter.

Foster (1970) and Burger (1970) have postulated models where
this cygiic period was equal to the time for convection initiatioq from
a fluid initially at rest. This assumes that the forﬁ of the instebility

for the convection-initiation and steady-state mechanisms are similar.
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Obviously if initiation data were available, this mefhod would be a
powerful £ool for estimating bofh transient and steady-state transfer
coefficients., However, the limitations of both Howard's model, and the
above equivalent-forms-of-instability assumption have to be evaluated
befére this meﬁhod can be'relied upon. " There are some data available in
the literature and in this dissertation which cén help to establish

whether such limitations exist.

2. Howard's (1966) Steady-State, Deep-Pool

Natural-Convection Mechanism

An excellent review of the steady-state, deep-pool, natural-
convection theories which have been proposed has been given by Howard
(1966), and the experimental evidence in the literature to test the
reliability of these theories has been reviewed by-Soﬁerscales and
Gazda (1969). The experimental evidence shows Howard's (1966) theory
superior in providing a basis for understanding and correlating the
steady-state convection mechanism; The important theoretical and experi-
mental conclusions of ﬁoward's theory are discussed in this section.

Townsend (1959), in a study of thermal convection in air over a
heated horizontal plate, observed that fluctuations in temperature,
temperature gradient, and the rate of change of temperature in the air
showed periods of vigorous activity (large fluctuations) alternating
with quiescent periods (small fluctuations). The cbservation was made
that the periods of vigorous activity were associated with rising plﬁmes
of hot air or thermals passing over the temperature sensor, while the

quiescent periods were associated with conditions typical of the bulk

X e e e e s
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air lying far from the surface. Townsend postulated from his measurements
of time-averaged teméerature profiles and temperature fluctuations that
the thermals probably originated from the edge of a conduction boundary
layer, and ﬁere dissipatéd by heat transfer as the thermals ascended
through the bulk fluid. This was in qualitative agreement with the
Malkus (1954) theory of turbulent natural convection, which emphasized
tﬁe importance of the conduction iayer. However, this and later theories
did not predict the periodic nature of turbulent convection, until Howard.
Howard proposed that the periodicity in turbulent convection was
a result of the procedure which produced thermals. He proposed that
the boundary layer would grow by conduction until‘it became unstable,
whereupon it woﬁld produce a thermal which effectively destroyed the
boundary layer. Cold bulk fluid would be swept to the heating surface
to replace the rising thermal, and the boundary layer.would grow by
conduction to renew the cycle. By using the Taylor-Rajleigh stability
ahalysis, he calculated that for high Prandtl number fluids, the tﬁrbulent
process woﬁld be fast compared with the time to build up an unstable
bogndaryblayer by conduction. Thus if the greater pgrt of the observed
périod (t*) was spent in conduction, the instantaneous temperature
profile T(z,t) could be described by the error function curve (T = AT
erfc £) for the case of a constant temperature (AT) heating sufface. By
-averaging the error function over the period (O,t*), the average temperatu:e
profile (T) and transfer coefficient (h) can be féund. Howard gave the

result as;
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T = AT [(1 + 2&2) erfc § - 2ﬂ—l/2 £ erfc E] (VIII-1)

K = %? | - (VIII-2)
where

£ = g‘/—{; | » | (VIII-3)

§ = Jrat* | | (VIII-b)

The Rayleigh number, based on the boundary lajer thickness (8),
at‘the breakdown of the boundary layer was predicted to be on the order
of 1000, from the study of onset of convection from a linear density
profile discussed in Chapter II, Sec. l.1l. The soundness of the model
can be evaluated by comparing the experimentally observed period (Rap),
heat transfer coefficient (RaTC) and average temperature profile (RaG),
all defined in Table 8, Howard's model predicts that ali three'Rafleigh.‘

numbers should have approximately similar values.

Average Temperature Profile, Rza.(S

Howard reported that the experimental profiles of Elder (1965) and

Townsend (1959) could be fitted with Eq. (VIII-1), above, for values of
Rag of 2500 (Pr-= 2) and 2800 (Pr = 0.7), respectively.

Somerscales and Gazda (1969) reported experimental temperature
profiles. Their data could bé fitted with Ra6 of 1500 (approximatély)

for Pr in the range of 6 to 20 (see Appendix A)._ These authors also
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Table 8. .Characteristic Rayleigh Numbers for Howard's (1966) Theory

_ PgBAT 3/2
Rep Ho (mo tP) 2

where t_ is the observed period.

P
_ PgBAT ,3
RaTC HO 2,
where %-is the transfer coefficient.
RaS - pgBAT 63
o

where § is a parameter used to fit the experimentally
observed temperature profile T/AT = f(z/8), and
AT is the temperature difference across the density

boundary layer.
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reported temperature profiles from Rossby (1966) for Pr of 840, 10k, and
' 0.023. The data for high Pr were similar to those of Somerscales and
Gazda, but the mercury data (Pr = 0.023) showed less steep temperature

gradients,

Period, Ra

Sparrow et al. (1970) reported Rap = 410 for water (Pr = 5),
‘while Somerscales and Gazda (1969) reported Rap = T00 for Silicone Oils
(Pr = 6 to 20).

The periodic temperature fluctuations observed in the breakdown
of cellular flow and reported in the form of Rap have shown thatha
increases in value as Raﬁ increases (see Chapter II, Sec; 1.2.). This
effect is probably due to the presence of bulk cellular flow and does
not strictly fall in the deep-pool category, whiph shéuld be free ofv
organized bulk flow. The results of Rossby.(1966),’Krishnamurti (1970),
and Deardorff and Willis (1971) fall into this catégory, although éhe
latter authors reported Rap = 6000 (approximately) in the complete

breakdown of cellular motion for air (Pr = 0.7).

Transfer Coefficient, RaTc

.Most experimental heat transfer data repérted iﬁ'the literature
have been for the case of constant heat flux through a liquid layer.
Consequently, there are boundary layers at both the lower and upper .
surfaces, with approximately egual transfer coefficients and temp?raturé\
driving forces (AT) (Somerscales and Gazda, 1969). The overall heat
transfer‘coefficient (HO)_has been measured as ‘a function of the driving:

force across the fluid (2AT) and reported in the form;
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tw, = C Ra, M3 | (VIII-5)

From Eq. (VII-2), Howard's model predicts

2k

E =2H == | (VIII-6)
l1.e,

HL 1/3 ,

o _ L _ [(aAT) L *

Fak [m] 5 (VI11-T)
or

Nu.H = (1/2 RaTC)l/3 Ra.Hl/3 (viII-8)

Values of RaTC can be found from the experimental data by
equating Eq. (VIII-5) with Eq; (VIII-8). There is much scatter of the
data reported in the literature for deep-pool natural gonvection, and this
observation has been discussed by Rossby (1966). Thevresults can often
be better correlated with an exponent on RaH less than 0.33 (Somerscales
and Gazda used 0.283 for their best fit). This results indicates that the’
expériments are not cOmpletély fluid-depth independent and thus not:
strictly deep-pool data. However, the results give an approximate cor-
relation for deep-pool convection (see Fig. VIII-1). Rossby (1966),"
Somerscales and Gazda (1969) and Globe and Dropkin (1959) report. results
for high values of Pr which show Ray. = 600 (approximately). As Pr

decreases Ra, increases, so that at Pr = 6, RaTC = 1000 and at Pr = 0.02,

TC
RaTC = 3000 to 10,000,

x v
It should be noted that Howard (1966) used Ran, based on the temperature

difference (2AT) across the fluid layer, and Rza.(S based on the temperature

difference across one boundary layer (AT).
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Significance of the Results

The.fact that RaTC

conduction accounts for only part of the heat trénsferred across the

was substantially less than Rag shows that

boundary layer if Howard's model is used to interpret the results. Since

the observed transfer coefficient is proportional to the inverse of the

/3
c

conduction, expressed by h = k/Raé/ 3, will be less than the observed

2500
1000

Pr = 5., Convective transfer must be responsible for‘making up this

cube root of RaTC (i.e. B v l/Raé ), the heat transfer coefficient by

value of H;by approximately a factor of 3 (= 1.32) for water at
factor, which is & substantial portion of the total heat transferred.

Rap being less than Ra6 shows that there is not enough time in
a period for the Boundary layer to grow by conduction to the observed
average thickness, according to Howard's model. This leads to the
conclusion that the boundary layér is probably only pértially destroyed
in each cycle, which is quite possible if the cohvection currents are
centered at the outer edge of the boundary layer. This partial or total
déstrucfioﬁ has yet to be observed in the established convection, but
 seems possible since the first convection motion in the initiation
éhenomena appeérs to be centered within the fluid; as shown by the inter-.
ferometric photos of Onat and Grigull (l970)land the lack of dependence
of Rat on surface rigidity. |

If the surface can deform, és in a gas-liquid surface, the pos-
sibility of thé boundary layer being wiped out intuitively appears to'be:
enhanced, because.of the lack of surface rigidity. A rigid surface would

be expected to maintain the fluid in a more motionless state near the

boundary than a free surface during the plunging'of a thermal. -Spangenberg
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and Rowland (1962) observed depressions in a gas-liquid surface caused
by the plunging thermals, However, Schlieren photography used to observe
this phenomeha could not precisely observe whether the boundary layer

was destroyed or not as the thermal plunged. ' The study did show that

the thermal width was narrow-coméared to the distance between thermals,
so that the boundary layer for the whole surface wa; not destroyed by

the thermal plunging action.

- However, as the intensity of the plunging is increased at the
gas-liquid surface by increased driving forces, there could be a possible
change in the extent of the destruction of the boundary layer, and
consequent heat transfer resistance.

The results show that the simple model proposed by Howard does
not predict some important experimental differences ig the several Ra
numbers discussed above. The concept of destruction of the boundary
lgyer accounting for the periodic nature of the conQection mechanism
appears to be more accurately described by an alternate concept, namely
a heat sink in the fluid with a periodic varying strength connected
with the action of the thermals, This model assumes that the thermal
action is éonfined to the outer edge of the boundary layer rather than
distributed through it. Consequently the tempefature profile in the
boundary‘layér remains essentially constant with a periodically varying
component and with the magnitude of this component increasing toward the
center of the thermal action. This contrasts with Howard's model insofaf
that the transfer coefficient, the périodicity and the temperature'profile
scale do not necessarily have the same values of Rayléigh number as they

should have in Howard's model. Further, Somerscales and Gazda (1969)
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‘¢
£

using fluids with Pr in the range 6 to 20 have found experimentally
that the temﬁerature fluctuations were a maximum (about 0.18 of the
v temperaturé drop across the boundary layer) at a vertical distance from
the heated surface of approximately three times the conduction boundary
layer thickness. The magﬁitﬁde of the température‘fluctuation between
the surface and this maximum site decreased approximately linearly, with
‘an extrapolated value of zero at the surface., Howard (1963) reported
Townsend's (1959) resuits for air (Pr = 0.7) in a form which showed the
maximum témperature fluctuation of 0,18 times the temperature drop across
the boﬁndary layer occurring approximately at the edge of the conduction
boundary layer. These observations appear consistent with the alternate
model propdsed above.

To investigatevthé”;tead&—state convection mechanism further,
‘more observation on the behavior of thermals is necessary to establish:

(1) the relation betwéeﬁ the-éeriod.betweenufhermals and tﬁe

average boundary layer thicknéss, |
(2) the influence that thermels have in governing the rate of

transfer across the boundary layer.

3. Comparison of Ra_ (Onset of Convection) with Ran -

(Steady-State Convection)

Tﬁe discussion in Sec. 2. showed that Howard's (1966) simple
model of cyclic boundary layer g;owth and destrﬁcfign was not completely
adequate in describing experimental observations.  Consequently, the
concept of using the conditions at the onset of convection (Rat) to

describe steady-state éonvectipn discussed in Sec. 1. may not be
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completely valid., However, if the influence of convection and conduction
in a cycle remain in a fixed ratio for a given set of conditions, then

Rat, expressing the conduc¢tion influence, may be proportiona; to

RaTC, i.e. Ra =K - Rat where K is a constant, If this equality holds,

TC
then Rat data can be used to predict transfer coefficients through RaTC

and Eq, (VIII-8). Further, there is the possibility of predicting the

heat transfer coefficient through Ra, from linear stability analysis for

t

situationé where it is not possible to predict the transfer coefficient
mathematically because of the difficulty of mathematically describing

the complex thermals. OSome of the limitations of using Ra, in this manner

t

can be established by considering its application to the following cases.

(1) Effect of Pr. Values of Ra,_ ., were found as a function of Pr

TC
by using Eq. (VIII-8) and the deep-pool heat-transfer data of Somerscales

and Gazda (1969), Silveston (1958), Globe and Dropkin (1959), Malkus (195%),
Mull and Reihner (1930), and Rossby (1966). The results have been plotted
on Fig. VIII-l, and are recorded in Appendix K. The expected form of Rat
is that for a step change in boundéry conditioﬁs. This is because the
surface tempefaturevis held constant over many cyeles, so that at the start
of a cyclé the surface temperature is at a steady value. This is best
épproximatéd by a step change in surface conditions. The asymptotic’values
t

of Ra, for a step function have been calculated in Appendix K, and plotted

in Fig. VIII-1. The intermediate values of Ra_ have not been plotted

t

because it is not known whether the small Pr and hence the intermediate .

values, are dependent on shape factor. This uncertainty was discussed in

Chapter VII, Sec. 1l.L. Rat has been multiplied by n3/2 to be on an

equivalent length scale with RaTC°
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The result RaTC = Rat (approximately) holds reasongbly well for
Pr greater than 2, even though there is a large amount of scatter. At
low valuéé of Pr the experimental data fal; below the aboye relation,
which indicates that, as Pr decreases, the ratio of conduction to con-
vection influence in the initiation mechanism changes with respect to
that in the steady-state mechanism.

(2) Effect of Surface Rigidity. Results of Chapter VII, Sec. 1.6.

show that Rat was independent of the rigidity of the surface. However, it
can be.anticipated that the ability of a surface to deform and the'
possibility of surface tension effects at a gas<liquid surface will
produce different values of the transfer coefficient at a gas~liguid
surface and at a solid-liquid surface. There are no transfer data
available to use for evaluation of this effect.

(3) Effect of Fluid Vibration and Bulk Fluid Motion. Since the

initiation in the initial onset of convection is probably on a different
scale than the initial motion of a thermal in steady state convection, it
can be anticipated that bulk fluid effects will have different effects

on Ra.t and RaTC'
of this effect,

There are no data available to evaluate the significance

(%) Fluid-Depth Dependence. The results ofVChapter V, Sec. 2.

showed that the initiation phenomenon was independent of the depth of the
fluid for fluid depths greater than about twice the penetration @epth.
However, in the production of thermals, the depth of the bulk fluid
associated with the production and dissipation of the thermals is much

greater than the penetration depfh. This can be seen from the photos
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of Sparrow, et al. (1970) of established thermals. The fluid depth
necessary for fluid-depth independence in the thermal action has not
been evaluated. Depth appears to be significant for RaH as high as 108,

as shown by the heat transfer coefficients being correlated by an exponent

less than 0.33 on Ray (Somerscales and Gazda, 1969).

L, Models Using Ra, to Predict Steady-State Transfer Coefficients

(1) Foster (1970) used a theoretical analysis to study pseudo
two-dimensional, finite-amplitude thermal‘convection in a fluid with an
infinite frandtl number, The results showed a building up and destruction
of the density boundary layer in accordance with Howard's model_. vThe ,
form of the disturbance was assumed to be simiiar to that used in Ampli=-
fication Theory for onset of convection, which incorrectly predictedathat
Rat was dependent on the surface rigidity. The onset‘of instability had
to be arbitrarily pre-defined, but with these limitations and those
associated with linear theory the study showed thathoward's model could
be mathematically simulated. |

(2) Burger (1970) measured the onset conditions.and transfer
.coéfficienﬁs in the absorption of sulfur dioxide into water for periods
up to 20 times the onset time. The onset cénditions were correlated
with Ra.t = 320. 8Sc was 600, and the pressure driving force was a step
function followed by a slow decay as gas was dissqlved.

A model based on Howard's theory (1966) was compared with the

experimental transfer coefficients, The theoretical coefficient was in

the form of Eq. (VIII-6), and the period was assumed equal to the onset
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time. The experimental values were about 20% lower than those predicted

from the model, so that Ra, ., = 1.73 Rat, which is different from the fixed

TC
surface results discussed in Sec. 2. where RaTC = Rat for large values
of Pr or Sc. |

In light of the results of Chapter VI, Sec. l.2., where the effect
of surface waves on gas-liquid convection initiation was observed, it
would be expected that RaTC at a gas-liquid surface would be lower than
that at a solid-liquid surface because of surface deformation and
surface—tenéion effects. These effects are probably more pronounced in
the presencé of thermal action than for the initiation mechanism. The
difference between Burger's results and previous experimental results
for fixed surfaces is not feadily explicable,

5. Evaluation of Using Ra_, to Predict Ra

t TC

The approach of determining RaTC from Rat appéars limited. ‘Héwever,
the initiation mechanism and steady-state mechanism have some similarities
.(i.e., production of convection from a conduction boundary layer) whiéh
should indi;ate important directions for further work in expanding informa-
tion on transient and steédy-state transfer COeffidients, which are

important in equipment design and general predictions.
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IX., CONCLUSIONS AND FUTURE WORK
1. Conclusions

(1) The Rayleigh number in the form Raz has been found to describe
the onset of convection in a transient, low-vibration, one-dimensional |
system over a wide range of fluid depthé and'shapes of density profiles,

(2) Convection onset has been féund experimentally to be independent
of the rigidity of the surface, provided the surface is planar.

(3) Convection onset has been found experimentally to be only
slightly affected by vibration, not including thé effect of surface
waves which might be produced by vibration at a free éurface.

(4) Ra, at high values of Pr‘has been experimentally observed to
be essentially constant»in deep and shallow pools. The deep-pool value
is slightly less than thé shallow-pool value because of the difference
in rigidity at the fluid-side edge of the density boundary layer in each
case, X

(s5) Ral is dependent on Pr for deep-pool cases. For low Pr, the
onset conditions are well represented by Ral . Pr = 24,500, while for high
Pr, the relation Raz = 1200 applies.

(6) Ray is independentbéf Pr in shallow-pool cases.

(1) Ral is independent of the density-profile shape for high Pr
fluids. The relationship for low Pr fluids has still to be verified.

(8) The Q.S.A. pheoretical approach is iﬁadequate for predicting
Raz in deep pools beqause it erroneously considers the bulk fluid beyond
the density layer to be a destabilizing influence.

(9) The Amplification Theory appears inadequate to describe

experimental observations. It develops relative terms, i.e. amplification
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factor, which are not constant as experimental coﬁditions change, i.e.,
variation in Pr.

(lO):The experimental results show that Raz‘can be calculated
for ihé deep pool case and high Pr using the marginal stability assumption,
and a density boundary layer gradient approximation. Presently, there is
ﬁo model'whichladequately predicts the low-Pr,-deeﬁ—pool values of Ra2 + Pr.

(11) Surface-tension effects upon the onsef of convection are absent
in a truly one-dimensional transient system down to much smaller depths
and much higher Marangoni numbers than has been concluded from previous
experimenfs.

(lé) Surface-tension-driven motion appears to be stimulated by
surface deformation (i.e., surface waves), meniscuses, and surface tension
gradients along the surface.

(13) Density convection initiators presenf in the fluid prior to
the.establishment of the adverse density field'appear to fall into two
éategories: Primary, i;é. possibly bulk fluid motion; and Secondary, i.e.,
possible deﬁsity variations in the fluid aﬁd surface waves,

(lh) There is experimental evidence to suggest that the density
boundéry layer in steady—state, deep pool convection at solid-liquid surface
is not destroyed during the production of the thermal, in contrast tov
Howard's (1966) model. This follows from a close examination of experi-
mental data ana comparing it with the deep pool, steady-state convection

model of Howard (1966).
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2. Recommended Future Work

‘Density-Driven Convection: Initiation

(1) Visual observation of first motion in the initiation
phenomenon to identify the primary and secondary sources stimulating
instability.

(2) Development of the low-Pr model for convéction initiation
in deep pools. The high-Pr model appears adequately defined by the model
outlined in Conclusion 10, using a time-independent wave form to describe
the first form of motion.

(3) Determining the effect of bulk motion on Ra,

(4) Examining whether Ra, is independent of density-profile
shape at low Pr.

(5) Extending shaliow—pool, free-surface data to high values of
at

-7§'to determine when the surface rigidity and surface-tension-~-driven motion
H

effects become significant,

Density-Driven Convection: Steady State

v(6) Deep-pool data for a wide range of Pr in a sufficiently deep
container.in which the walls do not interfere with the thermal action,
includiné period, density profile, and transfer coefficient.

(7) Visual observation of the thermal-production cycle to understand

better the basic mechanisn.

Surface-Tension-Driven Convection: Initiation

(8) Theoretical and experimental development of the relationship
between the effects of surface waves and/or bulk fluid motion on the surface-

tension-driven convection initiation phenomena.




Surface-Tension-Driven Coupled with Density-Driven Convection

| (9) Influence of surface disturbances on the density-driven con-
vection initiation at gas-liquid surfaces (eithef surface waves or bulk
fluid motion). | |
(10) Exteﬁsion of gas-liquid experimental resuits to liquid-
liquid systems. |
(ll):Measurement of relative contributioﬁ of surface tension and

density forces in the steady state for convection at a gas-liquid interface.
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APPENDIX A, CALCULATIONS FOR INTERPRETATION OF LITERATURE RESULTS

The calculations included in this appendix are ﬁot igcluded in
the original papers. The work has been gathered together here to
substantiate conclusions made in this report. First-named authors
are in alphabetical order.

Definitions: The definitions of the Rayieigh number and the
Marangoni number, used in the literature, vary with the length scale
used in these dimensiohless groups. 1In this reﬁort,'the length scale
for the transient problem is vot. The relevant groups are listed in

Chapter I, Table 1, and the Nomenclature.

Blair and Quinn (1969)

Data were presented to distinguish betﬁeen sﬁrface—tension—driven
convection.and density-driven convection in the system ethyl ether desorbing
from a ﬁonoéhlorobenzene—lo% ethyi ether solution. An estimation of the
Marangohi number is made below. Tﬁe Rayleigh nﬁmber fof fhe contrasting

density-driven experiment was measured at 300 (approximately).

1/2
9p 3
Re, & 30® (tR)
M, - 3 t
t 3% M

Liquid properties at 20° C (International Critical Tables, 1928)

. .y . Surface
Viscosity Mql. Wt. Density Mol, Vol. Tension
(c.p.) (gm/cc) (ce/mole) (dyne/cn)
Chlorobenzene (1) 0.80 110 1.1066° 100 33.56

Ether (2) 0.233 Tk 0.71k 103 17.01
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Assuming a linear variation of viscosity with mole fraction,

My = 0.743 c.p.

Calculating diffusivities from the Wilke-Chang correlation

D, =5 x 10~ cmg/sec
' .921 =1,78 x lO-5 cme/sec
o = B1p My + (@) 1y -85 W)Yy
L uL

=1,9 x 10~ cme/sec

Assume no change of volume on mixing at this dilution

ap—é.e_a—n :I 3 .
§m-— 3 30 n mass fracthn
\ ¥ = mole fraction

0.392 x 0.625

3p

0.245 gm/cc mole fraction

<

Assume linear variation of surface tension with mole fraction

%%_= Y, - Yé = 16.55 dynes/cm mole fraction

From the experimental data at a driving fofce of 0.085 atm, the
critical time for surface-tension-driven convecfion‘was 2 seconds; for
the density~driven convection the critical time was 62 seconds.

The estimated value of the méss;transfer-driven Marangoni numbef
is 3100 at an estimated Sc of 390. The estimated value of the mass-transfer-
driven Rayleigh number for the free surface exferiments was in thevrange

1.7 < Ra_ < 12,5,

t
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Clark and King (1970); Brown and King (1969)

A rectangular channel device was used by Clark and King (1970) to
evaporate four solutes-;-carbon disulphide, n—pentane? cyclopentane, and
ethyl ether from n—tridecéne solvent into a flowing pitrogen stream, The
authors found that the onset of convection could be described by a unique
value of the Marangoni number (= 4500) for all the systems studied.

Estimations of the Rayleigh numbers and the thermal-driven
Maranéoni number are made below.

The composition-driven Rayleigh number was found ffom:Table 1,
and liquid properties listed in Clark's thesis (Clark, 1967). The

results are as follows:

Solute Rat(composition-driven).
n-Pentane : 2,32
Ethyl ether | 1.08
Cyc¢lopentane 0.73

The thermal-driven Rayleigh number was reported for the nfpentane/
tridecane system only; Ra = 28 at (¢S - wB) = 0.05. The heat transfer and

low flux mass transfer relations for dilute solutions were simplified to

For this experimental system

g 90 1/2 '
_ oT ] 3/2
Ra, = [""TT_"'] [TS -T |t .



-190-

The first bracket is almost constant in dilute solutions, the contact

time (t) is identical for each run, and (Tc - Tﬁ)’is almost proportional

to (ws - wB) AH. . ‘It follows that

vap

Ra, « (TS -T) « (WS - wB) AH .

t b vap

Thus the thermal-driven Rayleigh and Marangoni numbers at cellular onset

can be e;tlmated by Rat/(ws'- wB) AHvap = constant,»Mt/(lpS - wB) AHvap
= constant, where the constants are found from the n-pentane/tridecane

system at (ws - wB) = 0.05.

Solute . Ra(thermal) M(thermal) Sc

n-pentane 16 ' 0 1780
ethyl ether 2.3 ' 4.3 1690
Cyclopentane : 42 | 80 1800

For the Carbon Disulphide-Tridecane system, the thermal-driven
"Rayleigh number for the onset of convection was reported as Rat = 285,
The corresponding composition-driven Rayleigh numﬁer was found from
Table 1, Eq. (7) to be Ra = -U40, the negative sign indicating a
stabilizing composition gradient.

As in the density-driven system, the surface tension .considerations
indicate both a staebilizing and a destabilizing efféct. From Table 1,

Eq. (5), the composition;driven Marangoni number is M = 3150 at Sc = 2000,'_

and from Table 1, Eq. (8), the thermal-driven Marahgoni number was estimated .

at M = -1700 at Pr = 20.
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The ratio of gas‘phase resistance to liquid phase resistance at
conyectioﬁ initiation in.the CSe-tridecane_systgm.was approxiﬁafely unity.
This corresponded to a shape factor of about Qf62 (refer to Appendix G,
fig.'G-B)- . |

Brown and King (1969) varied the liquidvflow‘rate in the apparatus

used by Clark and King (1970). The results were as follows:

Re(approximately) 900 360 150
Mt - 850 1690 4500

Turbulent ' Laminar ;

(hydraulic radius) + (flow rate)

Re = (viscosity)
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Currie (1967)

The approach used was te find the most unstable ﬁode using the
Q.S.A. segﬁent.appfoximation (refer Chapter II) and the marginal stability
assumption. The published results weré'in the fdrm_RaH versus €, where
€ = 2/H (defined in Chapter II, Fig. II-2).. The parameter € was dependent
upon the thermal conditions of the two fixed boundaries enclosing the
liquid. For a linear decay in surface temperatqre at the heating surface

and a constant temperature at the other surface (refer to Appendix H)

=) .
§=l-%z——l—n(l—exp-(2n+l)2ﬂ2'[’)
: (en + 1)
o) v
where
H

In order to arrange the daﬁa in the form Ral.vé T for comparison
with the present experimental data, &/H vs T was plotted in Appendix H,
Fig. H-3 end then cross-plotted with Rag vs Z/H‘ffom Currie's (1967)
paper to give Raz vs T. The results have been plotted in Chapter VII,

Figo. VII-2 in the form of Raz vs T.
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T, D. Foster (1965)

The author evaporated water from a gquiescent pool and recorded
the surface temperature as a function of time. From this measurement and
from Schlieren techniques, he recorded convection initiation at the

following conditions.

Run ‘Liquid Ht. (2%5 - B (%%EOthE/Q i%
(cm) (1073 °¢/sec) (see)  (°C(sec)??) (1073
169 2.9 gy 190 256
2 . L8 5.2 65 178 Sk
3 2.4 17.0 45 233 . 113
L 4.8 .- 8.9 53 185 :‘ - 3.35
5 T3 7.k 63 233 1.72
6 - 4.8 L.6 69 183 L.35
*

7 10.0 5.1 70 211 1.0

The bulk temperature was kept at 28°C,>and the physical properties for
water at that temperaturé are listed in Appendix D. From the above results,
the average Rayleigh number Rat was calculated as 256. The Marangoni
number was calcglated to be in the range 890 to léTO.

‘Foster reports that his surface temperature»profiles were linear,
but evaporation normally has a constant heat flux at its surface, which
produces a parabolic temperature (Ts a‘tl/2) rather than a linear decay.

In the evaéoration case,

area under parabola - J&dt _ j; /2dt

3
area 1f surface temperature were a step change TOTt t3/2

Wl

*
Result taken from Spangenberg and Rowland (1961).
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Foster (1969)

Estimationvof Rat for Shallew Pool results:

Water was heated from below with liquid depths varying from 0.5 cm
to 30 cm. At depths greater than 5 cm, the critical conditions were
independent of depth. However, under identical heating conditions, the
time for confection initiation increased from TO seconds at greater than
5 em to 300 seconds at 0.5 cm, * The Rayleigh number could not be
evaluated bécause the temperéfu;e difference across the liquid layer
was not reported. However, it can be estimated from the heat conduction
solution with the temperatuie at the lower boundary increasing linearly
with time, and the upper surface inéulated (air—liquid interface). This
solution was taken from Carslaw and Jaeger (1962), p. 104, and was
simplified using the parametérs of Foster's experiment (§E-= 1.8):

(AT)

=300 = 0,5 BHg/q wheré B = a=—

The increase in Ra, at the shallow depth can be found from

t
Ra < AT t3/2
(Rat)t=70 (AT)t=7o 10 |

From the results published by Foster (1969) the deep-pool Rayleigh
number (Rat) was in the range 1000 - 1200; thus, the shallow pool Rayleigh

number (Rat) would be in the range 10,700 - 12,800,
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Mayr, Brian, and Vivian (1971); Mayr (1970)

Desorption was carried out in a short, veftical, wetted-wall
column with solutes, acetone, ethyl ether and tri-ethyl-amine desorbing
from aquéous solutions into a hitrqgen stream. In a vertical liquid
flow, the surface tension forces are acting in both the horizontal
directipn of gravity. _Mayr et al., assumed that the gradients in the vertical
direction were insignificant to the gradients in the horizontal direction

(penetration direction). Thus only penetration results were reported.

Solute - M, Biot No. Wl/th(Mayr, 1970 p. 168)
Acetone 115 0,055 _ - - 2Th
Ether 3700 1.73 6500
T.E.A. 5700 , 0.296 10,000

Rippling was observed in the acetone desorption experiments, but
was not observed for the other solutes. Such a rippling effect could
decrease the stability of the system, invalidate the basis for comparison.
of the acetone with the other solutes, and weaken the experimental
argument that the Biot number influences the Marangoni number. A possible
cause of the rippling, advanced by the authors, and Ludvikson and Lightfoof
(1971) is surface tension gradients along the liquid surface. It is not
clearly unaerstood why the acetone showed this effect preferentially, but
the acetone was much less soluble in water than the other solufes and
consequently the magnitude of the surface tension. gradients along the

interface was less.
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The composition-driven Rayleigh number was found from Table 1,
Eq. (5), and using liquid properties listed in Mayr's (1970) thesis and

Perry's Chemical Engineers Handbook LB eq, (1963).

Solute i Ra

-t
Acetone 10—3(approx)
Ether lO_h(approx)

The maximum value of the thermal-driven Marangoni number was
estimated at 28 with Pr = 7. The thermal-driven Rayleigh number was

estimated at 0.02 from Table 1, Eq. (6).
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Soberman (1959)

Soberman studied convection initiation by heating a silicone oil
enclosed betﬁeen two fixed surfaces, the lower surface being heated with
a constant heat flux and the upper surface having an adiabatic character.
The results were published with the incipient Rayleigh number, based on
the total fluid depth, plotted against the product_Ra + Nu, where Nu was
the Nusselt.number. The coordinate Ra + Nu was'uéed to describe the
nonlinearity of the depsity profile, but a more descriptive coordinate
is g%-, which was used té.correlate shallow pool density convection in
Chapters'V and VI. The reasons for this preference are:

(1) A clearer identification of the physical process as it passes
from a mechanism based on the fluid depth to a mechanism based on the
penetration depth.

(2) A uniformity in reporting results for different lower surface

rtemperature profilés.- The coordinate g% is the simplest available to

describe shallow pool convection.

ot

Soberman's data were replotted with 72

as the descriptive coordinate.
The data were replotted with Ra as a function of Nu. The Nusselt number

was then found es a function of gg-from
H

exp(-1r2n2 9%)

8 H
(Nu) =1 +-7§ z: S .
v n :
Boad

This is the solution reported by Carslaw and Jaeger (p. 63) for a constant

flux at one boundary and zero flux at the other’boundéry; From these
at

two plots Ra was found as a function of >
, H

. The results are tabulated

on the following page:
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at/H2 RaH
0.5 2500
0.3 ' 2500
0.23 | 2600
0.17 : 2800
0.073 3500
0.029 - | 5700
0.013 7800
0.006 10;500

0.002k4 14,000
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Somerscales and Cazda (1969)

Experimentai temperature profiles for deep pool steady state
convection were published by these authors. Their'data was used to evaluate
Raa for use:in Chapter VIII, Sec. 2. The data is from the original paper.
The data were fitted well by Howard's (1966) approximation given by

Eq. (VIII-B).in Chapter VIII. The value of Ras is found as follows,

=2 77 = i Z
£= ) /m 1.89 Z,

Thus

O»
1}

2.13 Z4

(note: The original paper erroneously lists 1.89 in the numerator rather

than in the denominator. The mistake is obvious when comparing Elder's

(1965) data in Somerscales and Gazda (1969) and Howard (1966).)

, 1,63 1 ,%,3,8,3_ 2q,3
Ra.é/RaH 5 (=) = 5 ('-L-) (-z-;) = 4,82 (-i—)'

the coefficient %-arises from the temperature ratios in RaH and Raé.

Experimental results

. Z
Rey, - Ra,
1.47 x 107 0.026 1250
' 8

3.21 x 10 0.01 1550
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APPENDIX B. IDEHTIFICATION AND ELIMINATION OF TWO-DIMENSION EFFECTS IN
| A TEMPERATURE PROFILE AT A GAS-LIQUID INTERFACE

One of the major objectives of this study has been the isclation
of a vertical one-dimensional temperature field in a liquid. This has
| been for two reasons. First, theoretical predictions are for Vertical
one-dimensional température fields. Very little has been pﬁblished on
the horizontal or two—dimehsional fields which would enable one to correct
for any two-dimensional character in an experiment. The second reason
is connected with uncontrollable surface—tension;driven flow in free
surface experiments. The conditions under which this effect is produced
and its results are discussed below, |

From the onset of this project, the objectife was to identify
surface convection motion, especially with gas-liquid interfaces. The
literature survey had shown that previous work in thisAfield had involved
mass transfer and heat transfér experiments, The latter were attractive
(ref. Chaptér IV) and had utilized evaporation as the means of producing
a temperature gradient at the surface. For this reason, our earliest work
was with evaﬁoration of pure organic liquids.

Previous published work had been limited by the range of evaporation
which was used in the expefiments. In the present.work, the evaporation ‘
rate, and hence the surface cooling rate, was varied over a wide range
by sucking a controlled air draught over the liquid surface. The apparatus
is described in Fig. B-1l. Air at.room conditions is sucked over the liquid
surface and under the lip of the funnel. Some rﬁné were taken with the
thermocouple at different radiai positions, and a radia} temperaﬁure profile

was found. As mentioned above, a two-dimensional temperature profilé

I P —
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To vacuum

/Funnel

Plexiglass lid

N\, / J

‘\Al'r
gap

. o
Room air——

P

Thermocouple-

Liquid

Liquid container
| XBL725-2970

Fig. B-1l. ‘ Apparatus using Forced Draught to Pfoduce Evaporation During
the Free Surface Preliminary Experiments. '
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presented-é difficulty for correlation, scale-up and reproducibility.
The results of these experiments and the experience.of the published
evaporative work indicated that cooling by evaporation with a constant
liquid bulk temperéture was limited in its usé ofvvérifying existing
theory and providing data for correlations. This led to cooling by
suspending a cold body above the liquid sufface, as an alternative to
evaporative cooling.

The simplest design tried first for conductive heat transfer
experiments (Fig. B-2) used a liquid in a thermos flask with an epoxy
collar supporting a flat-bottomed metal can. Cold solvent (e.g., methanol)
with temperatures varying from 15°C to -60°C was poured into the metal
can to pfoduce the cooling effect., The liquid surface teﬁperature
response was almost linear and often shoﬁed a smooth minimum followed
by periodic maxima and minima, However, the usﬁal reséonse was very
jagged and only a semblance of a minimum could Be seén, To improve the
quality of the response, the Jagged character had to be removed from the
temperature response.

One of the first undesirable effects to be noted was for non-viscous
liquids, which generally have a higher vapor pressure than viscous liquids.
The evaporative liquid would condense on the base of the cold metal surface,
causinglliquid droplets to form and run down the sides of the collar, making
liguid contact between cold metal surface and liquid meniscus. As the work
of Ludvikson and Lightfoot (1971) has shown, this led to surface~tension-driven
motion along the surface of the liquid, thus destfoying heat transfer by simple
conduction. This type of interférence with one~dimensional heat transfer

by conduction was repeated in different forms until eventually the preferred
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 Metal solvent

contoiner\r\

Collar Th I Glue
(epoxy ermocouple

or
teflon)

Thermos liquid
container — s

XBL725-2969

Fig. B-2. Apparatus using cold solvent and a Thermos with a meniscus
on the liquid surface During the Free Surface Preliminary Experiments.
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typve of heat transfer was isolated. ‘The driving force for surface-tension-
generated motion lies in a gradient in the surface tension along fhe liquid
surface. Since surface tension increases with decreasing temperature

for most organic liquids, a thermal gradient along ﬁhe liquid surface

will produce motion.

Non-evaporating liquids were used, but the liquid surface temperatures
during a run became more Jagged the longer the liquid remained in the vessel.
The collar, made of epoxy, was obsefved to become wetter (i.e., the epoxy
was slightly pofous) the longer it stayed in contact with the liquid, and
this allowed the meniscus to creep further up.thé sides of the container.
The 1iquid at the top of the meniscus was closer to the cold plate than
the bulk of the liquid and thus could cool faster than the bulk liquid.
This resulted in a temperature gradient along the liquid surface, but
because the liquid was not in contact with the metal plate, the surface
tension gradient could not sustain itself, and, aftér a brief burst
of motion in which the temperature gradient along the surface was reduced,
the liquid surface began to cool again under conduction conditions. These
briéf bursts of surface tension motion apparently‘ied to the erratic
character of the temperature profile, and their inconsistent timing and
effect on the liquid surface temperature was the apparent reason for
the nonreproducibility of the larger convective effect. In an attempt to
decrease the meniscus and collar wetting effects, the epoxy collar was
replaced by a Teflon collar. The results became more reproducible
within a certain range of experimental conditioné. Outside this range
the temperature minimum was a different shape and did not follow the

correlation of the other experimental range.

—tem

B R
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.The source of thC»irregﬁlar motiocn was suSpected as a surface

tension.gradient along the liquid surface. Since the surface was flat,

" and the temperature gradient along the liquid surface had to be a result

of differences in heat transfer resistance between the cold plate and
raedial position on the liguid surface, the site for these differences

could occur at the wall-air-liquid junction. Heré there was a difference
in heat transfer resistance.through the air and thrqugh the solid. Because
of the differences in thermal propertiesiof the solid and the air, the
liquid below the air would initially cool much faster than the liquid
surface next to the solid wall.

Thermocoﬁples were placed on the liquid surface in the center
of the liquid and at the liquid-air-wall junction, and the responses were
récorded during a run in which the liquid was heated rather than cooled.
Heating produced a density-stable situation in the liquid, but did not
change the heat flow paths and hence the expected source of surface
tension motion, A thermocouple was also placed in.the air space above
the thermocouple on the liquid surface and halfway between hot plate and
liquid surface.

The results (see Fig. B-3) show the temperature at the wall lower
than the liquid temperature initially, but after a short period the wall
temperéture was warmest. The air temperature rapidly reached a pseudo-
steady staté, indicating that the temperature gradient in the air space
was almost lineaf. After a certain time, the responses of all thermo-
couples changed rapidly and simultaneously. After this event the liquid
temperature decreased and then increased so as tg maintain a constant

temperature difference with the wall temperature. The most dramatic
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Fig. B-3. Temperature Responses in the Apparatus described in Fig., B-2
showing the effect of surface tension motion.
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change was in the air temperature, which showed 'a sudden decrease from
‘its pseudo-steady state value to a third of that value, and then
maintained that temperature level until it increased to about 80% of the
original-éseudo;steady state temperature. The air temperature curve could
be explained by rotation in the aif space which transported heat much
faster than the conduction process, especially in decreasing the half-

gap temperature to a third of its conduction vaiue. :The speed of the

.air temperature decrease indicatea fhat the surface tension-driven motion
must have been rapid enough to generate thevspeed of the air gap convection.
»The greatest_intensity on the surface-tension-driven motion must have
lasted only for a short period before moving inté a quieter phase of
motion, as indicated by the intensity of the convection required to
maintain the air gap temperature at its various levels.

Similar runs were repeated énd it was found that AT ti/z was
approximately constant, where AT was the differeﬁée between the wall and
the bulk-liquid surface temperature and tc wasvthe time taken for ﬁotion
to begin, The air temperature was a good indicator of the presence and
intensitj of motion. However, rather than exploring this phenomenon at
this time, since there appeared to be no theory available as a guide,
the design was modified by using a foam for the.collar which had similar
thermal properties as air. Thus the cooler support was no longer a
preferred path for heat transfer and the temperafure in the liquid‘was
one-dimensional,

With these modifications, the liquid surface temperature responses

were smooth (i.e., no erratic characteristic) and reproducible.. The onset,

the transient, and steady state convection were clearly observed.
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APPENDIX C. PHYSICAL PROPERTIES OF FLUIDS AND PLASTICS AT 25°C
The physical property data were found from the literature and
presented in the following tables with these dimensions; density (p) gm/cc,
viscosity (u) c.p., heat capacity (c) cal/gm °é, heat conductivity
(k) cal/gm sec °C, thermal diffusivity (o) cm2/sec, coefficient of thermal

l, surface tension (0) dynes/cm. The thermal diffusivity

expansion (B) °C”
and Prandtl numbers were calculated from the values of the other physical
properties.,

The key to the reference literature from which the data were

obtained is given in the bracket following the value of the datum., The

list of references is at the end of the appendix.

Table C-1l. Thermal Properties of Plastics

K x 10" a x 1043
MMA Styrene Copolymer 3.0 - k.0 (8) 0.82 to 1.11 (8).
Phenolic Cast Resin 3.5 (8) 0.68 to 0.9 (8)
Polystyrene 2.k - 3,2 (8) 0.7T1 - 0.97 (8)
Plexiglass 4,0 - 6.0 (8) 0.95. - 1.4 (8)

Table C-2., Thermal Properties of Foam and Air

K x 10*? o x 10° c a
Polystyrene Foam 7.8 (8) 3.8 (8) -

Air 6.6 (9) 0.14% (9) 0.25 (9) 0.18
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Table C-=3., Surface Tension Data

Surface Tension (dynes/cm)

15°C _ 20°C . 25°C 30°C

n-Butanol (5) 25,00 24,57 24,2 23.7

n-Octanol (3,5) 26.50 26.00 _— 25.21



Table C-k,

Typical Physical Properties of Fluids at 25°C

4

3

3

Fluid 0 n C K x 10 a x 10 B x 10 Pr
Methanol | 0}79 (1) 0.55 (1) - 0.68(1) 5.05(1) 1.05 1.2 (1) T.b
Water 0.99 (1) 0.836(1) 1.0 (1) 14,5 (1) 1.45 0.285(1) 5.8
n-Decane 0.727(2) 0.87 (2,3) 0.52(2) 3.40(5) 0.90 1,03 (2)  13.7
n-Undecane - 0.737(2) 1.10 (2,3) 0.52(2) 3.40(5) 1 0.865 0.983(2) 16.9
n-Butanol 0.808(3) 2.78 (3,1,4) 0.57(3) 3.67(k) 0.80 0.95 (3) 43
n-Hexanol . - 0,816(2) .64 (2,3) 0.56(2) 3.75(5) 0.82 0.85 (2) 69
n-Ocianol 0.827(1,2) 7.9 (1,2,3) 0.53(5) 3.85(k,1) 0.88 0.82 (2,5) 108
Silicone 011 4 o5 (g) 48.0 (6) 0.35(6) 3.6 (6) 1.03 1.04 (6) 1465
Siéécone 0il 4 97 (6) 97.0 (6) 0.34(6) - 3.7 (6) 1.10 0.98 (6) 890
cS E
Silicone 0il . \ | - . |
0.97 (6) 971.0 (6) 0.33(6) 3.8 (6) 1.1k 0.96 (6) 8500

1000 es
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APPENDIX D. FIXED SURFACE RESULTS

'Table D-1. Deep Pool Runs (No Dependence bh Depth, Wall Effects)

Methanol Pr = 7.4

at

" 50 - 0.94  8ko 0.57 "

Run =~ Ht(em) AT(°C) tc(sec) Ra, EEix.103 _ Dia(cm) Ra,
1 3.65 0.226 96 1150 6.8 3.65 3900
2 " - 0.328 Th 1150 5.3 oo 3900
3 "o 0.121 144 1150  10.3 " 3900

n-Decane Pr = 13.7

Run  H(em)  t(sec)  AT(°C)  Rey %g e Dia(cm)
1 2.8 84 0.45 875 2.16  | 5.9
2 " 82 0.385 720 2,10 "
3 " 110 0.235 685 2.83 "
4 " 118 0.2k 775 3.03 "
5 " 100 0.3 835 2.57 o
6 k.0 Ly 1.16 - 855 0.50 8.9
7 " 29 2.26 890 0.33 o
8 mo 26 2,45 820 0.30 .
9 " 29 2.28 900 0.33 "

10 "o 26 2.65 890 0.30 "

11 E k2 121 875 0.48 "

12 " 38 1.5 910  0.435 "

13 " 6k 0.69 890 0.73 "

1k

(continued)

.|
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Table D-1., (continued)

n-Butanol Pr = 43

Run Ht(cm) t(sec) AT(°C) Ra, ipé- . 107 Dia(cm) Ray
1 5.6 6l 1.80 700 1.5 8.9 2370
2 " 3L 5.4 820 0.85 " 2770
3 " Lo 3.17 615 1.0 | " 2080

b " L7 2,57 640 1.2 " 2170
5 " L8 2.76 700 1.2 " 2370
6 " 37 3.75 6o 0.92 " 2170
T ' 3.65 92 1.0k 700 5.6 3.65 2370
8 2.9 95 0.93 660 5.5 6.9 2230
9 " 112 0.75 680 6.7 " 2300 |

10 " 140 0.55 700 . 8.3 " 2370

11 " 175 0.38 675 10.5 " 2280

n-Octanol Pr = 108
Run  Ht(em)  t(sec)  AT(°C)  Ra, Dia(cm) -‘%—
D™ x 10
1 5.65 109 1.66 475 8.9 11.9
2 " 12k 1.37 k75 " 13.5
3 " 204 0.77 560 " 22,2
L " 152 1.06 500 " 16.5
5 50 5.8 510 " 5.5
6 " 63 4.2 525 " 6.8
.7 " 57 L.7 505 " 6.2

(continued)
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Table D~1. (continued)

n-Octanol Pr = 108

R Ht(em)  t(sec)  AT(°C) Re,  Dia(em) %
| D" x 10
8 5.65 6 3.1 515 8.9 8.3
9 o 51 5.7 520 " 5.5
10 L 143 1.03  lbo " 15.6
11 "o 8 2.58 k95 " 9.1
50 c¢s Dow Corning Silicone 0il Pr = L465
Run  Ht(em)  t(sec)  AT(°C) Ra, ig e Dia(cm)  Re,
1 5.65 163 2.37 330 5.5 8.9 1120
2 " 230 148 350 7.8 " 1190
3 " 133 332 350 k.5 " 1190
4 "8y 9.1 K75 2.9 " 1610
5 " 73 11.6 490 2.5 " 1660
6 " 96 8.2 520 3;3 " | 1770
T " 106 Tob 5L0 3.6 " 1830
8 " 108 T4 540 3.7V " 1830
9 " 100 6.6 450 3.4 " 1530
10 " 120 4,3 385 | L " 1310
11 " | 200 2.25 430 6.8 " 1460
12 " 19h' 2,25 ‘hlS 6.6 " 1410
13 " 2Ly 1.k45 375 8.3 " 1270
1k " 25l 1.50 k15 8.8 " 1410
15 " 140 3.45 390 4.8 " 1330

(continued)
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Table D-1. (continued)

Run

100 cs Dow Corning Silicone 0il, Pr = 890

Ht(em)  Dialem) t(sec) AT(°C)

Rza.t
1 5.65 8.9 380 1.25 310
2 " " 182 3.9 320°
3‘ " " . 275 2.17 330
o " oo 129 5.8 285
s " " 120 T.7 3k0
| 6 " " 200 | 3.55 340
7 " o o211 : 2.8 290
8 " " 95 10.7 335
1000 cs Dow Corning Silicone 0il, Pr = '8506
Rﬁn Ht(c;in) Dia(cm) t(sec) AT(°C) .Ra;t - }01% 3 Re,
. x 10 :
1 5.65 8.9 435 b, 7 L35 16.2 1h70'v
2 " o 358 19.3 yzs 13.3 1kko
3 " " 276 23.5 355 10.3 1200
L " " 617 6.9 350. 22.8 1190
5 " " 530 7.3 325 19.7 1100
6 " " - b0 9.6 | 325 17.5 1100
T " " 345 17.0 '355 12.8 1200
8 " " ¥6 14,3 Loo 15.5 1350
9 " " 372 17.0 355 13.8 1200

T P
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' Table D-2, Deep Pool Runs (Variation of Fluid Width)

n-Decane Pr = 13.7

Run Ht(cm) Dia(em) t(sec) AT(°C) Ra, %%.
1 2.5 0.57 88 ~0.55 1150 0.2k
2 " o 90 0.56 1200 0.25
3 " " 106 0.6k 1760 0.29
. n " 58 0.81 900 0.155
5 " " 32 1.56 - 670 0.087
6 " ' " 48 0.90 760 10.130

T " | " 62 0.62 760 0.170

n-Octanol Pr = 108

Run Hp(cm) Dia(cm) T(sec) AT(°C?M Ra, i%
1 2.5 0.87 % 5.3 415 0.053
2 " " 55 k15 k25 0.06b
3 " " 110 , 1.80 520 0.128
i " " 86 2,80 B 510 0.088
5 " 0.57 112 | 4,55 1350 0.30
6, " " 9 8}8ﬂ 550  0.105
T " " | 35 9.5 510  0.095
8 " o 83 6.2 1170 0.225
9 o - " , - 60 4.8 560 0.160

10 o " 166 3.3 1680 0.4

11 " " 90 3.9 830 0.2k

12 " " 116 3.75 | 1180 0.31




Table D-3. Shallow Pool Runs

Methanol Pr =

Run Bt () t(sec) aT(°c) Re, Ra, Rey | > D;é(m)
1 11.9 12 0.187 4700 1410 - 9.2x107%  36.5
2 " 136 0.169 4820 1460 - 10.2 x 1072 "

3 n 7h 0.346 4050 1190 - 5.5x107° "
L 6;2 213 0.12k4 2910 2060 4760  5.85 x 107t "

5 " 128 0.205 3550 1600 7810 3.5 x 107F n |
6 " 86 0.385 4520 1670 14,700 2.36 x 107t " -E

T 3.L48 140 0.50 2620 4450 33L0 1.21 "
8 " 6L 0.57 2350 1570 3820 0.55 "
9 " Th 0.515 2300 1770 3460 0.64 "
io " 161 0.38 - 2160 hzhd 2560 1.38. "

11 " 111 o.h6i 2420 2910 3110 0.96 "

(continued)



Table D-3, (continued)

n-Butanol Pr = 43

Run Ht(mﬁ) t(sec) AT(°C) Ra, Ra, Ray EE Dia(mm)
1 11.9 102 0.68 1700 500 39,000 5,76 x 1072 36.5
2 " 96 0.69 1700 500 39,500 5.4 x 1072 "

3 " 95 0.96 2310 680 55,000 5.k x 1072 "

Y " 102 0.70 1870 550 40,000 5.8 x 107° "
5 " 150 0.35 1650 485 19,500 8.5 x 1072 "
6 6.2 148 0.95 3050 1320 - 7700 10.322 n

‘7 " 102 1.01 2230 795 8150 0.213 "
8 " 92 1.13 2230 760 9150 0.192 "

9 " b2 2.27 1650 480 18,300 8.7 x 1072 "

10 " 63 2,06 | ~ 2500 - 782 16,700 0.131 "

11 " 61 2.06 2400 750 16,700 0.13 "

12 " 39 3.32 2130 625 27,000 0.08 "

13 " 108 1.03 2kko 890 8350 0.225 "

1k 80 1.45 2400 790 11,750 0,167 "

15 164 2.05 2300 3290 2900 1.08 "

(continued)
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~ Table D-3. (continued).

n-Butanol Pr

.

Run Ht () t(sec) an(ec) Ra, Ra, Ray, % Dia(mm)
-16 3.L48 260 2.30 2780' | 7350 3260 1.72 36.5
17 " 346 | 1.67 250 10,000 2800 2.38 "
18 " 376 1.97 2280 9310 ‘2370 2.h0 "
19 " . 96 2,36 2200 1690 3360 0.63 "
20 " 36 6.0 2720 1010 8550 0.24 "
21 " 5k 3.7 2530 1150 5280 0.36 "
22 " 82 2.9 2530 1630 4120 0.5k "
23 2,06 332 5.0 1490 23,100 1490 6.3 "
2k " 202 .6.1 2370 - 13,500 1830 3.7 "
25 " 2&0-' 5;7 1610 16,100 1690 h.55 "
26 " 448 4.85 1440 35,400 1440 8.5 "
27 " 127 1 6.25 1650 6850 1870 2.4 "
28 " 66 7.9 1900 3240 2340 1.25 "
29 " 66 7.9 1870 3230 2340 1.25 "
30 " 52 9.3 2150 2690 2780 10.98 "

{continued)
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Table D-3, ¢(continued)
n-Butanol Pr = 43
Run Ht (rm) t(sec) AT(°C) Rag. Rat' Rey | i% ‘Dia(mm)
31 2.06 117 6.35 1660 '6150 1890 2,2 36.5
32 " 95 6.9 1890 4900 2050 1.80 "
50 c¢s Dow Corning Silicone Fluid Pr = L65

Run 3t(mm) t(sec) : AT(°C) Ray Ra, Ray, i% Dia(mm)

1 11.9 377 1.87 2320 9k4s5 5950 0.29 36.5
2 " 164 4,20 1950 600 13,400 0.126 "
3 230 3.7 2620 875 11,700 0.177 "

4 " 685 1.1 - 2170 1350 3500 ' 0.53 "

5 " 292 2.72 2390 920 8650 0.255 69 mm

6 " 142 5.85 2210 670 18,700 0.109 "

T " 192 3.97 2270 710 12,600 0.142 "

8 6.2 480 5.2 1960 3700 2300 1,36 36.5 |
9 " 288 1 6.85 2270 0.82 "

2270

3050

{continued)
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Table D-3. (continued)
50 cs Dow Corning Silicone .Fluia Pr.‘= hSQ
~ Run Ht (mm) t(sec) - AT(°C) Ra, ’Ra£ Ra -;‘{% ' - Dia(mm)
10 6.2 433" 5..2 1900 3170 2300 1;23 36.5
11 .19.6 | 270 2.08 2030 600 - 0.078 o

-1cec~
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. APPENDIX E. FREE SURFACE RESULTS

Table E-1. Deep Pool Results {Thermoelectric Cooler)

n-Decane Pr = 13,7

Run | - t(sec) 4 Coam(°e) Re

t
1 | 28 | 1.5% 575
2 ) 38 1.8 875
3 ko . 1.55 990
4 | 56 0.6 65
5 b7 1.0 | ’ 810
6 38 1.50 885
T 60 | 0.64 ‘ 750
8 - 2 - 1.83 540
9 110  0.93 560

10 ' 83 . : 0.32 , 610

‘n-Butanol Pr = 43

: ' at
Run t(sec) AT(°C) Ra, M ;E.x 16%3
1 38 2.26 Lo5 1520 2.3
2 | 140 - 0.kos 515 V} 525 8.4
3 120 0.87 870 10L0 7.2
4 170  0.18 820 670 10.2
5 L8 C1.75 NS 1320 2.9
6 106 0.81 680 o0 6.4
7 - 112 0.485 440 560 6.7
8 31 | 2}7 360 - 16L0 .1.9

(continued)
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Table E-1, (continued) o

n-Butanol Pr = L3

Run t(sec) AT(°C) .~ Ray M, ﬁ% Y 10t
9 60 _ | Ji;hs 520 1225 3.6
10 8l 0.91 540 910 5.0
11 200 0.39 - 850 - 600 12.0
12 72 . 1.16 540 1070 4.3
13 62 1.28 620 - 1100 3.7
n-Octanol Pr = 108
Run t(sec) AT(°C) . Rey Ma,
1 166 . : 1.0 535 L7
2 - 100 ' 2.29 576 850
3 62 | 4,08 - 500 1190
4 73 | 3.12 485 990
5 128 1.26 455 530
6 282 0.515 | 610 310
T 190 0.60 395 310
8 97 1.70 410 620
9 88 2 33 L80 810
10 17k 0.85 1h9o 415

{continued)
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Teble E-1. (continued)

100 cs Silicone 0il Pr = 890

t(sec) AT(°C) ~ Ra,
90 T.5 ' 215
150 | b2 260
210 2.35 240
108 5.4 . 205
118 6.45 25
155 3.0A 195
78 Tl 165
190 . 2.25 . | 200
255 1.55 210
95 6.0 S 185

135 1 . 215
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Table E~2. Deep Pool Results (Spray Cooler)

‘n-Decane Pr = 13.7

Run : Ra S

t

1 e 275 ,. 0.694
2 | 262 0.630
3 305 | 0.611
L boo o 0.50
5 118 4 0.843
6 165 ‘ 0.786
7 111 - 0.816
8 | | 6 0.810

| 9 355 0.505
10 . 206 . o.761
11 - 206 . 0.625
O aa v 0.938
13 : - 160 0.727

14 5 | 121 | 0.7TT

n-Undecane Pr = 16.9

Run . Ra, o S
1 | 179 | 0.757
o 157 0.791
3 | 157 ' 0.851

5 | 296 | 0.547

(continued)
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Table E-2.

(continued)

n-Undecane Pr = 16.9

.Run Rat ]
6 151 0.897
T 145 0.782
8 181 0.767
9 221 : o.7bh
10 179 0.825
11 , 380 0.53
12 , 165 0.779
13 ' 1ko 0.769
U 123 0.883
15 193 0.813
16 . | 109 0.873
T 1k5 0.735
18 L60 0.52
19 280 0.608
20 307 0.559
22 390 0.621
23 385 0.533
n-Butanol Pr = L3
Run | Ra, s
1 421 0.522 -
2 123 0.791

(continued)
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Table E~2, (continued)

n-Butanol Pr = 43

Run | Ra, s
3 - 325 0.558
N 118 0.860
5'A' | 124 | 0.861
6 135 0.750
(. 129 0.876
8 101 , 0.861
o . 118 0.718
10 | 109 - 0.861
11 138 | ©0.843
12 ‘ 1k6 - 0.802
13 , 166 - 0.T1L
o 130 , 0.672
15 . 208 ~ 0.628

n-Hexanol Pr = 69

Run -~ - Ra, S
1 135 0.860
‘2 | é76 : 0,824
3 , | 166 0.843
L4 1k2 0.866
s 148 © 0.830
6 230 N 0.679

v(continued)
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Table E-2. (continued)

n-Hexanol Pr = 69

Run . Ra; . . S

t

7 | 155 0.877
8 235 ~ 0.7ho

9 285 o 0.535
10 162 ] 0.737
11 43k . 0.630
12 ' 25k ‘ o;7h8
13 495 0.522
14 ’ 440 : 0.500
15 225 0.755
16 358 0.6k

17 531 7 0.520

"(n-Octanol = Pr 108)

Run : | | Ra.t S
1 162 |  0.877
2 , 215 ' 0.865
3 hso' 6.550
L 335 0.668

.5 235 0.803

6 262 | 0.78k
T 200 . 0.5k
8 Los - . . 0,543

"(continuéa)
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Table E-2. (continued)

(n-Octanol = Pr 108)

Run | | Ra, s

9 190 - 0.79L
10 212 ' 0.752
11 : 390 : 0.581
12 200 ' 0.76k

13 Los 0.530




Table E-3, Shallow Pool (Thermo Electric Cooler)

n-Butanol Pr = L3

Run . Ht(mm) | t(sec) | AT(dc)." ~ Ra, 'RaH . Mat’ R
1 5.0 | 98 1.56 1150 6650 1690 | 0.31
2 " 120 | 1.35 1370 5700 1610 0.385
3 | o L2 2.6 50 11,100 1830 0.135 .
'y " 185 - 1.20 2300 5100 | 1790 0.59
5 " 82 1.30 - ThO Assso 1290 0;26
6 " | 75 1.k2 700 - 6050 1340 0.24
T " | 50 2,02 550 8600 1560 0.16
8 " 210 ‘ 1.03 2400 - kh70 1630 0.67
"9' . __' .‘ 90. - 1.20 _ ‘790. 15100 - 1240 '._ 0.29
10 " ol 321 660 14,000 2280 0.13
1 .. |
12 » 3.3 LT 4,08 1010 5000 2930 0.3k
13 " | 64 h.12 1630 5050 3600 0.47
1h " 50 3.94 1060 4850 3040 0.315
s " e 328 ne Moso et 0.

 -oge-

~ (continued)




- Table E-3. (continued)

n-Butanol Pr = 43

Run .‘v - Ht(mm) | t(sec) - AaT(°Cc) ‘ Ra, ; Ray Ma, | i%

16 3.3 _ 92 3.12 2120 3850 3270 0.67

17 " 180 2.33 4320 2900 3410 ‘1.32

18 " 109 - 2.32 2020 2860 2640 0.80

19 " 158 2.57 Lo20 v31ho 3520 1.15

20 " 240 1.89 5370 2330 3200 1.75 \
21 " 255 2.15 6730 2660 37ho0 1.85 gi
22 2.16 274 5.8 20,200 1980 - 10,500 L.65

23 " 256 6.15 19,200 2080 10,750 h.3

24 o | 220 6.15 B 15,400 2080 9950 | 3.75

25 " 136 | 6.05 - 7350 2050 7700 2.3

26 " 112 6.25 5650 2130 7200 1.91

27 " 113 5.75 53do 1960 6650 1.92

8 " 88 5.95 " 3700 2020 6100 1.5

29 ' " 116 - 4,80 4600 1640 5650 2.0

30 oo 116 5,28 5050 1800 6200 2.0
: (continued)




Table E-3. (continued)

n-Butanol Pr = 43

~ Run Ht (mm) - t(sec) | AT(°C) Ra, - Rey Ma, ;5_»
31 2,16 145 4.8 6410 1640 6300 2.5
32 " 162 5.0 7900 1770 6950 2.8

-cee-




Table E-4, Shallow Pool Results (Spray Cooler)

‘h-ﬁutanol Pr = 43  ?

Run Ht (mm) t(sec) AT(°C) Re, Rey x 10° M 'i%i S

1 5.0 69 1.b45 635 6.2 1310 0.220°  0.617

2 " 42 1.8 375 7.7 1280 0,135  0.758 f
3 " 87 1.39 890 5.9 k15 0.278  0.500

4 n 23 2.0 173 8.8 1070 0.0735 0,843

5 " i 1.39 420 - 5.9 1115 0.173  0.650

6 " | 33 1.L5 420 6.2 910 0.105  0.743
7 " 80 1.01 560 4.3 985 0.256 0.500
8 " 29 1.73 212 7.&- 1020 0.093  0.772
9 " 107 1.45 1230 . 6.2 1635  0.3k0  0.557
io " 55 1;h7 452 6.25' 1180 0.175  0.67h =
11 " I1 1.60 321 6.8 1120 0.131  0.731
12 " -2k 147 133 6.25 790 0.07TT  0.777
13 " 75 1.29 645 5.5 1220 0.240  0.500
b " 53 1.35 koo 5.75 1070 0.169  0.606
15 " bl 1.29 260 5.5 900 0.131 0.701

(continued)
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Table E-L. (continued)

n-Butanol Pr

el se) om0 et % s
16 5.0 38 1.76 318 7.5 1180 0,121 0.72h
17 " 2h 2.0h 178 8.8 1070 6.075 0.817
18 " T4 1.28 '625 5.45 1200 0.237 0.543
19 " 60 1.29 460 5.5 1090 0.192 0.575
20 3.3 82 3.15 1750 v3.55 3100 0.595 0.741
21 " 35 2;22 356 2.48 1440 | 0.255 0.787
23 " 107 3,00 2530 3.37 3390 0.73 0.7h1
24 " 50 2.81 T60 3.15 2170 0.365 0.749
,25  " 62 | __2.95 1110 3,30 _25ho - 0.455  0.760
26 " 161 2.79 3560 3.12 3610 | 1.03 0,6u47
27 | " 167 3.66 6020 4,10 5150 1.22 0.685
28 " 150 2.89 Loso 3.24 3850 1.09 0.672
29 " 102 2.4s 1970 2,74 2700 0.75 0.712
30 " 8l 2.60 1530 é.91 2600 0.61 0.750
31 " 2080 3,51 3260 0.66 0.751

91

3.13

(continued)
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Table E-k, (continued) :

X

n-Butanol Pr = 43 ,
Run Ht () t(sec) AT(°C) R, Rey X 10 My 2
32 3.3 152 2.31 3320 . 2.58 3100 1.11 0.651
33 " 287 2.57 9650 2,87 4750 2.10 0.650
3 " 87 2.58 1600 . 2.88 2620 0.635  0.81
35 " 78 2.80 . 1520 3.24 2780 0.57  0.76
36 n 231 3,27 8800 3,65 4960 1.69 0.77
n-Octanol Pr = 108
) ot
»Run Ht(mm) t(sec) AT( c) Ra, Ray, M, 2 : S
1 5,0 91 2.89 625 3&60 1020 6;32 0.70
2 " : 90 3;h7 | 17135 - 4150 1210 0.315 0.72
3 " 139 2.62 1070 3150 1150 0.486 0.62
b oo 55 3.3 337 3960 910 0,193 0.77
5 " 53 3,05 375 3650 820 0.18% 0.77
6 " 66 3,42 L62 4100 - 1030 0.380 S 0.77

7 " 200 2,75 1970 3300 1430 0.702 0.50
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APPENDIX F, -CONVECTION ONSET IN AIR

The heating apparatus used for detecting'Rat in organic liquids at

fixed surfaces (Chapter III, Sec. 2.2.1.) was modified to measure onset

conditions in air. This change was necessary bécguse fhe surface tem-
perature did not change significantly after convecﬁion. This was due

to the dominance of the metal heater in determining the solid-air surface

temperature. The onset conditioﬁs were detected by placing a thermocouple
approximately 2 mm above the heated surface (Fié. F-1) so that it was

in the thermal layer. The responses for this thermocouple and the

surface temperature are shown in Fig. F-2,
The critical conditions were read off the surface temperature
curve at the point corresponding to the first deviation from the

conduction profile of the response in the thermal layer. These critical

conditions, along with the physicael properties of air obtained from the

Physics and‘Chemistry Handbook (hISt ed.) are listed below.,

Physical Properties of Air at 20°C.
V%-= 0.151 cm2/sec

a = 0,220 cm2/sec

Ra, = 10.44 art3/2
t c

I BUSTE——S
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Run AT (°C) tc(sec) Ra,
1 4.8 31 11,300
2 4.8 b 11,300
3 7.0 32 13,100
b 5.75 33.5 | 11,700
5 5.85 33 11,500
6 5.65 3k 11,700
T 6.L 33 12,650
8 5.1 | 36.5 11,700

- tAvg,.

11,850
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Glass supports

y 4

Plexiglass
wall

Thermocouple junction o

adi
12 mm (approx

Heated surface
 XBL725 - 3068

Fig. F-1. Position of Thermocouple Used to Measure the Onset of
Convection in Air in the Deep Pool Apperatus Described in Fig., III-2.
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XBL725-2968

Fig. F-2., Temperature Response of the Thermocoﬁple described in Fig., F-1
and on the Air-Metal Surface.
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APPENDIX G. ALTERNATE DESCRIPTIONS OF THE SURFACE-TEMPERATURE-TIME CURVES

A simplé scheme to describe the shape of the time dependent surface

temperature curve was outlined in Chapter V. This method was based on
normélization of the area enclosed within the sgrfaqe—temperature curve
and the time axis.

An alternate method of curve description used by many authors
is to assume gas phase and liquid transport resistances and then describe
the shape of the éurve in terms of the ratio of the twb resistances. The

mathematical model is shown in Fig. G-l.

{’- T1 = Temperature of heat source

Film Thickness [
in gas phase &

Ts gas-liquid surface

To = bulk liquid temperature

Fig. G-1

When the hot medium is exposed to the liquid, the air film
thickness is‘assumed to be established rapidly while the temperature of -
the hot side of the film is constant., In the limit, this will represent
"a step change in the temperature Tl at a finite distance from the gas-
liquid surface° If the temperature profile in the'air phase can be
'assuged to be almost linear immediately after exposure, which is true

for an air film thickness of 3 mm after 0.1 seconds at room conditions,

e e

T
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then the heat conduction solution can be found from Carslaw and Jeager
(1962), p. 300;

T -T
S 0

Tl _ To

=1 - exp R erfc R (¢-1)

where TS,'TO, T., are described above in Fig. G-1.

l’
kair ot '
R = ————— = ratio of gas phase to liquid phase resistance
8 kpq
1q
a = diffusivity
t = time of exposure

The shape of the curve is nearly a step function af high values of R,
whereas it is nearly linear for.small values of R (refer to Fig. G-2).

The relationship between R and the shapglfactor S, described in
Chapter V, can be found by normalizing the area enclosed between thé surface
temperature curve and the time axis. Thus

t.
fo(Ts - To)dt

(T, - T ), ¢t

f?_(l - exp Y erfc Y)dy
-é-(I - exp R erfe R) « R

(G—zil

This rélationship has been plotted on Fig. G-3.
Another method of describing the shape of the surface curve, used
in linear analysis, is derived from a heat balance at the heat transfer

surface.
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Fig. G=2.
of R.
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XBL 726-1131 .

Shapes of Curves Described by Eg. G-1, for high and low values
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000
XBL 726-1132
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Fig. G-3. Relationship Between the Shape Factor, S, and the Biot number, R
given by Eq. G-2. . :
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T (T, -T,) _
Ky, ==k - (G-3)
lig 9y air 8.
When made dimensionless and linearized around the steady state linear

profile in the liquid, the above form becomes
VI = N,T_ (G-4)

where I\I‘Q = Evaporation number = ratio of gas phase resistance to liquid
phase resistance,
The advantages of using the normalized ares over the ratio R
(or Nl) are as follows:
(1) The set of curves described by the model from which R is
derived‘represents a section of the possible curve shapes.
If the convection is sensitive to curve shape, R would be
a better parameter than S for the particular series of curves
described by (R = constant). This is true because S would
be too general, However, the results of Chapter VI indicate
that for density-driven convection S is adequate. This maey
not be true for surface-tension-driven convection,
(2) If there is chemical reaction of any other complicating factor
in the production of the surface temperature or composition
curve, it would be easier to plot the cuf&e and find a value of

S rather than fit the curve with a relevant value of R.

W o
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APPENDIX H., TRANSFORMATION OF Rat INTO Rag

By definition

: ' 3
LA
Ra, = Ra —
Z t ( at)

where

A is the proportionality constant

(H-1)

(5-2)

1) Variation of "A" with Surface Temperature-Versus-Time Curve (Shape

Factor S)

The solution for conduction into a semi-infinite medium with

Ts =k tn/2 is given by Carslaw and Jaeger (1962), p. 63, as:

T(z,t) = k I'(n + 1) (h‘t:)n/2 i? erfec
Jdat
Substitution of (H-3) into
Loy = T(z,t) dz
2 7s ?
0
‘yields
A.= f&—- P(%-+ 1) 2n+2 in+l erfec O
= "’
n o 1 2 3 4
n | 1 o 1 3 2
I‘(E + l) _ > I:
171 orfe 0 0.5642 - 0.250  0.09403 - 0.03125  0.009%0

A o 2.2568 1.772  1.50%  1.3293  1.2032

(H=3)

(H-L)

(H-5)

bl
¥
128
0.002608

1.109557



Fig . H"l .
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XBL725-3069

Fanily of Surface Tempereture vs. time curves for the relation

Tg = kt®/2, The variable parameter is the Shape Factor, S.
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By definition

g
[ T (t)dT
0 s
SO N € B (£-6)
S 4
_ 2
“n + 2
n= 0 1 2 "3 L 5
S = 1,0 0.67 0.5 | 0.4 0.33 | 0.285

 The relationship between A vs. n and S vS. n were cross-plotted to
determine A vs. S.. Values of A for S between 1.0 and 0.5 were interpolated

from the curve of A vs. S and presented on Fig. H-2.

2) Variation of A with Height Factor %% for a Step Function and a Linear

‘Change of ‘I‘S

The solution for conduction into a fluid with depth H, one surface
at a constant temperature, and the other surface showing a linear change

of temperature with time is given by Carslaw and Jaeger (1962), p. 10L, as:

. = 22
T=(z—l)'c+—2-2- Z-s-ln—;‘lz-(l-,e'n“) (H-7)
m 1 n

From the definition of %, Eq. (H-4), and Eq. (H-T)

2 1 8 § : |
—_ = = - [1 = [1 -
A BT

S
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0.5 0.75 .0

XBL725-3072

Fig. H-2, Ratio of cube of Effective dens1ty la er depth (2,)3 to the cube
of the Thermal Diffusion Scale Length (at)3/2 as a Function of Shape
Factor (S) for the Family of Curves Tg = ktn/2,
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A similar analysis for a step chahge in surface temperature was
performed using the solution given by Carslaw and Jaeger (1962), p. 104,

for this case:

[o ]
: 2 sin nmz -n2Tr2'r
T=(z - 1) + ;T-Z e
1
and
2'=A=-L '_Q'Z -—(2n'+1)‘rr‘r]
o O(2n+1) , |

The relationships between (As, AL) and T (= g%J have been plotted on
. H :
Fig. H~=3. The limiting solutions for very small T are equivalent to the

semi-infinite medium solutions discussed in Sec. 1 of this appendix,
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XBL726-3173

Fig. H-3. Ratio of the cube of the Effective Density layer depth, 2,3, to
the cube of the thermal diffusion scale length (ozt)3/2 as a Function
of Depth Factor (at/HZ) for a Step Change and Linear Time Decay of
Surface Temperature,
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1/2

T AL 11/2 ‘ | As T
10.0 | 0.9917 1.0
5.0 ‘ 0.9833 , | 1.0
2.5 0.9667 1.0
1.25 0.9334 | 1.0
0.625 0.8669 : 0.9983
0.312 ' 0,745k , 0.9629
0.156 0.5791 | 0.8266
0.0781 0.4196 , 0.6250
0.0391 0.297Lk _ 0.L4459
0.0195. 0.2103 0.315k4
0.00977 0.1487 0.2230
0.00408 0.1052 | ~0.1577
- 1/2 1/2
.112;: (AT / s Asr / ) =1

limit (A, A ) = (1.504, 2,2568)
Limit (Ay, A, 4
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APPENDIX I. SHAPE FACTOR(S) DATA FOR CONVECTION
INITIATION AT A FIXED SURFACE

Preliminary experimentation shéwed that &ariation of the shape
of,the surface temperature vs, time curve could Be best obtained using
the spray cooler to cool a gas-liquid surface. Hoﬁé&er, some spray-
cooler resulﬁs showed the influence of surface waves which wefe produced
from the spray action (Chapter VI, Sec. 1.2.). Cbmparison of thermo-
electric and spray-cooler results for linear changéé (s = 0.5) of surface
temperature with time (Chapter VI, Fig. VI-11) showed that surfacé-wave
influence was negligible for n—octaﬁol. However; it was not certain that
the results'pf surface temperature—vs-tiﬁe curves with other wvalues of
S were free of surface-wave influence since the severity of the spray
action was increased to produce curves with higher values of S.

This problem was answered by producing surface temperature-vs-time
curves with a wide range of S at a fixed interféce.' The development of
this experiment came after the spray cooler results. The principle of
the apparatus was to use the thermo-electric heat:pump to produce a heated
surface, and control the temperature of the heated surface by controling
the current to the heat pump. The design was based on principles
discussed in Chapter III, Sec. 2.2. and is shown in Fig, I-1. The iso-
thermal heating surfaée was designed according tovChapter IV, Sec. 3.k,
The metal cylinder acted as the heat sink for the thermo-electric heat
pump.

The number of experiments was limited to verifying the spray-
cooler results for n-octanol; The results are lisﬁed below and piotted in

Chapter VII, Fig. VII-1. They show that surface-wave influence in the
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l—36mm—=
Plexiglass nt -
| walls — TC 25mm pgwer
Thermo-electric junction, 1 supply
heat pump — s~ o -

Aluminum cylinder

XBL725-2967

Fig; I-1. Fixed Surface, Deep Pool Apparatus used to Determine the Shape
Factor Data.



-25k..

spray-cooler results for n-octanol was negligible for the range of S

investigated in the spray-cooler experiments.

Results for n-octanol ﬁ
~ |
AT(°C) t (sec) Eii ‘ ﬁi& E
1 ‘0,98 Th _ 156 ', L20o 0.87
2 1.55 82 280 L75 0.67
'3 1,17 n 150 - k2o 0.89
L L, 25 57 h6o_ | 485 0.515
5 1.63 90 38 500 0.615 |
6 2.50 50 246 . Lhs 0.75 |

7 1.11 68 156 400 - 0.86
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APPENbIX J. INFLUENCE OF TEMPERATURE GRADIENTS ALONG A
GAS-LIQUID SURFACE
Mitchell and Quinn (1968) observed oscillations in surface
temperature accompanied by surface movement when a thin film of liquid
was heated from below by a point source., This phenomenon was explained
in terms of surfece—tension forces which erose from the temperature
gradients along the liquid surface. A mechanistic description of this

type of surface-tension-driven motion has been developed by Biddulph and

Ellis (1966) in explaining a similar situation, the interaction between

surface waves and surface-tension gradients. The phenomenon appears to

.. be driven by point-source variations in surface tension. along the surface.

An obvious case to study is one where a strictl&fincreasing‘surface tension
graaient exists along the gas-liquid surface with no.point sources or
surface'deformation. The resﬁlts of a study of this case for a thin film
or liquid are reported in the following: “

The uniform surface-tension gradient along the gas-liquid surface
was investigated ih a shallow pool apparatus shown in Fig. J-1. The
liquid container was made from polycarbonate (0.75 mm.thick) with the
dimensions shown., The thermoelectricvheet pumps were positioned at
‘each end of the liguid container and provided a uniform temperature across
the liquid, perpeﬁdicular to the direction of heat transfer between the
pumps. These heat pumps could produce either a cocling or a heating
effect by choosing the direction of the current in them. A copper plate
was placed above the liguid, leaving an air gap of approximately 2 mm.

This was done to produce a linear temperature profile in the air gap.
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- ' S5cm

\{

16 mm————»

r L r \V/

4cm 13mm

.

Thermocouple
Plan View
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X
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, | il ‘ N T
( Thermoeletric
Heat Pumps
Side View

XBL 726-1126

Fig. J-1. Apparatus used for the investigation of the effect of a uniformly
increasing or decreasing Surface Temperature Gradient along a Thin '
Liquid Layer.
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The temperatures at both ends of the liquid layer were monitored, as was
the fémpéraﬁure of the air near one end of the liquid and approximately

1 mm.a50ve the.liquid surface, From the discussion:of surface convection
in Appendix B, it was expected that a sudden change in surface liquid

or air temperatﬁre would indicate the onset of surface convection.

Seferal liquids were tested, with the top level being such that
there was no méniscus. The heat pump close to the end where the air
temperature was being measured was switched on to heat the liquid. The
results showed no oscillations, nor deviations from a smoothly increasing
liquid and air temperature response. The most severe conditions were for
aecané (viscosity of 0.87 cp.) where the temperature gradient was 3° C/cm,
established in 180 seconds. However, when the liquid was allowed to fun
over the edges of the container so that there was'fluid on the top surface
of the container, strong convection effects were observed. 1In this case
the liquid had a bump in surface, which led to two-dimensional gradients
and geométry. )

:The resulté of Quinn and Mitchell were verified by using the
gas-liquid cooling equipment described in Chapﬁer V, with a thermoelectric
heat pump. A thin copper wire was attached to ﬁhe base of the cooler. The
tip of the wire was positioned close to the therﬁocouple junction, but did

not enter the fluid. The resulting temperature profile produced when the
gas-liquid surface was heated (to inhibit density—driven flow) showed
oscillations as Quinn and Mitchell observed. When the thin rod touched
the liqgid and the expériment repeated, the bottom of the cooler was
covered with liquid. Obviously, the liquid ascended the rod under surface
tension action, which agrees with the observation of Ludvikson and

Lightfoot (1971).
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The conclusion from these studies is that ajlateral surface
tensionvgradient on a gas-liquid planar surface does not show instabilit&,
even‘though cases with point source variations and éurface deformations
do. This suggesﬁs that the following conditions are required, but not
necessarily sufficient, for surface tension motion

(1) a surface tension gradient along the surface

and (2) a meniscus, surface wave or point source

-’
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APPENDIX K. VALUES OF EXPERIMENTAL Rachand

1, Deen~-Pool Heat Transfer Coefficients from the

Rat

Literature

The following data was taken from the literature in the form of

Nu vs. Ra, for deep pools (Ra

dependence on Pr. The results have been plotted as Ra

Fig. VIII-1

H

> 105) so as to calculate

Somerscales and Gazda (1969)

Ra,

T3k x
1.76 x
6.4 x
1.7 x
5.97 X
1,30 x
3.72 x

3.21 X%

Silveston (1958)

lO5

106

lO6

lOT

107
108
107

108

RaH o

2,47 x

3.8 x
1.25 x
1.86 x

0.93 x

lOS

lO5

10°
10°

lO5

Nu
9.02

11.1
17.4
20.4
29.3
38.5
26.9
50.8

Nu

565

6.59
6.26
5.30

4.39

500
6k45
605
850
1200
1150
970

1200

Rene
750
670

260

620

555

TC

RaTC and its

vs. Pr on

Pr

20,2
16.8’
19.7

17.6

17.1
5.64
5.56

6.07

5.43

4,23
35.0

35.2
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Globe and Dropkin (1958) (estimated from plot of results)

1/3 ) :
Nu/Rg RaTC Pr

(appears in error compared with Rossby (1966) 8700

0.105 | yos ; 250 - L0o

- 0,074 - 0.095 1200 -~ 570 10 - 20
0.80 900 | 5.5
0.057 - 2L50 | 2.5
0,057 - 0.035 3400 - 13,000 0,02

Malkus (1954)

RaH ' - Nu RaTC Pr
1.7 % ;OS L4 1000 L.,0 (estimate)
4,25 x 10° 5.5 1300 4.0

8.6 x 10° 6.7 oo .. k.o

Mull and Reihner (1930) - (Air, Pr = 0.7)

Log Nu Log RaH/Pr ~ Ran,
0.55 - 0.6 5.2 - - 1150
0.76 5;88 1500
0.84 6.2 - 1750
1.05 6.58 : 1250

1.17 6.92 | | 1250
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Rossby (1966)

RaH' Nu ‘ RaTC
L x 10° b1 12900
106 8.4 850
106 9.2 650

0.023
6.8

200

3/2 ' .
2. Value of 7 Rat/STEP to Compare with RaTC

3/2 Ra

Values of 7 +

for a step change can be found from values of

Rat for a linear decay and multiplying by the appropriate length scale

factor discussed in Appendix H.

From Fig., H-3,

R =34 g |
8¢ /STEP ~ 11.% ' >t/LINEAR
= 1/3.35 Rat/LINEAR
Large Pr Asymptote:
From Fig. VII-3,
Ray /poneag = 3°°
‘3/2 o :
w Re jargp = 350 x (1/3.35) x 5.57
= 570
Small Pr Asymptote
From Fig., VII-3,
Pr Ray /pqymag = 1200 |
3/2 _ :
m'" Re Prgmpp = 7200 X (1/3.35) % 5,57

12,000



o]

vap?

.

o

(o]

B o & oF

Ray
Ra

Raé

RaTC

Rep

RaHo

262

APPENDIX L., NOMENCLATURE
wave number of initial vibration
heat capacity at constant pressure (cal/gm°C)
mass diffusivity (cm2/sec)
fluid width (cm)
gravity constant (cm/secz)-
heat transfer coefficient for a singie_thermal layer
overall heat transfer coefficient
fluid depth (cm)
heat of vaporization (cal/gm-mole)
thermal conductivity (cal/cm sec °C)

effective density layer thickness

Ao H
Marangoni number based on fluid depth = 1o,
| | Ao t1/2
Marangoni number-time dependent = T 173
Ho

Marangoni number calculated without considéring density effects

Mass transfer driving force in pressure units

"Biot number = ratio of heating phase transfer resistance to

heated phase transfer resistance

Rayleigh number based on fluid depth H = og8 AT 13
1/2,.3/ T Ho
AT o™ "t
Rayleigh number-time dependent = egB —

Rayleigh number derived from steady state convection temperature
profile

. Ve
Rayleigh number derived from steady-state natural convection

heat transfer data

Rayleigh number based on period of motion

Rayleigh number célculated without considering surface tension effects
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Sc = Schmidt number
t = time (sec)
*
t ,tp = length of period (sec)
T = temperature (°C)
v = velocity perturbation term
w = amplification factor
z = vertical coordinate
ot = fluid depth factor
g2
at R
= = fluid width factor
D

Variable Subscripts

1 = air

2 = liquid

S = interface

b, = bulk conditions

¢ = conditions at onset of convection
w = wall

Greek Letters

o - thermal diffusivity (cma/sec)

B = volumetric coefficient of thermal expansion (oc)~t
A = wavelength of initial vibration (cm)

U = viscosity tension (centipoise)

0 = surface tension {dynes/cm)

Ao = difference in surface tension between surface liquid and bulk liquid

(dynes/cm)
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density (gm/cc)

p =
£ = perturbation expansion term
8 = temperature perturbation

n = mass fraction

Y = mole fraction

T, = dimensionless groups

§ = penetration deﬁth

Mathematical Operators

3 9

V = i i = e —
differential operator 3 + 3y

V, = differential operator = 2,2
2 %y © By
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