LEIDENFROST FILM BOILING OF INTERMEDIATE
AND EXTENDED BUBBLY MASSES

OF LIQUID NITROGEN

By

EDWARD G. KESHOCK
: 4
/
Bachelor of Mechanical Engineering
University of Detroit
Detroit, Michigan

June, 1958

Master of Science
Oklahoma State University
Stillwater, Oklahoma
May, 1966

Submitted to the Faculty of the Graduate College
of the Oklahoma State University
in partial fulfillment of the requirements
for the Degree of
DOCTOR OF PHILOSOPHY
May, 1968



LEIDENFROST FILM BOILING OF INTERMEDIATE. ...

AND EXTENDED BUBBLY MASSES

OF LIQUID NITROGEN

Thesls Approved:

OKLAHOMA
STATE UNIVERSITY
LIBRARY

0Cl 25 1968

/#ﬁd (el

Thesis Adviser

[ ot

] Mok /

L/Deén of the Graduate College

-p)
e
P&n‘\’l

v
=

11



ACKNOWLEDGMENTS

I would like to express my deep gratitude to Dr. Kenneth J. Bell,
not only for his guldance and exemplary standards of technical excel-
lence during the course of this study, but also for the genuine respect
and consideration that was never absent from his teacher-student
relationships.

Likewise, I am indebted to Dr. Jerald D. Parker for his respectful
counseling and guidance, both in planning a program of graduate study
and in providing illuminating observations pertinent to the present
research study.

To my parents, I am grateful for their continuous support and
encouragement and am hopeful that in some measure I have been able to
ease any remembrances of past sacrifices which they have had td undergo
in my behalf.

Alsoy I am very appreciative for the many expressions of encourage-
ment from friends énd former associates which seemed to be forthcoming
when most needed; |

Most especially, I am thankful to my wife, Mary Jo, not only for
having shown understanding and patience in undergoing the many sacri-
fices which often are a part of student 1life, but also for having
provided a warm‘and hospitable home atmosphere which so often proved to '
be a source of inner‘consolation and strength,

The financial support provided by the U. S, Army Research Office

for conducting the present research is gratefully acknowledged.

iii



Chapter
I. INTRO

II. LITER

TABLE OF CONTENTS

DUCTION * . L] . . L] L] . L] . . L L] . L L

ATURE SURVEY . . & & ¢ o o ¢ ¢ o o o

III., DISCUSSION OF THEORETICAL MODELS . . . . . .

IV, EXPER

V. EXPER

VI. RESUL

IMENTAL APPARATUS . & v ¢ ¢ o o o o o o
IMENTAL PROCEDURE . . ¢ & o o o ¢ o o »
Calibration of Depositors . . . « . « &
Preparation of Equipment . . . . . . .
Photographic Studies . . .« « « ¢« « . &

TS . . P L I I R O . . L] . . . . .

Area~Volume Callibration « « ¢ « + s « &

Total Vaporization Times .+ « o« « « o o

Comparison With Theory .+ . « « « « . .
Corrected Total Vaporization Times .

Procedure for Obtaining Corrected Total'

Vaporization Times . . o o « o o &
Dimensionless Total Vaporization Times
Lejdenfrost Temperature . . « « « « o+ &
Heat Transfer Coefficients . . . . . .
Vapor Breakthrough Dynamics . . . . . .

VII, ANALYSIS « ¢ v o o o o o o o o o o6 o o o + &

VIII. DISCUSSION o o ¢ o o o o o o o o o o o o o o

IX. CONCL

X. RECOM
BIBLIOGRAPHY
APPENDIX A -
APPENDIX B -

APPENDIX C -

US IONS e o o e « o e * o @ o o o o o

MENDATIONS ¢ & ¢ ¢ o « ¢ ¢ o o o s o &

e o e . s & o © o 8 o e o o o o « o o

CALIBRATION OF DEPOSITORS . . . . . .

TOTAL VAPORIZATION TIME MEASUREMENTS .

PROPERTY VALUES EMPLOYED IN COMPUTER
CALCULATIONS . &+ ¢ ¢ ¢ ¢ o o o o o« o &

iv

110
122
133
137
139
141
145
148

155



Chapter Page

APPENDIX D - COMPUTER PROGRAM . . & & 4 & & ¢ « o o « o o o » + « » 158
APPENDIX E - HEAT TRANSFER COEFFICIENTS AS A FUNCTION

OF DROP PROJECTED AREA . & ¢ &+ 4 o v « o o o o « & o o« 165
APPENDIX F - HEAT TRANSFER COEFFICIENTS AS A FUNCTION

OF DROP LIFETIME e o 0 o o . e o & o . e o e . . . . . 176 !
APPENDIX G - MAXIMUM VAPOR-DOME AREA MEASUREMENTS . . + « & « « . o 187

APPENDIX H - CELL SPACING MEASUREMENTS . . . . o & o & &« o o o & & 189

APPENDIX I - VAPOR FRACTION MEASUREMENTS . . &+ « o o o ¢ « o o » o 191



LIST OF TABLES

Table v Page
I. Summary of Measured Total Vaporization Times .+ « + « o « o o 70

II. Summary of Measured Total Vaporization Times
Corrected for Radiation and Free Convection o« + o « « o o o 85

ITI. Plate Temperature at Transition From Nucleate to
Film BOiling L] » L] . . [ ’ * . . . . . . . . . [ L] . * L ° 94

IV, Maximum Vapor Dome Areas (Measured) and Corresponding _
DiameterS_(Calculated) e & o 8 8 s 8 o & & s & & s o & e o 120

Vo Cell SpaCing (Center-to-center) . . . . . . L) . . ] . . . . . [} 120

vi



Figure
1, Conventional Boiling Curve Illustrating
' Metastable Boiling Line . . . . « « &+ &+ « . + &
2. Film Boiling States of Liquid Masses . . o . . .
3. Heat and Mass Transfer Paths for the Spherical
Drop Model . o ¢ v ¢ ¢ o o v o ¢ o o o o o o
4, Calculated Evaporation Rates Versus Time for Water
5. BSchematic Model of the Evaporation of a Flat Disk .
6. Universal Average Drop Thickness Curve . . . . .
7. Universal Total Vaporization Time Curve . . . . .
8. Schematic of Experimental Equipment . . . . . . .
9. Schematic of Aluminum Test Plate . . , . . . . .
10. Schematic of Test Surface and Cooling System . .
11. Temperature-Time History of Plate Surface During
Cooling System Operation . . . . o s s o o @
12. Teflon Depositor . . e s e e s s e e s e 4 e s
13, Pyrex Beaker Depositor o o « o« o o o o o o o o
14, Plan Area of Drop Versus Time - Ao = 0,0759 in.2
15. Plan Area of Drop Versus Time - Ao = 0.247 in,g .
16. Plan Area of Drop Versus Time - A = 0.786 in.? .
17. Plan Area of Drop Versus Time - Ao = 1.69 in.? .
18, Plan Area of Drop Versus Time - A =2.35 in.2
19. Plan Area of Drop Versus Time - AO = 3,61 in.2
20. Plan Area of Drop Versus Time - AO = 4,31 in.2 .

LIST OF FIGURES

vii

19
23
25
31

37
39
b2

Ll
L7
48
58
59
60
61
62
63
64



Figure
21. Plan Area of Drop Versus Time - A_ = 8.55 .2 ..., .
22, Comparison of Theoretical and Experimental Values of
Drop Plan Area as a Function of Drop Volume . . . . . .
23, Total Vaporization Time of Drops of Various Initial"
Volumes as a Function of AT & « . ¢« « v ¢ ¢+ + o « &
ok, Plan Area of Drop Throughout Drop Lifetime -
AT:": 32.90 F L] L] - . . L] . L L] L] L . . » L] [ . L] . L] .
25. Plan Area of Drop Throughout Drop Lifetime - _
AT 32 9° ° ° - . 3 . . '] . . . . . . . . . . '
26. Plan Area of Drop Throughout Drop Lifetime -
= 61040 F L] L] L] L] L] L] L . L . L] L L] L] L] o a ° L] L) L]
27. Plan Area of Drop Throughout Drop Lifetime =~
. AT = 104080 F e o o o o - e o o o « o . . . o o . .
28. Plan Area of Drop Throughout Drop Lifetime -
293 F o L] - L . L] L - L] L] - * L] L) - * * L] L] L L]
29. Corrected Total Vaporization Time Versus AT . . . . . . .
30. Dimensionless Vaporization Time Versus Dimensionless
Volume (Uncorrected for Radiation or "Free Convection')
31, Dimensionless Vaporization Time Versus Dimensionless
Volume (Data Corrected for Radiation and "Free
Convection™) o ¢ o o o o o o o o o « o o 6 o o o o o o
32, Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume -
= 35020 F @ e o o © e 0o @ o & © o © © © e o e s e .
3%, Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume -
AT = 62° F o o 9 e ° ] @ . . . . . . . . . . [ . ° ° .
34, Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume =
AT = lol+° F © © 5 e 6 e ‘9 e ®» e e o ‘6 e © e o e e e * o
25, Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume -
AT = 3040 F e o e o o e e e @ e & o . o . o o . s
26, Heat Transfer Coefficient (Corrected) During Drop

Vaporization as a Function of Drop Volume -

:‘—‘383°Fa.n‘o . . o o ° LI ] » o e . LI ] . e & o

viii

Page

65
67
69
73
7h
75
76

77
79

88

90

99

100

101

102

103



Figure

37,

38.

39

Lo,

41,

L=z,

Lk,

459

LE'60

l‘*? e

48,

k9.

50o

51,

52.

Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume -
AT = 35020 F © # o s e B & e o0 ® e e © e e o a e e

Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume -
AT = 62 ° F ] e - . L) L] L] . o L] ° - o L] L) L » L] L ] »

Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume -
AT : ]—05 o F . * -« 2 < L] ] L @ o - » L] L] ° < » L] L] *

Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume -
AT =2 293° F 4 o ¢ ¢ o o o » o a o 5 o o 5 s o s s o
Heat Transfer Coefficient (Corrected) During Drop
Vaporization as a Function of Drop Volume -
AT = 3823% F §, & o o o o o ¢ o o a o o o o o o ¢ o o

Corrected Heat Transfer Coefficient Versus AT for
Various Drop VOlumes o « o o ¢ s o o o o o o o o

Tracing of Side View of Drop Experiencing Vapor
Breakthrough 3 ] L] - L] . L] o e L] L] L) a L L] L) . o »

Simultaneous Top and Side View of Drops Experiencing
Vapor Breakthrough .« « o o o o ¢ o o ¢ s o o o o »

Sequential Top and Side Views of a Drop Experiencing
Vapor Breakthrough . o o o o o o o o o o s o o o

Area-Time History of Vapor Breakthrough Region in Two
DI‘O ps o ° ° . L] @ o o Q < @ o < ° @ o L < ° Q ° L °

Vapor Breakthrough Regions at Several Times During
Vaporization of a# 0,9 ml Drop « ¢ o o ¢ o 2 o o o =

Comparison of Theoretical and Experimental Values of
Maximum Vapor Dome Diameters as a Function of AT .

Comparison of Theoretical and Experimental Values of
Cell Spacing as a Function of AT . o « ¢« o o « &

Schematic Model of Extended Liquld Drop Experiencing
Several Vapor Breakthroughs . « « ¢ s « ¢ o o & » =

Prediction of Number of Vapor Breakthroughs in a
Given Volume of Liquid .« o ¢ o ¢ o 2 o o o o o o =

Thermal Expansion Coefficient for Teflon and Pyrex .

ix

104

105

106

107

108

109

112

113

114

118

116

124

128

156



Figure

53

51"‘-

56o

57

58.

59.

60.

61.

620

63%.

&h.

65.

€6.

Comparison of Experimental and Theoretical Heat
Transfer Coefficients as a Function of Drop
Projected Area -~ AT = 33° F . . v v & o « o &

Comparison of Experimental and Theoretical Heat
Transfer Coefficients as a Function of Drop
Projected Area ‘-AT = 620 F e ] . e * ] . . e

Comparison of Experimental and Theoretical Heat
- Transfer Coefficients as a Function of Drop
Projected Area ~AT = 105°F . . ¢ ¢ « o o &

Comparison of Experimental and Theoretical Heat
Transfer Coefficients as a Function of Drop
PI‘OjeCted A-l"ea "AT = 2930 F e o © a @ e o e

Comparison of Experimental and Theoretical Heat
Transfer Coefficients as a Function of Drop
Projected Area =AT = 3283°F . . ¢« v ¢« o «

Comparison of Experimental and Theoretical Heat
Transfer Coefficients as a Function of Drop
Projected AI'ea "'AT = 350 F e o e o e o & »

Comparison of Experimental and Theoretical Heat
Transfer Coeffigients as a Function of Drop
Projected A‘Pea ""AT = 620 F o ©6 v e e ©°o o ¢ e

Comparison of Experimental and Theoretical Heat
Transfer Coefficients as a Function of Drop
PI‘OjeCted Al”ea “’AT = 105o F e ® a e a @ o o

Comparison of Experimental and Theoretical Heat
Transfer Coefficients as a Function of Drop
Projected AI"ea "AT = 5030 F o o e @ o° @ e e

Comparison of Experimental and Theoretical Heat
Transfer Coefficients as a Function of Drop
PI’OjeCted AI'ea - AT = 3820 F o o o a o o <

Variation of Heat Transfer Coefficient to Drop
During Drop Lifetime = AT = 35° F . . . . . .

Variationiof Heat Transfer Coefficient to Drop
During Drop Lifetime = AT = 62°F . . . . . .

Variation of Heat Transfer Coefficient to Drop
During Drop Lifetime - AT = 105° F . . . . .

Variation of Heat Transfer Coefficient to Drop
During Drop Lifetime - AT = 303° F . . . . .

166

167

168

169

170

171

172

175

177

178

179

180



Figure
67. Variation of Heat Transfer Coefficient to
During Drop Lifetime - AT = 382° F . .
68. Variation of Heat Transfer Coefficient to
During Drop Lifetime - AT = 293° F ., .
69. Variation of Heat Transfer Coefficient to
During Drop Lifetime -~ AT + 383° F ., .
70, Variation of Heat Transfer Coefficient to
During Drop Lifetime - AT =32°F , .,
71, Variation of Heat Transfer Coefficient to
During Drop Lifetime - AT = 62° F ., .
72, Variation of Heat Transfer Coefficient to

During Drop Lifetime - AT = 105° F . .

xi

Page

S 21

® & o o o s o o o o 182

L] . . L] L] L] . L o ° 184

R 11

L] . . . - L] . ® . . 186



Avd

int

NOMENCLATURE

Letter Symbols

plan area of drop

modified plan area of drop (liquld region only) due to vapor
bregkthrough

total plan area of vapor breakthrough region in extended drop
plan area of vapor dome (vapor breakthrough region) in an
extended drop

average integrated drop area during drop lifetime;

n

A, + A
z 12 i+lAt

i=1

T
area of upper surface of drop
specific heat of vapor at constant pressure, BTU/1b-°F
concentration of vapor in air at drop surface, gm-mole/cm3
concentiration of vapor in air at infinite distance from drop,
gm--mole/cm3
diffusion coefficient, cmg/sec
drop diameter

average diameter, calculated from average integrated drop

area during drop lifetime

h
radiation correction factor; f = Eg = 1 =
T 1 - ]3
[1+4‘ S C_ AT
(1 +=te B

20 A

xii



h
cr

hcrfc

fe

acceleration of gravity, 32.2 ft/se02

dimensional conversion factor; 32.2 ft—lbm/lbf-se02

Grashof number

over-all heat transfer coefficient to drop due fo combined
heat transfer modes of conduction, convection, and radiation,
BTU/nr-£t2-°F

average value of hc— c during drop lifetime, BTU/hr-ft2-°F

r-f
total heat transfer coefficient for heat transfer by

conduction and radiation only, BTU/hr—ft2w°

L L
eldr(Tw - T )
(T -T)
w =

F

, BIU/hr-ft2-°F

over-all heat transfer coefficient that would exist if no
heat had been transferred to the drop by radiation,
BTU/hr—ft2~°F

heat transfer coefficient to drop (lower surface) that would
exist 1f no heat had been transferred to drop by radiation or
convection, BTU/hraft2-°F

free convection heat transfer coefficient to top surface of
drop, BTU/hr—ft2-°F

heat transfer coefficlent to liquid drop, BTU/hr-ft°—°F

time increment index

approximate number of vapor breakthrough regions in an
extended liquid mass

thermal conductivity, BTU/hr-ft-°F

mass transfer coefficient based on concentration, cm/sec
average drop thickness

dimensionless average drop thickness

xiii



AP

Pr

Tup

107
Re

Sc

length of horizontal square plate upon which free

convection heat transfer coefficient is based

characteristic length of drop

time increment index

molecular weight of vapor, gm/gm-mole

number of vapor domes in an extended liquid mass
pressure, lbs/ft2, dynes/cm2

partial pressure of the diffusing vapor, dynes/bm2
pressure difference across drop interface, lbs/ft2
Prandtl number

rate of heat transfer, BIU/hr

heat transferred to lower surface of drop by conduction, BTU

total heat transferred to drop by conductlon, convection, and

radiation, BTU

heat transferred to drop by free convection, BIU

heat transferred to drop by radiation, BIU

heat transferred to lower surface of drop by radiation
from plate, BIU

heat transferred to upper surface of drop by radiation
from plate, BTU

heat transferred to upper surface of drop by radiation from
environment, BTU

radlal coordinate, radius

initial drop radius

principal radii of curvature of drop

Reynolds number

Schmidt number

xiv



AT

At

t#

t
re

temperature, °F, °R

plate (boiling surface) temperature minus liquid saturation

temperature, °F
time, sec
time increment, sec

dimensionless time

(calculated) vaporization time of drop that would exist if

no heat transfer to drop had occurred by radiation, sec
radial velocity, ft/sec

drop volume, ml

. dimensionless drop volume

axial velocity (normal to plate surface), ft/sec
rate of evaporation from lower surface of drop, gm/sec
rate of evaporation from upper surface of drop, gm/sec

axial coordinate

Greek Letter Symbols

thermal diffusivity, ft2/hr

distance between lower surface of drop and plate
emissivity

latent heat of vaporization, BIU/1b

modified latent heat of vaporization, BTU/1b
critical wavelength |

most dangerous wavelength

dynamic viscosity, 1b --sec/ft2

f
kinematic viscosity, ftz/sec

density, lb/ft3

Xv



amb

act

avg

min

theor

surface tension, 1lb/ft
Stefan-Boltzmann constant, BTU/hr—ft2—°R4
total véporization time of drop

field force

Superscript

modified quantity due to effects of vapor breakthrough

Subscripts

ambient

actual (measured) value or calculated from measured value
average value or calculated from average value
1iquid

minimum

saturation temperature

theoretical

vapor |

wall (or plate) properties

initial value

characteristic length, [g 8e9 ]é



CHAPTER I
INTRODUCTION

The Leidentfrost phenomenon may be succinctly defined as the film
boiling of small liquid masses on a hot solid surface. Thls phenomenon
is observed in everyday life when water droplets glide over the surface
of a very hot iron or skillet. The phenomenon was first studied in
1756 by J. G, Leidenfrost (1), who observed the behavior of smail water
droplets on a glowing hot iron spoon. He noted the rather long vaéori-
zation times of the droplets when the spoon Wgs very hot, contrasting
with the very short vapo?ization times that occurred after the spoon
had cooled somewhat. :

The foregoing observations of Leidenfrost may be readily explained
today withbthe assistance of Figure 1. Figure 1 is a typical "boiling
curve”, wherein the heat flux transferred from a heated solid surface
to the liquid that covers it 1s plotted against the difference between
the heated surface temperature and the saturation temperature of the
liquid (log-log scaies)n The boiling curve is comprised of four
regions, each of which is characterized by a different mechanism of
heat transfer. The first region, AB, is the nonboiling convection
region, wherein heat is conducted across the heated wall into the
liquid; the heat is then transferred throughout the liquid by natural
convection and vaporization takes place at the liquid-gas interface.

The second region, BC, is the region of stable nucleate boiling. In
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Figure 1. Conventional Boiling Curve Illustrating Metastable Boiling Line



this region, heat removal from the surface is enhanced remarkably by

the mechanism of nucleate boiling, in which vapor bubbles are generated
at preferred nucleation sites on the solid surface. As indicated in
Figure 1, the heat transfer rate increases markedly with only small
increases in AT. As AT ;% increased, more and more nucleation sites

are activated, with an accompanying increase of heat transfer. Finally,
at point C, the heat flux reaches a maximum, since the formation of more
vapor at this point tends only to insulate the solid surface from the
liquid.

The region CD is termed the transition boiling region. Here, the
'surface is almost completely blanketed with a vapor layer. . The vapor
layer is unstable and, consequently, the liquid makes very rapid inter-
mittent contact with the solid surface. As AT is incfeased, the heat
transfer gradually decreases until it reaches a minimum at point
D where the region of stable film boiling has its origin. Point D is
also termed the Leidenfrbst point; that is, the point of minimum heat

luwt. At this point, the surface is now blanketed by a relatively
stable and quiescent vapor film. Since heat must be transferred to the
liquid by conduction across the vapor film, the heat ﬁransfer rate is
low. With higher temperature differences (AT's), the heat transfer
rate (by conduction) increases gradually both because ofvaihigher AT
and because of a graduai increase in thermal conductivity of the vapor
film, At very high temperatures heat is removed from the solid sur-
face in significant amounts by thermal radiation, also.

It is of more than passing interest to note that recent studies
have cast doubt upoﬁ the existence of a unique AT where the onset of

stable film boillng occurs; that is, a unique Leidentfrost point. It



has been postulated (2) that for a very smooth, vibration-free solid
surface, a small mass of liquid initially undergoing film boiling
(Region DE) can e made to traverse the dashed line, B'=D’ if the
surface temperature is gradually lowered. The line B’~D’ has been
termed the metastable Leidenfrost line.

Returning to the observations of Leidenfrost, it becomes evident
from Figure 1 that when the spoon was at a very high temperature, the
liquid drop was never in direct contact with the spoon since it was in
the film boiling reglon. Because of the low heat transfer coefficients
characteristic of film boiling the vaporization time was very long. At
lower spoon temperatures, the drop was evidently in the nucleate boiling
region where, due to the characteristically high heat fluxes (and high
heat transfer coefficients), the vaporization time was much shorter.

The Leidenfrost phenomenon is associated with the film boiling of
discrete masses of liquid as shown in Figure 2(a) through (3),1 while
pool film boiling is associated with a continuous or essentially in-
finite amount of fluid (completely covering the heated surface). Hence,
the Leldenfrost phenomenon involves the additional wvariable of initial
liquid volume,

The motivating interest 4in the Leidenfrost phenomenon is twofold,
First, the phenomenon is of interest in itself -« interesting in its

interrelated aspects of heat transfer and fluid dynamics
Secondly, as noted in Reference 3, which is a thorough and the
most recent survey of Leidenfrost phenomenon studies, modern technelogy

is moving in the general direction of more extreme temperatures, both

1Figures 2, 5, 6, and 7 are reproduced from References 14 and 15
with the permission of the author, Dr. K. J. Baumeister.
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high and low, and bhigh heat fluxes. Since film boiling frequently:.

exists wnder thsse condlitions, the phenomenen becomes of practical

interest also.

In some cases film boiling may be desirable, although

more frequently it is undesirable. In either case an understanding of

the film boiling phenomenon is obviously required in order to predict

practical consequences.

Several instances in which film boilling and the Leldenfrost

phenomenon in particular are of interest are (3):

(1

(2)

()
(4)

(5)

(6)

(7)

(8)
(9)

Spray or fog cooling of nuclear reactors that have
accidently had a coolant loss and, consequently experi-
ence a very large rise in wall temperature.

The use of a water spray to cool steel billets or the
rolls in rolling mill operations.

Water spray during continuous casting.

The design of quick response steam generators by
spraying liquid on a hot surface.

The stable coperation of a steam iron with a changing
water inventory.

Film cooling of a rocket nozzle, either by breakdown
of a continuous liquid film or direct spray injection.
Cool=down of cryogenic 1iquid storage tanks and trans-
fer lines during filling. An interesting corollary
problem is the possibility of minimizing cryogenic
liquid loss by deliberate production of a vapor film
next to the wall by film boiling.

Use of air-dropped solutions to control forest fires,

Fuel vaporization in a diesel engine.,



The general goal of the present study is to investigate the Leiden-
frost phenomenon for liquid nitrpgen masses ranging from large drops to
extended drops with vapor breakthrough (Figure 2(a) through (e)). More

specific goals will be outlined following the next chapter.



CHAPTER II
LITERATURE SURVEY

Among the earlier studies of the Leidenfrost phenomenon are those
of Pletenevae and Rebinder (4 and 5) and Borishansky (6 and 7). Pleteneva
and Rebinder experimentally determined the Leidenfrost temperatures (the
tehperature at which the evaporation time of a given droplet size is a
maximum) for several fluids (water, bénzene, ohloroform, methyl alcohol,
propyl alcohol, isoamyl alcohol, nitrobenzol, oxrtho toluidine, and
ethylene glycol). They found that the evaporation fime of water reached
é maximum value at a plate temperature of 275° C in air at one atmos—
phere. They also found that the maximum evaporation time for organic
liquids was proportional to the absolute bolling point of the liguid.
Borishansky obtained total vaporization times for several fluids (water,
ethanol, carbon tetrachloride, and benzene) over a large range of droplet
sizes (0.0465 to 25 ml). He proposed a dimensionless correlation for the
vaporization times of small droplets, using only a heat continuity
equation at the vapor-liquid interface and a differential heat balance
equatibn on the droplet as a basis for generatiﬁg the dimensionless
correlating gfoups. Radiation effects. were oﬁitted as being negligible.
In addition, momentum and mass balances were not made. Hence, the fluid
dynamics of the vapor film were neglecfed as was the effect of mass
-diffusigg;from the top of the droplet.

Gottfried (8) took all of the foregoing neglected effects into



accouﬁt in the most complete analytical approach until that time
(described in greater detail in "Discussion of Theoretical Models").
Postulating a physical méchanism based on simultaneous conduction, con-
vection, diffusion, and radiation, and assuming the droplets to be
perfectly spherical, he obt#&ned a semi-empirical nunerical solution
using a digital computer, giving predicted vaporization times that
‘agreed with his experimental results to & maximum error of 25 per cent.
His experimental studies consisted of the determination of total vapor-~
ization times for drops of water, ethyl alcohol, benzene, and carbon
'tétrachloride over the size range from 0,0058 to 0.0415 milliliter, and
for AT values from 50° to 500° ¢.

Although Gottfried's work was primarily an analytical approach, it
was necessary to introduce an experimentally obtained "universal"
constant into his analysis. Lee (9) extended and improved Gottfried's
analysis, thereby eliminating the need for an experimentally obtained
constant. In addition, Lee obtained a simplified expfession that
permitted calculation of evaporization times without necessitating the
use of a digital bomputer. This was done by using lLee's experimental
data and a regression analysis to obtain two constants for a corre-
lational equation. The correlational equation agreed with most of his
T2 experimental points *to within * 20 per cent, with a maximum
deviation of + 30 per cent. Lee's experiments consisted primarily of
the study of vaﬁériﬁation times of water, ethanol, benzene, carbon
tetrachloride, éﬁd n-octane droplets ranging from 0.001 to 0.03 milli-
liter in initial volume. The results of the preceding investigations
are reported in a later publication by Goftfried, Lee, and Bell (10).

Both Gottfried's and Lee's experiments, described previously, dealt
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with small droplet sizes such that the droplets were not far from
spherical, Patel and Bell (11) extended their work by investigating the
film boiling of extended liquid masses (although Borishansky (7) was the
first to study extended masses). As seen in Figure 2(a) to (e), for
sufficiently large liquid masses, interfacial instability phenomena
eventually appear, resulting in bubble breakthrough. A relatively large
amount of literature is available dealing with interfacial instabilif&
phenomeng and will be discussed later.

The next significant work'appearing in the literature was that of
Baumeister (12 and 13), who made an analytical and experimental investi-
gation of small droplet evaporation (0.05 to 1.0 ml). Using an analog
computer he solved the mo@bntum, energy, static equilibrium, and
continuity equations simultanecusly and obtained overall heat transfer
coefficients in closed form for a flat bottomed drop, with no radiétion
or diffusion effects congidered. The theoretical results agreed with
the experimental within £ 20 per cent.

Baumeister later simplified the foregoing analysis by neglecting
inertia terms in the momentum equations before solving the governing
system of equations (14). Because of this simpliffCation use of an
analog computer was not required. Solutions for heat transfer 00~ -.5:;“
efficients were obtained in closed form andwere shown to agree wi£ﬁv£hé i
‘previcusly obtainedécomputer solutions,

The preceding investigations (12, 13, and 14) served as the basis
for Baumeister's next contribution (15), a generalized correlation for
the entire range of‘initial fluid volumes from small spherical droplets
to extended‘bubblyi@asses. The correlation is presented as a single

curve relating dimensionless vaporization time to dimensionless initial
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liquid volume, In all of Baumeister's theoretical analysis, he assumed
the liquid mass to be disc~shaped (circular cylinder). Hence, it might
be anticipated that errors would arise in the small droplet region, where
the drops are nearly spherical, and the extended mass region, where
bubble breakthrough occurs (Figure 2). A geometry factorwas introduced
in order to extend the validity of his correlation to these two con-
figurations. Apparently, however, interfacial instability phenomena
resulting in bubble breakthroughwere not considered to have any
appreciable influence on heat transfer to the fluid. A more detailed
discussion of the theoretical models of Gottfried, Lee, Bell, and
Baumeister dealing with possible shortcomings, will be presented in the
chapter on theory.

Most of the Leidenfrost investigations have been for pure liquid
masses. However, studies have also been made of binar& mixtures.
Godleski (16) and Godleski and Bell (17) have studied total vaporization
times and composition changes during vaporizatidn for water-ethanol,
ethanol-benzene, and benzene-toluene sgolutions into air. Their results
show that the Leidenfrost point and the total vaporization time for the

binary changes in a fairly regular way between the values for the pure
components.

In addition, the effect of volatile and nonvolatile surface-active
agents in water has been investigated in Reference 5. The chief effect
of the surface-active agents was to chaﬁge the effective heat transfer
area, a result of the changing drop shape produced by the decrease in
surface tension. |

A relatively large amount of literature is available dealing with

interfacial instability phenomena in pool film boiling. Hence, a
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logical extension of the pool film boiling studies would be to determine
the applicability of these results to the phenomena observed in the
Leidenfrost phenomenon for extended masses (Figures 2(d) and (e)) and
pool film boiling (Figure 2(f)). Several studies exist of interfacial
instability phenomena that arise when a dense phase (liquid) is supported
by a lighter phase (vapor) in a gravitational field (18, 19, 20 and 21),
as occurs in film boiling. Mathematically speaking, it is conceivable
that any perturbation on the vapor-liquid interface would disrupt the
interface sufficiently to lead to vapor release or bubble formation.
Practically, however, surface tension of the liquid tends to daﬁp out
perturbations of short wavelengths (19), while very large wavelength
perturbations cannot exist unless a linear dimensioﬁ §f the boiling
surface is of comparable length. Intermediate to these extremes is a
critical wavelength, which has been derived from hydrodynamic consider-

ations only (20) and is given by

xc= N [ﬁ% N , "

1

The critical wavelength is the length of the smallest perturbation that
can—grow in amplitude on a flat, horizontal interface. The assumptions
involved in the derivation are (1) both fluids are deep compared with
the waveiength of the disturbance of the interface, (2) the fluids are
incompressible, (3) there is no shear at the vapor-liquid interface, and
(4) the fluid fieldé are irrotational. Conventionally, instabilities
oécurring without relative motion of the vapor and liquid phases is
termed Taylor instability. When relative velocity is important the
instability is termed a Helmholtz instability.

It has also been shown (22) that some perturbations grow more rapidly
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than others. The wavelength of the perturbation growing most rapidly is

the "most dangercus wavelength®™ and is given by

Wi

gc o
xd=ﬁkc=2,[3_n [W . (2)

The first attempt to apply instability theory to film boiling was
made by Chang (23), who noted that the vapor-liquid interface might
exhibif waves of wavelength equal to the critical wavelength
(Equation’(1)). Using this wave approach, Chang subsequently derived a
film boiling heat transfer coefficient as a function of AT for a flat
surface.

Prior to Chang's work, Bromley (24) made one of the first pre-
dictions of heat transfer in film boiling from a horizontal tube.
Bromley analyzed the problem by employing the film-condensation model
of Nusselt and interchanging the liquid and vapor phases. That is, he
assumed that the tube is surrounded by a thin vapor film in laminar flow,
separating the tube from the liquid. The suggestion of instability
effects was made by Chang in 1956.

Zuber (22 and 25) later modified and extended Chang's approach and
derived equations predicting the minimum heat flux in film boiling.

The results of his analysis showed that the minimum heat flux was
governéd by a Taylor-type instability, and hence the minimum flux
expression is governed by hydrodynamic considerations rather than by
thermal transport properties. |

Berenson (26) modified and extended the methods suggested by Zuber
and succeeded in obtaining the heat transfer coefficient as a function
of AT for pool film boiling on a flat plate. His expression for the

heat transfer coefficient was quite similar to that derived by
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Bromley (24), which applied only to circular tubes. By analyzing the
effect of vapor velocity on the results of the Taylor instability
analysis, he concluded that near the minimum film boiling heat flux the
Taylor instability model is valid. Also, he derived an expression for
the AT at which the minimum heat flux.occurs, vwhich, as mentioned
previously is also a definition of the Leidenfrost point.

| An experimental study by Hosler and Westwater (27) showed that film
boiling from a horizontal flat surface can be treated as a Ta&lor hydro-
dynamic instability, as evidenced by measurements of inter-bubble
. distances, bubble periods, break-off diameters, and geoﬁetric arrange-
ment of bubbles,

In view of the previous stability studies and their applications

to film boiling heat transfer, it is natural to ask whether these
results may also be applied to the Leidenfrost phenomenon for extended
masses. This possibility was investigated by Patel (28) and Patel and
Bell (11) who studied masses up to 10 milliliters in volume of water,
carbon tetrachloride, benzene, and ethanol. Several of their most
'significant conclusions are:

1. The Leidenfrost phenomenon for extended masses does not differ
markedly from that for small droplets except for bubble break-
through phenomensa,

2. Bubbleé begin to break through the center of an extendéd mass
when the diameter is about as large as the most dangerous
wavelength.

3. Bubble dynamics appear to be governed by a Taylor instability
with a characteristic wavelength between the critical and the

most dangerous wavelength.
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The authors state that these results clearly suggest an analytical treat-
ment of heat transfer to extended masses in film boiling very similar to
those for submerged surface film boiling proposed by Zuber and others.
All of the boiling studies cited thus far have dealt ﬁith "ordinary"
liquids == liquids with boiling points near ordinary room temperature.
In recent years liquefied gases héve'played an increasingly important
part in engineering technology. An obvious instance is the use of
liguid propellants in rocketry. Since liquefied gases have very low
boiling points, their contact with any surfaces at ordinary ambient
temperatures immediately results in film boiling. Hence, when one
deals with cryogenic fluids (iiquefied gases at low temperatures) one
must often deal with nucleate and film boiling heat trénsfer.

| An excellent literature survey has been compiled dealing with
beiling heat transfer investigations for oxygen, nitrogen, hydrogen, and
helium by Brenfari, Giarratano, and Smith (29). An earlier survey by
Richards, Stewart, and Jacobs. (30) is likewise useful.

Flynn, Draper, and Roos (31) WereAthe first to cobtain data for both
the nucleate and film boiling regions on the same surface. They investi-
gated the boiling of liquid nitrogen at atmospheric pressure from a
2=inch length of 5/8—inch outside diameter copper tubing. Their q/A
(heat flux) versus AT data indicated a minimum heat flux (film boiling
regime) at a temperature difference of 48° ¥ (86° R). Although their
data shows a high degree of internal consistency, some lack of agreement
was apparent upon comparison with other data reported in the literature.
These discrepancies are atiributed to twé sources: (1) nature of the
surface and (2) selecting the proper temperature fér fluid property

evalunation.
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Frederking and Daniels (32) investigated the kinematics of vapor
removal for film boiling of liquid nitrogen from a>sphere. In another
study, Frederking, et al. (33) imvestigated effects of interfacial |
instability on film boiling of saturated liquid helium I above a hori-~
zontal surface. A correlation of the data was obtained which was
reported to be useful both for helium I and nitrogeﬁ.

While several studies have been made for both the nucleate and film
boiling of liquid nitrogen from flat surfaces, spheres end cylinders, no
investigations have been mad; of the Leidenfrost—phenomenon.

The general purpose of the present stu&ywas to ipvestigate the
transfer of.heat ocourring during the vaporization of‘discrete masses
of liquid nitrogen undergoing film boiling into a nitrogen atmosphere
at atmospheric pressure. The initial drop sizes ranged in size from
large disc-shaped drops (Figure 2(b) to extended pancake-shaped masses
in which vapor breakthrough occurs (Figure 2(c).

Specific goalswere as follows:

1. Determination of total vaporization times over the given size

range for values of AT ranging from zero to about 400° F.

2. Determination of fhe Leidenfrost point for the range of drop
sizes.,

3. Determination of vaporization rates and instantaneous heat
transfer coefficienﬁs during the lifetime of liquid mass at
several AT valués, -

4. Investigation of interfaoial instability phenomena for extended
masses, for examéle, bubble size, spacing and freqﬁency, and
their influence upon heat trahsfei to the_masses.

5e Comparison of the experimental results described in items 1



to 4 preceding with existing theory or results appearing in
the literature.
Modification, extension, or introduction of correlations as

warranted by results.
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CHAPTER III
DISCUSSION OF THEORETICAL MODELS

Two theoretical models will be discussed here which are the basis
of analysis gf the heat,vmass and.momeﬁtum transfer processes of the
Leidenfrost phenomenon. These models are the Qottfried-Lee-Bell model
(10), which applies only to spherical or near-spherical droplets, and
the Baumeister model (12-15), which is asserted to be valid over the
entire range of drop configurations (Figure 2(a) to (e)).

In the analysis of both References 10 and 12, it is assumed that
vapor generation from the lower surface of the drops is produced by
conduction of heat across the vapor layer supporting the drop and
radiation from the plate surface to the drop. (In References 12 and 13,
radiation effects are introduced only as a radiation correction factor
after the m;in analysis has been carried out.) In both References‘10
and 12, the flow of vapor beneath the drop is assumed laminar and
radially symmetric, and at the solid surface and drop surface the radiél
#apor velocity is assumed to be zero. The 1iquid drob is assﬁmed to be
at its satur;tion terﬁpera.ture° Properties of the vapor are evaluated
at the mean film temperature [(T_ + Tsat)/Z] and are assumed constant.

The Gottfried-Lee-Bell model (or spherical drop model) for droplet
évaporation is shown in Figure 3. The physical processes occurring in
the model are (a) heat conduction, Q,, through the (moving) vapor film

between the hot solid surface and the lower surface of the drop, (b) net

18
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heat radiated tb the lower and upper surfaces of the drop, QR1 anvaRZ,'
 respectively, (c) evaporation from the-lower surface Wy aﬁd () dif-
fusion controlled evaporation from the upper surface W2. The drop is
assumed to be a perfect sphere throughout the evaporation process.

The equations written for the mass, heét, and momentum balances are
as follows:

Mass balance:

2 .
o S = - (0, +Wy) (3)

Heat balance:
QQ + Qpq + Qg = w1[x + cp(Tp - Ts)] + W\ (4)

Momentum balance:

au du _ _ZcoP 9R u (3w l3u gu
3t +u ?dr pv‘ar or + pv ﬁar2‘+'r ar“f'aZE“" (5)

In the momentum balance equation it is assumed that the variation of u
with respect to time is small compared to variations with respect to
spatial coordinates. Also, assuming inertial terms and field forces to

be negligibly small, and assuming § << r so that

2
22 << o 4

a2°

Q)

Ll

+
B
o/
5]

Equation (5) simplifies to
. 2
-
€car “H 2 (6)
oY

The loss from the upper surface W2 is assumed to occur by pure

molecular diffusion, and is calculated from the expressions

k WP MDP_
o = TRT_ o =TT o - & (1)

for mass transfer from spheres,



21

k

DC

© = 1.0 + 0.3 Rej/z s61/3 . (8)

For the present case, the relative air velocity past the spherical drop
is assumed to be zero. Also, from the general theory of mass transfer,
Wy =k, M(Cs - Cw) Ay e (9)

If the diffusing medium is assumed to be an ideal gas, and it is further
assumed that the vapor concentration at an infinite distance from the
drop surface, C_, is zero, oné may then use Equations (8) and (9) to
arrive at BEquation (7).

Writing a méterial balance for the lower half surface of the drop
and equating the excess pressure exerted by the vapor film on the drop

to the welght of the drop, an expression is obtained for W, involving

4
numerical evalunation of complicated integrals. The reader is referred
to References 8, 9, and 10 for details of this derivation for W1.

Expressions for radiative heat transfer QR1 and QRZ were developed
by deriving configuration factors from the plate surface to thelupper
and lower surfaces of the drop.

Solutions to Equations (3), (4), and (6) were obtained numerically
and involve a formidable amount of computation. Details of the compu~
tational procedures are found in Reference 9 itogether with a listing of
the computer programs used to carry out the computations. Given an
initial drop size, the fluid properties and the wall temperature,
solutioné are obtained for instantaneous drop volume, drop rédius, and
evaporation rate, from which total evaporation times are obtained.

Several interesting results of the preceding analysis are as

follows, For water drops at AT = 324° F and AT = 720° P the radiative

heat fluxes are calculated to be 30 and 60 per cent, respectively, of
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the conductive-convective heat flux. These results indicate that
radiation heat transfer is sufficiently large that it must be taken into
conside:ation.

In addition, the importance of mass diffusion from the upper half
of the drop is indicated in one instance by a change in analytical
vaporization rate curves‘of + 15 per cent for a change iﬁ diffusién
coefficient of + 20 per cent.

Another illustration of the importance of mass diffusion can be
obtained from Figure 4. In Figure 4 the rates of evaporation per unit
area from the lower and upper halves Qf fhe drop, W1/A1 and WZ/AZ are
plotted as a function of time for water drops at 500o and 900o F wall
temperature. At higher wall temperatureé, the evaporation rate from the
lower half of the drop predominates over molecular diffusion from the
vpper half of the drop. At lower wall temperatures the situ;tion is
reversed, with the condition being most pronounced toward the end of the
droplet lifetime, Hence, these results indicate that mass transfer
resulting from molecular diffusion apparently must be taken into con-
sideration if error is to be avoided.

The complicated numerical calculations necessitated in the previous
analysis were greatly feduced by Lee who obtained the following di-
mensional correlational- equation ffom T9 of his data points using a

regresSionégnalysis.

0, % |k AT g (e, -0y
= 0,0117 2y
uvk

o€ ‘(T4 - T4ﬂ
| PP _ . 8
+ 2¢3(.) g X** - ;J
(10)
where 7 is the total droplet vaporization time. The first group of
bracketed terms represents the conductive~convective'contribution to

droplet vaporization, while the second group represents the radiative
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the radiative contribution. Equation (10) thus provides a quick
estimate of the overall droplet evaporation time. The average scatter
of data about the correlation Equation (10) is about + 20 per cent (9).
v The model employed by Baumeister in his theoretical investigations
(12, 13, 14, and 15) is a cylindrical, circular disc as shown in

- Figure 5. Baumeister's work differs from the previous investigations
chiefly in that he ultimately atiempts to predict heat transfer co-
efficients and vaporization times over the entire range of liquid
volumes —— from spherical drops to extended bubbly masses —— with one
universal correlation.

For the sake of completeness, it should be pocinted out that
Borishansky also made the same attempt.  However, Borishansky's corre-
lation was derived using only a heat continuity equation at the vapor-
liguid interface and a differential heat balénce equation on the drop.
Momentum and mass balances were not made and hence the fluid dynamics
of the vapor film were neglected.

The assumptions unique to Baumeister's model are as follows:

1% Heat transfer to and evaporation from the upper surface

are considered negligible compared to that occurring beneath
the drop.

2. Radiation is neglected.

3. A uniform gap thiékness is assumed.

4. The thickness of the disk approximating a given drop is

defined by

PR (11)

where the rTelation between V and r, was obtained (12 and 15) by
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numerical solution of the Laplace equation,

i, L1 4P (12)
rl r, c

which results from a balance of the gravitational and
surface tengion forces acting on the liquid drop.

Immediately it is to be noted that assumptions (1) and (2) are not
in accord with the results of the Gottfried-~Lee-Bell analysis, although
as is seen later, Baumeister developed a radiation correction factor,
Regarding the assumption of mass diffusion from the top surface,
Baumeister (12) utilized the statement of Kutateladze (35, p. 376) that
the external surface of the spheroid is covered by superheated vapor
flowing from beneath the spheroid., The mass transport from the upper
surface was thus reasoned to be reduced to a near zero value, Further-
more, Baumeister states that even in the absence of a wapor cover, both
the free convective and radiant heat transfer, together with the free
convective evaporation (estimated from a correlation by Wade (26)), are
negligible when compared to that occurring beneath the droplet.

The matiter of radiant heat transfer is not really in question. One
analysis (10) is very explicit in describing the transfer of heat by
radiation and incorporates this term into the energy equation, The
second anaiysis adds on a correction factor for radiation heat transfer
after the momentum, continuity, static equilibrium, and energy (less
radiant energy) equation have been satisfied. Hence, the difference
fies in the form in which radiation effects are introduced., In both
cases, of course, the attempt to obtain accurate radiation properties
ig often a problem in itselfl.

Regarding mass diffusion from the upper surface, however, a
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fundamental difference exists. References 35 and 36 have been used to
support the contention that mass diffusion from the drops upper surface
is negligible. The results of Wachters, et al. (37) offer evidence that
contradicts the foregoing contention, however. 1In their studies of the
film boiling of water drops, it was found that the evaporation rates in
dry air were appreciably larger than in a saturated atmosphere. This
difference was attributed to the much higher eﬁaporation rate (mass-
diffusion)rat the sides and top of drop when in dry air. Obviously,
additional work investigating mass transfer effects is desirable. 1In
the present study, it was anticipated that mass diffusion perse would not
be appreciable since the vaporizing nitrogen drops were located in a
pure nitrogen atmosphere.

Examining the mathematical details of Baumeister's analysis (12) ‘in
greater detail, momentum equations are written for veloecities in both
the r- and z-directions. This compares with only a single equatiqn for
rédial flow in the spherical drop analysis. The assumption is made that
flow beneath the drop is laminar and incompressible with negligible
energy dissipation. This assumption is based upon low values of
Reynolds number calculated by Lee (9) and Baumeister (12). -For a
0.5-cubic centimeter water drop on a flat plate the analysis of
Reference 14 indicates a gap thickness of 0.00475 inch, an average
radial vapor velocity at the edge of the drop of 5.25 feet per second, .
and a Reynolds number of 10.6. The results of Lee indicate that the
Reynolds numbef never exceeds 16 for all liguids and conditions studied.
Hence, this assumption is well justified. Also the body force of the
vapor in the momentum equation is neglected.

Another assumption is that the inertia terms in the Navier-Stokes
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equations are nggligible. Detailed justification for this assumption

is given in Appendix A of Reference 14, where a comparison of acceler-
ation terms are compared with viscous terms. For radial flow under a
one—~cubic centimeter water drop on a plate at 600° F, the viscous terms
always dominate the inertia terms, goipg Prom a minimum value of'18 at
the lower surface of the drop to an infinite value at the solid surface.
In the z-direction, however, the basis for justificafion is not quite so
strong. The maximum ratio of inertial to viscous terms is about 20, but
in a. region near the center of the gap the computed inertia times are
larger than the viscous terms (at z = &/2 the viscous term is identically
zero). However, it is reasoned that inertia terms affect the velooity,
pressure, and temperature profiles only .slightly near the wall or vapor-
liquid interface. Since the heat transfer coefficient is dependent
mostly on the gap thickness, which is determined by the pressure distri—
bution at the vapor-liquid interface, the heét transfer coefficient was
felt to be unaffected by the inertia terms.

The equations to be solved are:

Momentumse
Oa—ia‘g-f a__21_1'+l§_11_ l...afl". (13)
p or i Br2 T 3T r2 3z 2
g 2 2
e--coP  Jaw 13w 9w
0= Paz+var2+rar+az2 (14)
~ Continuity:
v u oW
artrtaz " 0 (15)
Energy:
w2 w2, v (16)
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where it is assumed that

T __ . 3T
uar<<Waz

and

11%aq<<fm
T 3r\ dT az2
The boundary conditions for Equations (13) to (16) are:
z2=0,u=0,wa= O,VT = Tp

z2 = 5; u = 0; wew(e),Ts= Toat

r = d, u=20 |

Static equilibriums

T
0
Jﬂ P(ry6) M r dr = Vp éL (1)
c
o ,

with boundary conditions at r = T,y and z = 0, P=P,

Interfacial energy balance:

-p, A w(e) = -k %% e (18)

The solution of Bquations (13) to (18) are obtained with the aid of
a similarity traﬁsform that reduces theApartial differential Equations
(13) to (15) to a set of ordinéry differential equations. Since
constant fluid properties were aséumed, the equationé of motion are not
interrelated with the energy equation, that is, the vélocitj field is
not dependént upon the temperature distribution. The reader is feferred
to References 12, i3, and 14 for details of the solution of the preceding

equations. It is sufficient to say here that the following expression

) *
'kv Py p‘ g x—]

MyAT Lo |

for a heat tranafer coefficient to the drgi is derived:

h, = 0.68 | (19)
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where 1* is a modified latent heat of vaporization,

* A .
20 X
and Le is a geometry factor, defined as
ro4 v '
Le =" =33 (21)

mt
where { is an average drop thickness simply related to the volume by
V=14,

It is apparent that for a givep drop volume, one must know the
average drop thickness ¢ or the maximum drop radius T, ih order to
calculate the geometry factor L, to be used in Equation (19). This
problem amounts to obtaining the drop shape as a function of liquid

volume. This has been done in References 12 and 15 by numerical

solution of the Laplace capillary equation (or Gibbs-Kelvin equation),

ri«i;’-=é-?- . (22)
1 2 9

Defining the dimensionless drop volume as

* v
= oy 2
v ———’;770 X (23)
P,

and the dimensionless average drop thickness as

1 = ;773 (24)

one can represent the solutions to Equation (22), over the complete
range of drop sizes, by the dashed line shown in Figure 6 (reproduced
from Reference 15).

Before proceeding further, it should be pointed out that
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Equation (19) is very similar to Bromley's (24) expression for the heat

transfer coefficient for a horizontal tube in film boiling,

k3 A vpv glp, - pv)] ¥

g ,
h = 0,62 [ AT (25)

Bquation (19) differs from Equation (25) only in its prefactor constant,
the modified latent heat of vaporization (Equation (20)), and the
geometry factor L, in place of the tube diameter D. Although L, is
termed a géometry factor, it is a less~than-satisfying description since
little physical significance can be ascribed to it other than that
obtained from Equation (21). Furthermore, and perhaps of greater sig-
nificance;lfor extended masses, no provision is made for the effect of
bubble breakthrough on the physical configuration predicted by the
Laplace capillary equation results. The likelihood fhat Lé may indeed
be a function of interfacial instability phenomena will be invesfigated
in a later section of this thesis.

Returning to Figure 6, Baumeister and Hamill attempt to obtain a
universally applicable heat transfer coefficient by incorporating the
universal drop shape curve results. This universal heat transfer
coefficient can then be used to calculate total vaporization times from

the following interfacial energy balance:

Ao, %‘%=h(V)A(V)AT R (26)

From the universal drop shape cﬁrve, one can obtain the heat transfer
area A(V) and L,» which is substituted into the heat transfer coefficient
expression, Eqﬁation (19), Substituting the resulting expressiops into
Equation (26), and integrating, one can obtain the total.vaporization

time for a given initial drop volume. In order to simplify calculations,
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the universal shape curve in Figure 6 is approximated by three straight
lines corresponding to three rangés of drop size, which are (1) the
extended drop region, V¥ > 155, (2) the intermediate drop range,

0.8 < V* < 155, and (3) the small, spherical drop range, V* < 0.8.

Defining a dimensionless vaporization time as

- '
t* = . (27)
1/2 2 2\ 1
ST ST ST\ T

3

f -

k3 5/% v p_at
Baumeister and Hamill present as their final result, a plot of t#*
againét V¥, as shown in Figure 7.

Since the model upon which the preceding analysis is based is a
cylindrical disc, one tends to question the validity of the universal
ourve in the spherical drop region; V* < 0.8 for two reasons. First, a
uniform gap does not exist beneath the drop as assumed, and secondly,
the heat transfer area is greater than the projected area of the sphere.
Compensation is made for the latter by taking the effective heat
transfer area as the avefage of the projected area of the sphere and the
surface area of the lower half of the sphere. In addition, mass
diffusion from the top surface of the drop is entirely neglected and
is in contradiction with the results shown in Figure 4 and also those
reported in Reference 37. In the extended drop region, the most likely
source of error is that no provision has been made for changes of con;>
figuration due tb bubble bréak:througho

In spite of the foregoing differences with reality, however, the
generalized curve of Figure 6 is seen to be a reasonable agreement with
a sizeable body of data. Indeed, this agreement is offe?ed as

substantiation (15) of the validity of the assumptions made in the
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analysis,

In the present investigation, the low surface tension of liquid
‘nitrogen may result in a more rigorous test of the universality of the
curve for large values of V#, DBecause of the low surface tension of
ligquid nitrogen, a given volume should experience'many more vapor
breakthroughs than; for example, the same volume of water. Hence, the .
influence of vapor breakthrough on overall heat transfer may be more

readily discernible.



CHAPTER IV
EXPERIMENTAL APPARATUS

With liquids, such as water, alcohol, benzene, etc., the boiliﬁg
point is rather high and conseguently the heated surface must typically
be maintained at temperatures on the order of hundreds of degrees
Fahrenheit in order to study the filh boiling region. In}contrast,
cryogenic fiuids, or those fluids having very 1ow.boiling points, are
far into the film boiling reéion when the solid surface temperatufe is
at room temperature., Therefore, if quantities éuch as the Leidenfrost
point are to be determiqed, the problem becomeé one .af cooling the
heafed surface to temperatures where the énsetrof stable film boiling
occurs. With liquid nitrogen, this is predicted to occur at a AT
of about 85° F, (éé), or at wall temperatures of -235° F.

In addition to the necessity of a coolant system to control the
vaporization tests of cryogenic fluids in a moisture-free atmosphere.
This is necessary nét only to brevenf frost formation on the plate
surface; but also to prévent condensation and freezing of water vapor
within the vaporizing.nitrogen dfop itself. Consequently, the present
experiments were conducted within a controlled atmosphere enclosure,

a Fisher Scientific Isolétorlab, as shown in the schematic diagram of
Figuie 8. A pure.nitrogen atmosphere was also desired in order to

eliminate mass transfer from the drops by molecular diffusion. As shown

36.
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in Figure 8, the nitrogen atmosphere was maintained by iptroducing
vaporized nitrogen from a 110—1itef dewar of liquid nitroéen and from
the coolant sy;tem.(described later). |

The surface on which the Leidenfrost phenomenon tests were made is
shown in Figure 9. The plate is of high purity (99 per cent minimum)
aluminum (temper designation 1100), is nominally of 3/4—inch thickness,
and is six inches in overall diameter. The plate design is in accord
with the results of Batten (38) who investigated the effect of surface
témperature transients upon determination of the Leidenfrost point. His
conclusion is that a large diameter, thidk plate of high thermal con-
ductivity should be used to minimize temperature transients. Such
transients are of partioular concern with extended masses, where, for
éxample, Patel (28) noted temperature depressions of as much as 59° F
upon depositing a 10-millimeter mass of water on a stainless steel plate
at film boiling conditions.

Nine~copper—constantan thermocoupleswere imbedded 1/16 inch from
the top surface as shown. The thermocouples, which were B and S
26-gauge, sheathed in polyvinyl insulation, were placed in the 0.084-inch
diameter holes drilled in the bottoﬁ surface of the plate. Saureisen P-1
cement was used to fill the space between the sheathing and the aluminum,
securing the thermocouples and also restéring the sqlid composition of
the plate. The thermocoupleé were connected to a selector switch and
the output was read by a L and N Model 8687 potentiometer readable‘ko
0,001 millivolt.

The thermocouples were calibrated over the temperature range from
-320,4o P to 32° For The three calibratibn pointé were the boiling point

of liquid nitrogen, -320.4° F, the sublimation point of €O, -109.3°F,
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and the ice fusion temperature. The 002 point was established by
arranging a well packed wet mixture of dry ice and purevreagent quality
ethyl alcohol, with excess alcohol on top, in a partially insulated
500—millimetér'beake;. The amount of insulation was adjusted until a
gentle bubbliﬁglwas observed at the surface of the alcohol. The fore~
going procedure was similar to that recommended by Kannuluik and Law (39.
The emf-temperature data obtained ip_this calibration were virtually
indistinguishable from the values tabulated in the NBS circular 561 (40).
Consequently, table values of emf-temperature were used thereaftér°

The top surface 6f the plate was dighed at a 1° angle over a 4-inch
diameter circular aféa in order to poéition the drops at the plate
center, and also facilitate photographic studies. A dished plate is
also of use in preventing large liquid masses from separating into
numerous smaller drops upon deposition. A 1° dished-surface hasg been
found to have no noticeable effect on fotal vaporization times (12).

Due to the purity (> 99 per cent) of the aluminum, it was difficult
to ¢btain an extremely smooth surface finish (2 to 4 uyin. rms) as
reported in a few previous studies. Because of the "softness" of the
metai there was a tendency for tiny pits fo develop during the machining
process at widely spaced points on the surface. Consequently, thév
surface was finally preparéd by hand polishing using silicon carbide
powder (grit numbers 240 to 1000), grinding compound ranging from 800 to
3200 mesh size, and micropolish compound down to 0.3 miéron particle
size, Using this procedure, a surface roughness of abéut'lo mic¢roinches
rms was finally obtained. |

Cooling of the plate was accomplished by means of a liquid nitrogen

spray directed into the space beneath the plate (referred to hereafter
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as the spray chamber) as shown in Figure 10. The walls of the spray
chamber were fqrmed by a 23=inch length of +-inch wall by 6-inch outside
diamete: lucite cylinder. ‘The bottom of the chamber consisted of a
3/4-inch thick aluminum plate similar to that used for the boiling
surface. The aluminum plates were positioned on the lucite cylinder by
means of a 0.30-inch by 0.024~inch deep shoulder along their periphery.
The spray header consisted of a single turn coil of 3/8—inch copper
tubing closed at its end. Nine 0.043-inch holes were spaced equally
around the coil. One header was made in which the spray holes were
directéd upward. A second header had the spray holes directed sideways
toward the cylinder walls. At higher plate temperatures both coils _
proved satisfactory. At lower plate temperatures an upward spray of
nitrogen impinging directly upon the bottom of the plate (and thermo-
. couples leading therefrom) resulted in severe temperature fluctuations
in temperaturerindications. Hence, the sideward spray was employed.
Instrumentation leads and the spray header were introduced into the
spray chamber through suitably sized passages at the top of the lucite
cylinder. No effort was made to minimize the clearances between the
spray header and its passages since the excess clearance served as an
exhaust pathway for the vaporized nitrogen.r Four a&ditional semi~
circular exhaustfpassages of 0;125—inch diameter were spacéd equally at
the top of the cylinder also. The spray chamber and boiling surface
were placed within a 10 %-—inch diameter by 5 %-—inch length of expanded
polystyrene insulation (see Figure 10). This arrangement provided about
two inches of insulation at the bottom of the chamber‘and 2 %Minches
around the sides. The ihsulation extended slightly above the aluminum

plate, in an effort to minimize free convection currents across the
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boiling surface.

The method of controlling the plate temperature may be explained
with the assistance of the schematic diagram of Figure 8. Two
thermistorswere located at the base of the spray chamberv(Figure 10),
andwere shielded so as to avoid direct contact with a spray or jet of
liquid nitrogen from the spray header. Two ranges of temperature
qontrol were possible, ranging from about -200° to 70° F, and from —320°
to.-150° F, each range requiring a separate theimistor with character-
istics compatible to that range. A Linde temperature controller,

Model TO-1,vre§eived a température signal fromvone of the thermistors,
depending upon whether the high~ or low-range scale was operative,

Thus, depending upon the temperature within the spray‘chamber, a solencid
valve within the temperature controller controlled the nitrogen flow
from a 110~liter supply dewar.

When operating on the high-range scale (from room temperature to
about -5500 F) the plate surface temperature variation indicated by the
thermocouples was on the order of only a few degrees. No temperature
measuregents within the spray chamber were recorded since only the
plate surface temperature was of importance. At lower plate temper-
atures the surface tem%erature variations became increasingly larger
such that temperature control of‘the plate'surface was maintained within
closer limits by manual control of the dewar valve. Manual control was
made possible by setting the TC-~1 controller at its lowest point, thus
maintaining its solenoid control valve in the open position. Typical
traces of the temperature variation are shown in Figure 11.

Referring again té Figure 8, handling of equipment within the

Isolatorladb was accomplished through rubber gloves that were an integral
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part of the unit. Electrical power was introduced into the Isolatorlab
by meahs of a service inlet panel having four 110-volt ac, three-wire
grounded receptacles. The copper tubing wéil penetrations were
accomplished by using standar& bulkhead fittings with neoprene gaskets
placed between the fittings and the wall. The thermocouple wires
leading from the selection switch to the reference junction outside the
ISoiatorlab penetrated the wall through & rubber stopper, which was
sprayed with a protective vinyl coating to prevent any leakage. The
thermocouple selector switch was placed within the .Isolatorlab, as was
the temperature controller, and a mercury-in-glass fhermometer for
measuring the atmosphere temperature. A small electrical fan, producing
an air movement of alfew CFM was also placed within in order to assist
in removing watei vapor from the enclosure atmosphere.

Bxcess pressure caused by vaporizing nitrogen within the Isolatorlab
was relieved by two exhaust lines of #—inch tygon tubing wﬁich were
ventedbinto 2 hood exhaust. A slight overpressure of a few iﬁches of
wafer was always maintained in the Isolatorlab by adjustment of pinch
claﬁps on the tubingo H |

Deposition of nitrogen drops of known volume onto the boiling
surface proved to be a formidable pfoblem. Previous studies with
ordinary liquids employed hypodermic syringes successfully. With cryo-
genic fluids, hoﬁever, this technique is entirely unsatisfactory. If a -
volume of liquid is drawn up into a syringe, film boiling occurs almost
immediately at the syringe walls and the fluid is expellédo Modified
syringes were made in which the syringe chamber walls and almost all of
the tip were cooled and insulated by a surroﬁnding volume of liquid

nitrogen. The result was the same — surface tension forces were not
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operative in holding the liquid nitrogen in the syringe. Consequently,
it was necessary to devise a device with some positive means of pre-
venting liquid ejectipn. This was accomplished with the device shown
in Figure 12. _

The device is made of teflon, a good insulating material, in order
to prevent vaporization of the liquid nitrogen while still in the
depositor. The operating procedure was: (1) immerse the cylinder and
plunger into a depth of liquid higher than the holes 'A', (2) remove the
depositor, aIlowing excess fluid to drain off through the holes 'A', and
(3) ﬁlaoe the depositor over the foiling surface and 1ift the plunger,
allowing flﬁid held within the passages 'E' to be deposifed. By varying
the length, diameter and number of the passages, three depositors of
0,161, 03357, énd 0,990 milliliter volume were developed.

It was found that for volumes greater than one milliliter, such a
depositor led to another problem. At larger fluid volumes the exit
velocity from the depositor was sufficiently high to break the liquid
mass into nume;ous small drops that often skirted off the edge of the
plate. Hence, a second type of depositor design was warranted. The
second type of depositor (Figure 13) was made simply by modification of
various sizes of pyrex beakers. A long pyrex rod was fuséd to a given
beaker as shown and was a sufficiently poor heat conductor to serve as
a handle. A second, small diameter, glass rod was fused to the pouring
lip of the beaker. This tip was necessary in order to guide the liquid
gently onto the plate surface, thereby avoiding the initial experiences
of having the liquid impact from a height of about an inch and bfeak
into small droplets. Three beaker-type depositors were made from 2-: 5=,

and 10-milliliter capacity beakers.
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Photographic data were obtained (primarily) by a 16-millimeter
Bolex H-16 Rex movie camera. Filming épeeds from 12 to 64 frames per
second, in addition to single frame éxposures, were possible., A Switar
25-millimeter lens and a Macro-50-millimeter lens were used. A set of
extension tubes (5, 10, 20, and 40 mm) were also available. An
electrically driven (ac) motor drive (Bolex Unimotor) was used %o film
long sequences without stopping and also to insure a constant film
speed. Speeds of 12, 16, 18, 24, and 32 frames per second were attain-
able with the ﬁnimotor drive, Sixteen—millimefer Kodak Double-X
negative film was used. In some photographs, a 4-inch long, 45° half-
silvered prism was used to obtain both top and side views of droplet
vaporization simaltaneously.

Totél vaporization times were measured with a stop watch readable

to a tenthrof a second.



CHAPTER V
EXPERIMENTAL PROCEDURE
Calibration of Depositors

In previous studies the procedure for calibrating depositors has
been to weigh several drops of a test fluid individually on a precision
balance scale. From such information, an average drop size was calcu~
lated together with average deviations, etc. Due to the fact that
nitrogen evaporates at room temperature, this information was obtained
using other fluids. The teflon depositors were calibrated using ethyl
alcohol, since the small passageways of the depositors dictated use of
a low surféce tension fluid. The beaker-type depositors were calibrated
using water.

With each depositor, ten individuwal samples were weighed. The
results are presented in Appendix A, and give the average drop size and
its uncertainty at the 95 per cent confidence level for each depositor.

A correction factor that is of some significance arises from
thermal expansion (contraction) effects on depositor volume. For teflon,
the méan linear thermal expansion is about 2410(10—5) inch per inch over
the temperature range from 1400 to 5400 R, while for pyrex it is about
57(10—5) iﬁch per inch over the same range (see Figure 52, Appendix C).
Assuming the volumetric coefficient is three times the linear co-
efficient, the volume chaﬁges due to calibration at room temperature,

rather than at the liquid nitrogen temperature, have been calculated,

50
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and are also shown in Appendix A. The per cent error (where the error
iz assumed to be twice the fractional standard deviation) is seen to
become larger in the direction of decreasing depositor size, and is a
maximum of 15.9 per cent for the 0,357-milliliter depositor. The
uncertainty of a measurement is taken as twice the standard deviation
(95 per cent confidence limits), calculated from the values of the ten

measurements.
Preparation of Equipment

Water~vapor removal from the Isolatorlab enclosure was accomplished
primarily by silica—gel and phosphorous pentoxide dessicants placed in
shallow containers at two levels within the enclosure. The small fan
produced air movement over the surface of the dessicants in order to
speed the vapor-removal process.

Since no access to the enclosure was possible during a test, all
necessgary equipment for a run ﬁas placed within the enclosure before the
water-vapor removal process had begun., The equipment necessary was:

(1) Three teflon depositors

(2) Three beaker-type depositors

(3) Level indicator

(4) Levellingrshims

(5) Two 500-milliliter insulated containers for liquid nitrogen

(6) Kimwipe optical tissues

(7) Squeeze-bulb for cleaning of test surface

(8) Scale for photographic studies.

After £he de;sicant and necessary equipment had been placed within

the enclosure, the system was purged of the resident air by operating
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the plate cooling system and thus introducing vaporized nitrogen gas.
This was done for several minutes in order 1o rapidly reduce the water
vapor content of the enclosure atmosphere by simple displacement.

A continuous purging process was also introduced by connecting the bleed~
off line fromnfhe 110=liter dewar to a penetration in the enclosure. '
Drying of the enclosure atmosphere continued for at least a full day
before anj tests were conducted, with two days being the rule for tests
at low plate temperatures. In addition‘to these measures, the copper
tubing in the cooling system was left uninsulated. Hence, once tests
had Begun the coolant line served as a "cold trap" by condénsing traces
of water vapor still present. All these measures were still not
entirely successful at low plate temperatures (1ower'than.about -150° F).
Resort was had to optiéal tissues to wipe off any thin traceé of frost
that formed on the plate su;faqes at low temperatures.

In beginning a test, the temperature céntroller setting was adjusted
to the desired point and the flqw through the exhaust lines adjusted to.
permit the removal of fhe excess nitrogen gas generated in the cooling
process., The ligquid nitrogen containefs were filled by opening valve 2,
Figure 8. | |

After the plate temperature had reached an equilibrium value (or
more correctly, cycled about the desired equilibrium value) a depositor
was ﬁlaced into auli&ﬁid nitrogen container for a few minuteéﬁunfil both
the barrel and plunger (Figure 1Q) had undergone the same thermal
contraction, The fan was then turned off so that drop evaporation
occurred with a minimum of convective mass diffusion.

| In depositing drops onto-the‘tést surface the time required to

transfer the depositor from the nitrogen supply to a position just above
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the plate and deposit the drop waé about three seconds. The brief
transit time together with the insulating qualities of the teflon was
necessary to minimize vaporization of the nitrogen mass while it was
still in the depositor. At the instant of drop impact, a stopﬁatch was
stafted to measure the total vaporization time of the drop. Due to.the
low surface tension of liguid nitrogen, gentle deposition of'thé drops
was required to prevent fragmentatiocn. —

Close checks on the plate temperature were maintained between
vaporization of drops, and also during vaporization when time permitted.
At low temperatures, where drop vaporization times were long and manual
control of the coqling system was necessary, the temperatufe indications
were monitored almost continuwously throughout the drop lifetime.

At a given plate temperatufe, about ten vaporization lifetimes for
a partiéular depositor were generally meaasu:‘ced‘° Thig was beiieved
necessary because of the relative imprecision (relative to that
obtainable by using syringe deposition with ordinary fluids) in
repeatedly.obtaining equal liquid masses from a given depositor. This

‘relative imprecision was especially evident for the beaker-type
depositors. Hence, to improve the statistically-based‘confidence limits,
the number of samples w;s increased to ten in most cases. This compares
with three trials sufficient in most previous studies.

For every vaporization time measurement, an average temperaiure
was recorded based upon the potentiometer observation during the drop
lifetime. The average of the ten temperatures was used as the plate

temperature.
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Photbgraphic Studies

The 16-millimeter Bolex movie camera was used primarily to obtain
vaporization rate datarand vapor breakthrough dynamics information. The
cameré was positioned vertically above the plate just above the inclined
'v;ewing window of the Isolatorlab. The combinétiqn of 25— and
vv50—milliméter Ienées and a set of extension tubes permitted closeup
views of the vaporiz;ng masses. Two 500-watt photo flood lamps were
also locéted outgide of fhevIsqlatorlab.and directed ontq the plate
surface to provide thé necessary illumination.

Camera speeds of 32 and 64 frames per second were used to study_
vapor breakthrotugh phenomena. For vaporization rate studies over the
drop lifetime single frame exposures were taken every five seconds. The
long lifetime of drops at low plate temperatures made continuous filming,
eveﬁ at the lowest camera speédsr impossible, in additioﬁ to providing
large excesses of information. |

Several photographic studies were also made with the plate at Toom
temperatﬁre and located outside the Isolé.‘l:orlab° This permitted very
close photographs of breakthrough dynamics and made possible top.and
side views (using a right-angle silvered prism) simultaneodsly° These
results were gualitative in nature, since exposure of nitrogen drops to
a water-yapor-laden air atmosphere, rather than a dry nitrogen atmosphere,
makes quéntitatife comparisonsIquestionable.

Quantitative studies of the films were made by projecting single
frames onto a screen using a movie projector. The images were traced
onto 8% -~by 11-inch sheets of paper and the desired measurements then
made from the tracings. Measurements of the projected drop area (plan

view) and vapor breakthrough areas were made using a planimeter. Due
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to the low surface tension of liquid nitrogen the shapes of the masses
were often quite irregular. Heﬁce, measurements of maximum and minimum
diameters could not be used to calculate areas, as has been the standard
vprocedure in past boiling studies. FYor this reason also, projection of
the photographs on a Récordak viewer or Vanguard Motion Analyzer was not
done because of the impracticality of meking planimeter measurements on

such viewers.



CHAPTER VI
RESULTS
Area~Volume Calibration

- One of the goals of the present study was to determine heat transfer
coefficients throughout a drop lifetime, thus requiring the determination
of the instantaneous rate of change of volume (mass). It is possible to
obtéin this information photographically provided one is able to
determine the reiationship between liquid volume and the projected area
of a given mass,

Theoretical predictions of drop shapes without wvapor breakthrough
have been calculated from the Laplace capillary equation (EBquation (12)).
But for extended masses where vapor breakthrough occurs, no theory eiists
to account for the resulting distortions of the fluid mass. Hence, an
éxperimentally derived relationship, or calibration curve, is required.

In the present case, data for the calibration curve were obtained
photographically. At plate temperatures lower than --230o F, where the
vaporization_rafe was low, motion pictures were taken of the various
sized nitrogen masses as they were deposited on the plate surface,
Knowing the volume of liquid held by each of the sii depositors; and
measuring the initial projected area, Ao of each of the dreps, a
calibration curve was constructed. The areas were measured with a
planimeter traced around the perimeter of the liquid mass. Iﬁ instances

where vapor breakthrough occurred, the vapor area was not subtracted
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from the total area within the periphery.

In some cases the initial area Aé was also determined hy another
technique. Single frame exposures were taken every five seconds,
generally starting at t = 5 seconds. By measuring and plotting the area
as a function of time, a curve could be extrapolated backwards to t = 6,
thus indicating Ao. The measurements from both the initial frame films
and the extrapblated curves were averaged together to yield the Ao data
used in the calibration curve,

For beaker-type depositors, the initial area was more difficult to
obtain because while the nitrogen was being deposited onto the surface,
requiring from four seconds for the 2-milliliter beaker to 11 seconds
for the 10-milliliter beaker on the average, it was also vaporizing.
Heﬁce, the first pictures of the Whole, pancake-shape extended mass does
not correspond to the volume of the beaker depositor. To correct for
this error pictures were taken for several seconds after the mass had
been deposited and the correct area was determined by extraﬁolation back
to zero time after deposition. The zero time location was approximated
as one-half the deposition time, since shortly after deposition only a
small mass is vaporizing on the hot solid surface, while the remainder
is in the beaker where essentially no vaporization is occurring. |

The curves from which Ao was determined are shown in Figufes 14
through 21. It is evident that some variation in the Ao values arises
just by the choice of the curve "beét" fitting the data. Scatter in the
area measurements may also arise from distortions in the ligquid mass due
to vapor breakthrough, particularly for the smaller mass sizes. For a
mass only large enough to sustain a single vapor dome cell the area

within the perimeter of the drop will differ, depending upon whether the
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vapor area is at its maximum diameter (and thereby distends the drop)

or whether no vapor breakthrough is occurring° For liquid masses two
milliliters and larger, there are a sufficient number of breakthrough
areas occurring so that there is no net distortion of the liquid outline
over a period of time.(other than that iost to vaporization). For the
0.357- and 0,990-milliliter masses, however, it is more likely that a
quagi-steady—-state condition would not exist as evidenced by Figure 47.
Tigure 47 shows a masg of approximately one milliliter iﬁ which the
number of breakthrough areas range from zero to three.

The experimental area~volume relationship is shown in Figure 22,
where oomparison.is madevwith a theoretically derived curve. The
theoretical curve is calculated from the straight line apppoximations‘
to the universal drop thickness curve as shown in Figure 6, The |
expressions for the three regions are (15):

(a) Small drop domain, V* < 0.8

é-:!E)z/.% /3 (28)

A'—'—'105

4
(b) Intermediate drop domain, 0.8 < V* < 155
A= 1,25 [=t— v 2
5 ch) ‘ (29)

(¢) Bxtended drop domain, V* > 155

A= 0.54 V . (30)

g g

In the small drop domain, it should be mentioned that the area given by
Equation (28) isbnot the projected (plan) area, but is the average of
the projected and surface area of the lower half of a sphere, which is
assumed to be the effective heat transfer area. Both Equations (29) and

(30) are expressions for the projected area of a drop.
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The smallest initial drop size here, 0,161 milliliter, corresponds
to a V* value of 146, which is close to the extended drop region. Hence,
the deviation of the theoretical and experimental curves seen in the
expanded scale portion of Figure 22 is not dune to the difference between
the prgjected_area of a sphere and its effective heat transfer area,
gince drops as small as 0,03 milliliter volume are in the intermediate
drop size range, where liquid masgses have a flat-disc ghape.

The agreement between the experimental measurements and theoretical
curves of Figure 22 is generally good, although at the smaller drop
pizes, the percentage deviation becomes large. It appears that thé
vapor breakthrough in the extended magses neither distends nor contracts
a liguid mass of equal v§lume having no vapor breakthrough. Since parts
of" the plate surface are clearly visible through the vapor breakthrough
areas, however, one may conclude that the average thickness of the liquid
regions must be increased by the vapor brezkthrough. This increase in
thickness of the liquid regions will form the basis of-a modificationr
to existing expressions for heat transfer oéefficients and vaporization

times that will later be made.
Total Vaporization Times

The total wvaporization times of various sizes of liquid nitrogen
drops as a function of AT are shown in Figure 23, In most cases, each
open symbol represents the average of ten separate measurements. In a
few cases 95 per ceht confidence limits are indicated. In other cases,
the limits are‘éufficiently small to be included within the symbol. The
entire set of data is presented in Appendix B. A summary of this data

is included in Table I.
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TABLE T
SUMMARY OF MEASURED TOTAL VAPORIZATION TIMES

(**Denctes T value constructed from photographic measurements)

Depositor No. 3 Depositor No.
(0.357 m1) f 0.990 ml)
T AT T 20, T AT T 2a,
avg avg T avg avg :
{°F) (sec) (sec) (°F) (sec) (sec)
69 390 40,8 0.8 69 290 52.1 1.6
- 12 308 L8, 4 2.6 18 202 65.5 1.4
- 84 237 60.1 1.5 83 237 79 .4 1.1
~-148 172 75.1 2.6 =144 177 98.7 3.5
=201 119 106.7 2.2 =205 115 141.2 2.8
-226 95 114.3 2.4 -257 63 179 3.6
-257 63 139 b.o -288 32 oL5 -
=290 20 180 -
Depositor No. 5 2-ml Beaker
? .161 ml) (2.104 m1)
Tavg AT Tavg 20, Tavg AT Tavg 20,
(°F) (sec) (zec) (°rF) (sec) (sec)
72 392 26.7 2.3 69 289 62.9 2.8
- 17 303 35.5 2.2 - 16 205 77.9 1.1
- 81 239 Lo .9 2.5 - 58 262 88.6 0.k
~167 153 63.0 2.6 <117 203 110.4 1.4
-198 123 73 .4 2,2 -171 149 138.6 2.5
~251 69 102.9 1.2 -217 103 182.5 6.7
~282 38 122.5 6.6 ~-292 28 210 -
S-ml Beaker 10-m1 Beaker
(5.185 mi.) (10.548 m1)
T AT T 20, T AT T 20
avg avg T avg avg T
(°F) (sec) (sec) (°F) (sec) (sec)
71 292 75,0 2,7 70 2390 80.4 2.5
- 18 203% 93,0 2.3 - 23 298 107.9 1.6
- 85 235 111.8 3,1 - .83 2327 125.4 2.7
-149 172 152.1 4,0 =150 171 174.8 b,k
=210 110 196.7 6.8 -288 32 440 -
-284 36 370 - -294 26 480 -

-294 26 418




71

The solid symbols of Figure 23 were obtained indirectly by photo—
graphic means. As data were gathered at-increasingly smaller AT values,
" it was found that the large masses of nitrogen eventually included small,
white frost partrqies within the interior. Due to the long vaporization
times at Low AT's the liquid nitrogen evidently condensed the traces
of water vapor in the atmosphefe. As the drops became smaller, tﬁé
frost particles tended fto come together, at which time their we%ght was
sufficient to force the b&%tom of the drop to touch the plate surface.

A Consequently, the drop vaporized quite rapidly due to the onset of*
nucleate or transition boiling. Of course, the total vaporizatfgn timés
thus obtained were meaningless since only part of the drop 1ifetiée was
spent in the film boiling regime,

Fortunatgly, the smallest drops (0.161 milliliter) had a suf-
ficiently low lifetime and small surface area that such a transition did
not occur, even for the lowest AT values. Hence, the 0,161-milliliter
Qaporization times were judged to be reliable. For larger drop sizes,
reasonable values cgﬁld occasionally be obtained, inferspersed with
.values that wére much too low. Low values could easily be anticipated
sincé any transition to nucleate or transition boiling wasbeviden'b°
Since it was also observed that coniacﬁ indﬁéed by frost particles did
not occur until the drop size had becémehsmaller than 0.161 miliiliter,
the possibility of obtaining total vaporization times for the drops of
large initial size presented itself.

The techniqué employed to obtain total vaporization times for
larger masses was, first, to deposit a ten-milliliter mass and take
single frame exposures every five seconds throughout its lifetime.

After obtaining and plotiing the area against time data from these
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photographs, the time at which an area of 0.0759 in.2 was reached was
noted. Since the total vaporization time curve was already knownyfor a
mass size having 0.0759 in.? area (0.161 milliliter) by direct measuré~
ments, as seen in Figure 24, the total lifetime was obtained by adding
the lifetime of the 0.161 milliliter mass onto the time required for
vaporization from a ten milliliter mass to a 0,161 milliliter mass.

This procedure assumes that the vaporization rates of the various sized
masses méy be superimposed in those regions where equality of areas
exist. It should be observea that the question of whether a mass having
an area of 0.0759 inn2 corresponds to a 0.161 milliliter mass, as
indicated experimentally, or another vaiue indicated by the theofetical
curve of Figure 22, is immaterial. This is so because the lowest ocurve
of Figure 23 is most accurately that for a mass having an initial
surface area of 0.0759 inoz,'and only secondarily, for a 0.161 milliliter
volume mass.

Curves from which T values were obtained at AT = 3307 1050, and
2930 T are shown in Figures 24 through 28.

To verify the accuracy and validity of this technique, photographs
were also taken at a AT of 293Q F, whére T values were obtainable by
direct measurements. It is seen from Figure 25 that quite good agree-
ment is obtained. At lower AT's of about 65° and 110° F, the direct and

indirect data points also exhibit good agreement.
Comparison With Theory

Theoretical total vaporization times are derived in Reference 15
for the entire spectrum of drop sizes by integration of Equation (26),

after having obtained expressions for h(V) and A(V). For the three
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drop size regions,

Small drops:

t = 1.21 o (31)

Intermediate drops:

t = 2,23 : — v 13 (32)
3,% 3/2 3 )
kv AT g vaT
Extended drops:
2
AR v 1/4
t = 4.52 vt (33)

kv3 ¥ g2 oy AT3
Equations (31) through (33) as written, do not contain correction factors
for radiation heaf transfer. DBefore one could expect agreement between
the'expefimeptal T measurements and the values predicted by Equations
(31), (32), and (33), one must either correct the experimentally
measured values 6r include the cgrrection factors within the equations.
For the moment, these correction factors will be bypassed and comparisons
will be made which are still illustrative. In a latér éection, the
correction factors and their consequences will be discussed at length.
Since crybgenic'fluids are much colder than their room temperature
surroundings, another important heat source contributing to drop
evaporation is_that occurring by convection from the rodm temperature
nitrogen atmosphere to the top surface of the drop;

Equations (31) to (33) were édopted to computer solution and solved
for the six mass-—sizes used here at various AT values. Two of the
curves so generated are shown in Figure 29. The vapor properties were

evaluated at the film temperature. A subroutine was used in which the
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. property values were read in at several temperatures over the range
studied (139.20 R to 5400 R). At any particular film temperatﬁre, the
subroutiﬁe evaluafed the properties by linear interpolation between fhe
‘nearest two values read into the ﬁrogram. Since as many as 200 poinfs
of a property value may be read in over the given temperature range, the
linéar interpolation process may be made as accurate as is necessary. |
bThe_property values used are tabulated in Appendix C, while the complete
computer program is given in Appendix D.

Examiniﬁg Figure 29, it is evident that,; in general, the theoretical
curves are higher than the experimental ones,; and very much higher at
low AT values., for the ten milliliter mass at AT = 250 F, the theo-
retical value is about 130 per cent higher, while at AT = 390O F, the
theoretical value is 105 per cent higher. The experimental values are
uncorrected for radiation and free convection, however, and so these
differences are of little significance at this point. The following

section will deal with these corrections.
Corrected Total Vaporization Times

The paths of heat flow to a vaporizing liquid drop using the
Baumeister model (12, 13, 14, and 15) are: (1) conduction across the
vapor gap between the heated plate surface and the lower surface of‘the
liquid drop, and (2) radiation from the plate surfacevto the lower
surface of the‘@rop; Equations (31) to (33) have been presented herein
without the -radiation correction factor derived in Reference 15.

- If one is to compare the present experimental resulits with the
theoretical results of Reference 15, all additional heat and mass

transfer paths occurring in the actual case must be subtracted or
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compensated for so as to reduce the c;se to one having only a single
heat flow path, that is,_cqnduction across the vapor film, as described
previously. |

In the actual case, the vaporizing drop is surrounded by a compara-
tively hot nitrogen atmosphere and by_én enclosure at room temperature.
Hence, besides radiation from the plate to tﬁé_bottom surface of the
drop, radiation from the surroundings to the top surface of the drop
must also be considered° In addition, heat!transfer may occur by
convection of the gaseous nitrogen atmosphere to the top surface of the
drop.- If the fheory predicting total vaporization times is correct,
then these additional heat flow paths will tend to vaporize thq diop
‘more quickly than predicted, since only a single heat flow path is
considered in the theory. Thus, these additional heat inputs must be

subtracted so that corrected vaporization times could be calculated.
Procedure for Obtaining Corrected Total Vaporization Times

Single frame sxposures at five-second intervals were taken of
ten—milliliter magses at several AT values throﬁghout'their lifetime,
At low ATvalues, it was necessary to "splice" ten—milliliter mass
lifetimes to fhose of 0.161-milliliter lifetimes. vaom these photo~-
gﬁaphs, measurements of the projected areas of drops were‘obtained and
plotted against time as shown in Figure 24, for example. A smooth‘
curve was drawn through the data points. Values of area and time were
then téken from the curve to be used in a computer program calculating
instantaneous heat transfer coefficien’gso

Previous measurements, shown in Figure 22, showed that the relation-

ship between projected area and volume of a drop agreed well with
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Baumeister's (15) approximate expressions except for the smaller mass
sizes. Due to the likelihood that a small part of nitrogen vaporized
from the already small drops while in the depositor, Baumeister's
approximate'area-volume relations were used to calculate the liquid
volume associated with a given projected area.

From the érea—time curves as sketched in Figures 24~28, the

following quantities are defined:

$(1) + (i = 1),

tavg = 5 ;i=2,m (34)
g = A1) »AQ - 1) (35)
At = t(i) - t(1 - 1) (36)
Dyg = 2 bovg  ° (37)

The heét transferred to the drop by free convection was estimated
by the following expression (42), which is applicable for a cooled

plate facing upward -in natural convection:

%% = 0,27 (GrL Pr)1/4 . (28)

Equation (38) is recommended for use in the range 3(105)<<Gr<<3(101o),
and can be applied to a circular disk if L is replaced by 0.9 D. Using

the above expression, the free convection heat transfer coefficient is

calculated for each time increment as

k 1/4
ho, = 0.3 5 (Gr Pr) (39)
avg

where the Grashof number is also based on 0.9 D.
Knowing the free convection coefficient for a time increment, the

free convective heat transfer for that time increment is simply
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Qg = Bpy Ay, AT AL . (40)

For the radiation heat transfer to the drop, two separate contri-
butions were calculated. The first was the contribution from the room
temperature environment to the top surface of the drop. Thé second was
the radiant energy from the plate surface to the lower surface of the
drop. Configuration faétors were taken as unity in both césés. In
view of typically hgéh emissivity values for liquids (096 for wéter),
a value of ﬁnity wag also chosen for liquid nitrogen sb that the
meximum radiative cbntribution could be computed. Radiation from the»
nitrogen drop to the surroundings was neglected since at the low

saturation temperature the radiant energy is only 0.4 per cent of that

coming from 540o F surroundings. The oontributions are:

~ 4 BrU
Qrup ~9 Aavg' Tamb  SEC
(41)
~ 4 BIU
Q’I-dn'~ o Aavg w SEG
from which
Q. = (Qrup +Q.5,) At BIU . (42)

Concerning the value of Tamb’ measurements of nitrogen atmosphere

temperature during all of the experimental runs indicated that the

following expression for Tamb could be conveniently used in the computer

programs Tamb = 475 + %%% ° R.

In the actual vaporization of a drop, the total heat transfer to

the drop is calculated from

Q ‘)\p (V.

comb . Py i-1 "~ Vi) BIU . (43)

Since a period of time AT was required to vaporize the mass of nitrogen,
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pt(Vi—1 - Vi)’ a larger time period would have been required had
radiation and free convection to the liquid mass not been operative,

The modified time interval is then

Q

_'comb

*ro = (Qoomb - Qe - Qéjv At (44)

These Qaloulations are performed for each time interval. The
corrected total vaporization time, in which radiation and free con-
vective heat additions‘have been accounted for, is obtained by summing
the successive values of trca

A means of checking the results of the previous calculation was
desirable. Hence, the same type of calculations were carried out, but
were based upon intéérated mean values over the drop lifetime. 1In
calculating hfc’ a diameter corresponding to the integrated mean area

was used. That is, for

3

. Aavg,i At

=
=

=
n

Aint , T

Dint é4 ﬁfAint °

Likewise, the Grashof number was based on the same diameter, and

g (45)

radiation exchange based upon Aint° Values for total vaporization
times calculated in this manner are genérally a little lower than those
obtained by the incremental calculation. The computer results are
summarized in Table II.

It is evident from Figure 29, that even with the corrections for
radiation and free convection, the experimental results afe sub-

stantially lower at low AT'g than those predicted by theory. One is
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SUMMARY OF MEASURED TOTAL VAPORIZATION TIMES

CORRECTED FOR RADIATION AND FREE CONVECTION

0.357 ml
AT, Measured T, Incrementally Corrected T,
°F Corrected T, Avg. Intec. Area
Sec., Sec. Sec.
383 41,5 | 46.0 46,1
293 ko .7 55.8 55.2
105 116 148 145
62 151 205 197
23
0.161 ml
383 28.7 Interpolated
values from
293 34,9 0.357 ml
105 95,1 calculations
62 146
33 126 185 179
10.55 ml
383 83.0 93.6 .2
293 108 125 125
105 236 21k 301
62 301 458 Loy
33 Lok 751 748
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consequently led to guestion the free convection estimate, which is
strictly applicable to a cooled plate, rather than a liquid mass whose
surface is rippled and distorted by vapor breakthrough. It might be
speculated that the free convection has been underestimated becaﬁse of
the induced agitation of the boundary layer. However, one can also
speculate that vapor bréakthrough helps to maintain a superheated vapor
covering over the mass, reducing the energy transpért to the upper
surface to a near zero value. Kutateladze (35) mentions this possibility
for the cage of a spherozd. Latest experimental evidence appearé 1o
refute this possibility, however. Baumeister and Hendricks (43) have
conducted preliminary experiments in which the vapor flowing from
beneath the drop is made visible. A considerable radial velocity is
exhibited, while the axial velocity component (normal to the plate

surface) does not appear to be appreciable.
Dimensionless Total Vaporization Times

Bxperimental results will be expressed here in dimensionlesgs form
and compared with Baumeister's generalized dimensionless correlation of
£* against 7. Figure 7 is reproduced directly from Reference 15 and
shows an impressive array of data for various fluids over a large size
range plotted against the t° versus V¥ correlation.

For future reference it should be observed fhat the theoretically
derived curve of Figure T actually consists of three separate segments,
corresponding to drop sizes in the small, intermediate and extended
ranges. The three segments arise because of the straight-line approxi-
mations to the universal drop thickness curve shown in Figure 5, which

are used in evaluating the drop heat transfer areas expressed in



Equations (28), (29), and (30). The dimensionless vaporization time
expressions for the three regions are:

Small Drop Region

e = 1,21 7/ 12 (46)
Intermediate Drop Region

= 2.23 /3 097 (47)
Extended Drop Region

t* = 4,52 V* - 4,96 . (48)

It has already been seen in the previous section that the experi-
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mental and theoretical total vaporization times (dimensional) of nitrogen

drops are not in very good agreement. The same lack of agreement is to

be expected in a dimensibnless plot, but such a plot will prove en-
lightening in other aspects.

The points plotted in Figure 30 are‘those calculated from the
uncorrected total vaporization time measurements. The unflagged
symbols represent vaporization times faken from the best curves drawn
through the data points of Figure 23 for the six mass sizes studied
herein,

The flagged symbols represent data taken from photographic
measurements of area against time. More specifically, a series of
closeup photographs of the smallest drop size at a given AT yielded an
area-~time curve over the drop lifetime. Such curves were obtained at
several AT 's. The lifetime of any smaller sized drop was then obtain-
able from the appropriate curve., The smallest drop sizes for which

lifetimeé could be obtained with reasonable accuracy are still seen to

be in the intermediate drop range, where 0.8 < V¥ < 155, The uncorrected

data are seen to agree well with the correlation in the range of V¥ from
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one to ome hundred, except for the data at the lowest AT, 31° F. For

higher V¥, divergence from the theoretical curve isyevideht. Perhaps

the agreement for the intermediate size range without any *correction"
is an indication that a superheated vapor layer does indeed cover the

smaller masses, making free convection heat addition.negligible.‘

When the corrected total vaporization times are non~diménsionalized
and plotted against V¥ the graph of Figure 31 is obtained. Corrections
were not appliéd to Arop sizes smaller than V* = 85 primarily because
the Grashof number calculafed for these small masses is less than 105,

‘Which is the lower limit of applicability of the free convection
correlation. Again, as would be expected from the dimensional comparison
already made, the t¥* data appears tc depart somewhat from the theoretical
curve, If one had only the information shown by the logarithmic plot,
one might be tempted to explaip this departure as being due to a combi-
nation of experimental measurement errors. The reasonableness of this
explanation may be determined by oalculating the changes in variables
necegsary to bring the data into agreément with the theoretical curve.

For the largest mass size V* = 8855, Maximum and minimum experi-
hental values of t¥% are 30,0 and 24.0. The error in volume measurement

necessary to shift the data points horizontally to the theoretical curve

is
T*
act 8855 : o
2% = 2.6 - (Minimum)
V-')l:eheor 3400 -
T
act 8855 :
= = 255 = 5.4 (Maximum) »

theor
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Physically, this means that if the mass were only 10.55/2.6 = 4,06 milli-
liter, agreement would have occurred. bThis would involve a minimum
error in volume measurement of ((10.6 =4.1)/4.1) x 100 ~ 160 per-cent.
If one considers the error in total vaporization time necessary
to produce agreemenf,
t:)teheor 39,0 .
= = 13- (Minimum)

*
tact 30.0

%
theor 39,0
*

tact ?4°O

= 1.625 (Maximum)

corresponding to errors of 23 and-38.5 per cent. In terms of seconds,
this‘would‘correspond to errors of 225 seconds (for a total vaporization
time of 750 seconds) at AT = 32° F, and 26 seconds (for a total vapor-
ization time of 41.6 seconds) at AT = 380° F.

If one congiders erroneous measu:ement of the plate surface
temperature, one may calculate t¥ valueé for several different wall
temperatures until a value of t* is obtained that agrees with the
thecoretically predicted value. For the data obtained at a méasured
wall temperature of 432°5° R, agreement would result if the temperature
were 6650 R, a difference of 2330 R. Similarly, for the data at wall
temperatures of 2440 and 201° R, errors of 450 and 320 R,‘respectively,
are required. Einally, at the lowest wall temperature, 1710 R, an error
of only 90 R is required to bring agreement. Although such a temperature
error is conceivable in this instance, the previous cases indicate that
the discrepancy between measurements and the theory (%, v* da£a) are
probably not attributable to errors in measurement of plate temperatures.

Comparing .these errors with the estimated errors, the volume
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measurement of the 10,55 milliliter mass involves an error of + 1.1

per cent. Meagurement of the total vaporizafion time is es%imated to
involve a maximum error of + 8 per cent (99 per cent confidence level

for depositor number five at AT =38o F), while the surface temperature
measurement is estimated 1o bevaccurate to within a few deg&ees (50 F).
It seems obvious then, that the discrepancy is not attributable to
experimental error. It appears more likely that the mechanisms acting

to vaporize the extended drops have been inadequately and/or inaccurately
described, either in the correction factors applied herein or in the
theory upon which the universal correlation-is based.

One additional factor which may influence drop lifetime is the
intermittenf contacts of the liquid with the solid surface, which have
been reported to occur (by Bradfield, (44)) even in the region of stable
film boiling. The solid surface of Reference 44 was reported to have a
gurface roughness of 70 micro-~inch rms, with occasional mesa-like rough-
ness of the order of 0.001 inch ahove the- mean roughnesvs high, compared
with 10 micro-inch rms on the aluminum surface used here. Perhaps one
can only be certain of the role of possible intermittent liquid contacts
by conducting the same type of tests as those of Bradfield, which
involved applying a potential gradient of 50,000 volts per inch across
the vapor gap to determine electrically when contact with the plate
occurred. However, it is believed that an indication of the lack of
excessive surface roughness, and the absence of liquid—sol%d contact,
is given by results of Leidenfrost temperature tests which are discussed
fully in fhe following section. Briefly, evidence seemed to indicate
that part of the metastable Leidenfrost line (see Figure 1) had been

traversed. This would not have been possible with a rough surface,
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that is, a surface with protrusions sufficiently pronounced to result in
intermittent contact with the liquid. In eddition, the Leidenfrost
temperatures determined in the present tests are very low compared'with
results previously reported (26 and 4%5), also indicating a smooth test

surface.
Leidenfrost Temperature

In host previous studies, the Leidenfrost temperature was determined
by noting the ATat which the total vaporization time was a maximum. Iﬁ
the present study, it was not pessible to establish experimentally a
maximum in the total vaporization time curves because of the inability -
to maintain larger drops in the film boiling region throughout their
lifetimes. Conceivably, this could be done using the photographic
technique previously described but this would be very tedious.

The Leidenfrost temperature was obtained in the present study by
slowly increasing or decreasing the plate temperature while a liquid
mass was being vaporized. If the mass were initially in the»film
boiling region et a AT of about 30o F, the plate was slowly cooled. At
some point in the cooling process the drop would go into the nucleate
boiling region. The temperature at wﬁich this occurfed was recorded.
Drops were also deposited at plate temperatures such that nucleate
boiling was initially observed. The plate temperature was slowly in-
creased and the temperature at which the drop made the transition to
film boiling was reeprdedn These results are shown in Table ITI.

In general, the transition temperatures were a few degrees higher
in going from the nucleate~to-film-boiling region. This occurrence is

reagonable if one accepts the conclusion of Reference .2 which maintains



TABLE III

PLATE TEMPERATURE AT TRANSITION FROM NUCLEATE TO

FILM BOILING
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Decreasing Plate Temperature

Depositor | Transition Témperature Cooling Rate of Plate
No., MV. oF °FA'T) °F /Min.
5 -5.345 -306.4 14.0 -
2 | ~5,33b -204,.8 15.6 2;8
i ~5.315 ~303%,2 17.2 3.2
10-ml Beaker =5.370 -309.0 11.4 10.4

Increasing Plate Temperature

Warming Rate

of Plate

=5,250 -296.6 22,8

A

3 - =5.225 ~294.0 26.4
L - =5.265 -298.1 22.3%
10-u1 Beaker ~5.310 -302.7 17.7

6.7
9.2
12.4

11.7

Maximum Transition Temperature, -294° F or 26.4° F AT

Minimum Transition Temperature, -309° F or 11.4° F AT

(Platevtemperature indicated by thermocouple No. 2)
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the existence of a metastable Leidenfrost line (Figure 1, B' -~ D'). It
seems more reasonable to accept the nucleate-to-film transition tempera-
ture in lieu of the possibility of traversing the metastable Leidenfrost
line in the film-to-~nucleate direction.

In the foregoing procedures the plate undergoes a ramp-type tempera-
ture transient. Heﬁce, the plate surface temperature will differ from
the indicated témperature of the center thermocouple, which is 1/16 inch
below the surface. It is estimated that the difference is less than
0.1° F. For the particular conditions of this study (most importantly,

a surface roughness of 10 yin. rms for the boiling surface), the
Leidenfrost AT lies somewhere between 11% and 26° F, Most

likely, the Leidenfrost temperature 1§ closer to the upper limit and will
be taken here as 24° F AT, or T = -297° F, which was obtained with the
smallest drop size and slowest ﬁarming rate. This compares with other
studies (26 and 35) of pool film boiling where minimum heat fluxes are
predictéd to occur at AT's of 85._9o and 63° F, respectively.

Berenson (26) has derived the following expression predicting the

AT minimum
L]

o, A wig(pt ~py) ?/3'. g, O 172 " Wy /3
(AD) 3 = 0-127 k [(pt +pv)] [g(pt-Pv)] [gc(p 'ij] 49)

1

where the vapor properties are evaluated at the film temperature. This
equation is solved by a trial and error procedure, and for liquid
nitrogen, it is found that Q&P)min = 85.7° F, which is considerably

different from the experimentally measured value in this study.
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Heat Transfer Coefficients

Instantaneous heat transfer coefficients throughout drop lifetimes
were calculated at several Aﬂivalues using photographié measurements to

determine changes in liguid mass with time. Bquation (26) is used for

these calculations and is repeated here for convenience.

' av
h(V) A(V) AT = hpt i chomb .

(26)
As described in "Corrected Total Vaporization Times"™ the projected area
measurements were translated into terms of volume by Equations (28),
(29), and (30). Before calculating h values, corrections were made for
radiative and free convective heat additions, as also previously

described. Three sets of heat transfer coefficients, h , and

h
comb! "¢ r

hc o fo! WeTe calculated. These heat transfer coefficients are defined

as follows:

Q
comb BTU
% _ (50)
¢ T Ay (AT AT Hr—£ 2-°F
" _ Q‘oomb ~ag T (51)
cr Aavg (AT) AT Hr-ftz-oF ’
n o comb~%raa~%c _ Bru (52)
crfe Aavg (AT)AT ﬁr-—ft?f-—oF

Figures 53 through 62 in Appendix E illustrate the variation in h with

drop area. The theoretical curves are based upon Equation (19),

1

: | (19)

When Le is evaluated from the three regions of the universal drop shape

curve (Figure 5, as in Reference 15), the following three expressions
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are obtained:

Small Drop Domains

=
[H
-
°
-

(53)

Intermediate Drop Domain:

h = 1.075 L

BExtended Drop Domaint
1/4
v

3% :
sl LA (55)
AT w, V ) 27

h = 1.64

For vaporization of the larger drops (0.2 to 10 ml) the h values
are significantly higher than the predicted values, Corrections.for
free oonveétion are seen to be minor for high wall temperature (or high
temperature differences), but become of much greater significance at
the lowest wall températurea In all cases, the experimental h values
are higher than the theoretical values. This is in logical agreement
with previous results which indicated lower vaporization times than
predicted py theory.

For the smaller drops (< 0.2 ml) the uncorrected h values are in
fairly good. agreement with the theoretical vélues except for AT = 320 .
In that case, the free—convective correction results in much better
agreement with the theoretical curve. Referring to Figure 31, this
would bring the 320 F AT data points into closer agreement with the
dimensionless universal curve of t* agéinst V*. As noted previously,
for drops less than about 0.2 milliliter, the uncorrected t* against V¥
data agree reasonably well with the theoretical curve. The results of

this section indicate that for drops smaller than 0.2 milliliter, the
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free convection correction factor can be ignored at higher AT's, while
at low AT's, it is not only of significance, but is apparently also of
the correct magnitude to bring about reasonably good agreement with the
theoretical predictions.

In Appendix F graphs illustrating the variation ofrheat transfer
coefficients during vaporization of large and small drops are shown,
i.e.y h is plotted as a function of time,

It is conventional to plot heat transfer coefficients as a function
of AT, This has been done in Pigure 42, which is obtained by cross
plotting values taken from the smooth curves drawn through Figures 32
through 41, Also shown are the theoretical curves predicted by Hamill
and Baumeister (45) and Baumeister (15)« The pool film boiling
coefficient is calculated from the equation

]
k3k*pvg(pt—pv) /4

h = 0,410| — — . (56)
uV(Tw - TS) £

This is very similar to Berenson's expression (26)

N

1

h = Oc 2
4 5 HV(TW — Ts) z* (57)
where A** is given by _
wx C_AT
A¥¥ = {1+ 0.5 -—%—- . (58)

As seen from Figure 42, there is reasonable agreement between the
theoretical and experimentally ébtained coefficients for the small drop
sizes (< 0.1 ml), which are in the intermediate size range in Baumeister's
dimensionless volume convention. - For the larger drop sizes, as seen
previously, the agreement is not very good. It should be remarked that

the heat transfer coefficient data plotted in Figure 42 are rather
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difficult to obtain with accuracy. Consequently, while the experimental
curves are certainly of qualitative interest, their quantitative value

is difficult to estimate.
Vapor Breakthrough Dynamics

Interfacial instability phenomena have been found applicable to
pool film boiling (22, 23, 25, 27, and 28). The most recent study (45)
derives & heat transfer coefficient intimately related to quantities such
as the optimum cell diameter (wavelength) and the optimum ﬁapor dome
(bubble) diameter. Hence, it is logical to determine whether heat
transfer in the film boiling of discrete extended bubbly masses is also
govérned‘by such instability phenomena.

According to Reference 15, bubble breakthrough seems to have a
relatively minor effect on heat transfer, as concluded from the apparent
agreement of experimental data with the universal correlation of
Figure 7. It is speculated that vapor breakthrough does not alter the
heat transfer area, the presence of holes merely increasing the perimeter
of the bubbly mass. The net result appears to be that the total flux of
heat input to the bubbly drop is nearly equal to that calculated by
assuming no bubble breakthrough. This would, of course, be a fortunate
occurrence, since the universal correlatibn of t¥* againsf v* of
 Reference 15 contains no provision for effects of bubble breakthrough.
The following data have been gathered in order to provide, perhaps,
additional information that may be pertinent to the transfer of heat to
extended liquid masses.

Measurements were made of cell size (distance between bubble

centers), vapor dome diameter and vapor dome frequency. Measurements



were made for mass sizes from ten milliliters down to about 0.24
milliliter, where no vapor breakthrough occurred, for AT's from 32° to
3900 P. Qualitative results were also obtained which illustrated the
irregular shapes of masses experiencing bubble breakthroughs.

To illustrate the qualitative results, Figure 43 is a tracing from
a photograph which shows the outline of a drop experiencing a vapor
breakthrough and its reflection. The photograph was taken with the
plate at room temperature, and outside the Isolatorlab to permit such a
closeup view. The undisturbed drop thickness is about 0.24 inch while
the vapor dome reaches a thickness of about 0,40 inch. Figure 44 shows
three sets of simultaneous top and side views of the bubbling masses,
all of which illustirate the distorted thickness caused by the vapor
breakthrough., Figure 45 shows a sequence of five sequential views,
1/64 second apart,vshowing the growth of a vapor dome. The distortion
in thickness is again obvious.

Figure 56 illustrates two iypical frequency-diameter histories of
vapor breakthrough in a 0.36-milliliter mass at a wall temperature of
about 700 F, The liquid mass is not shown —— only the vapbr breakthrough
regiong are illustrated. The dashed lines indicate a raising of the
drop surface, while the solid lines show the edge of the liquid through
which the breakthrough is occurring. The lifetimes indicated on the
figure, 8/64 and 9/64 second, are typical, and did not seem to vary much
with AT or size of the liguid mass.

Figure 47, which shows approximately a 1-milliliter mass,
illustrates the randomness of the breakthrough process. The mass shown
in part (a) is seen to have no vapor breakthroughs, although a vapor

dome is beginning to rise. Part (b) shows one breakthrough and one
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in the early growth (or later collapse) stage. Part (c) shows two
breakthroughs and one imminent breakthrough; this photograph illustrates
that the 1-milliliter mass apparently has the capacity for sustaining

as many as four vapor breakthrough regions. The average center-to-center
spacing of the vapor regions in part (c¢) is 0.357 inch. This compares
with the critical wavelength of 0.263 inch, calculated from Equation (1)
and the most dangerous wavelength of 0.456 inch, calculated from
Equation (2).

Measurements of the maximum diameter of vapor domes for three AT
values were made. The results are summarized in Figure 48 and Table IV.
The complete set of data is given in Appendix G. The areas were measured
using a planimeter, as previously described, and the diameters were then
calculated from these measurements. Figure 48 compares the measured
values with those predicted by Equation (71), which indicates the
diameter to be virtually independent of AT. The data of Figure 48 not
only indicate a slight decrease of diameter with decreasing AT, but the
diameters are significantly larger fhan that predicted by Equation (71)e

Distances between vapor dome centers {cell spacings) were also
meagured at several AT values for 10-milliliter mass sizes and are
summarized in Table V. The average center-to-center cell spacings are
also plotted in Figure 49 as a fuﬁction of AT. The complete set of
data is given in Appendix H. An increase in cell size with decreasing
AT seems to be iﬁaicated, although again the precise variation is
uncertain because of the large uncertainty intervals.

Finally, measurements of the vapor fraction of various sizes of
liguid masses are shown in Appendix I. The vapor fraction is defined

as the sum of the areas where vapor breakthrough is occurring, divided
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TABLE IV

MAXIMUM VAPOR DOME AREAS (MEASURED)
AND CORRESPONDING DIAMETERS

(CALCULATED)

AT A D
max max
oF in. 2 in.
57 .0565 .267
90 .0708 .268
283 .0984 0352

TABLE V

CELL SPACING (CENTER-TO-CENTER)

AT Cell Spacing
°F ‘ in.
57 0. Ll
105 0ol
294 0.37

379 0.27

120
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by the total area within the liquid mass periphery, A rough average of

the vapor fraction AV/A is 0.20,



CHAPTER VII
ANALYSIS

The photographic results of this investigation indicate that vapor
breakthrough produces distortions in the thickness of a liquid mass
(Figures 43, 44, and 45). Also, the area-volume relationship predicted
for the case of no bubble breakthrough seems to be in very good agree-
ment ﬁith data taken for the actual case of numerous bubble breakthroughs
(Figure 22)., In addition, photographs leave no doubt that when vapor
breakthrough occurs, a fairly regular circular area is created in the
liquid mass, through which the plate surface is clearly visible., Hence,
if a vapor mass with breakthrough occupies the same area as a mass with
no hreakthrough, the average thickness of the liquid regions for the
former case will be greater than the average thickness of a mass with no
vapor breakthrough. The foregoing observations will be utilized in
modifying the average drop thickness, ¢, introduced in Baumeister's
unjversal heat transfer correlations, which contains no provision for
the consequenées of vapor breakthrough. It is believed that inclusion
of vapor breakthrough effects will offer at leaét a partial explanation
of the discrepancies between experiment and theory previously noted
(Figures 29, 31, and 53 through 62).

In the Baumeister cylindrical disc model we have the following

relationships:

V = At (59)

122
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from which

At a point in the analysis of Reference 12, the expression ro4/V OCCUTS.

The quantity is then termed a characteristic length, defined by

o] v v
be=v=7273 - (62)
™ 1

For the actual case of vapor breskthrough (refer to Figure 50),
A is less than Aoo Consequently,
V£ A
but .
The area A' is defined by
] .
A=A -n A, (64)
and the average thickness of the drop (which consists only of the liquid

region) is now

v A Al
S v (e B (65)
vd

The expression for ¢ in the extended drop region is given by

Reference 15: ' 1/p
2 . - (66)

L= 1.85

Accounting for vapor breakthrough,

L= . (67)
A"nAvd 18‘
Likewise, from Equation (62),
. 2 2
LT ) (A -n Avd) v A~na 4 . (68)
e 2 2 2 2 2 A ¢
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The generalized heat transfer coefficient (Equation (19)), becomes

1/4

3%
k
- AT g 01 pv . (69)

h = 0,68
AT Ly

For the extended drop region, the heat transfer coefficient (see

Equation (44)) becomes
3.% 1/2 1/2
kV A g pt

/2 gc1/2 1/4 /2

o1
Py @

1/2 2/3 -
) AT b, V (A-n A,

)7

(70)
A modified heat transfer coefficient will, of course, influence the
vaporization rate and the total vaporization time. The total vapor-
ization time is obtained by direct integration of BEquation (26), except
that both A and h will be replaced by their modified values (Equations
(64) and (70)). Before the resulting expression may be integrated,
however, some functional dependence of the total vapor area upon volume
must be established, where the total vapor area is Avap =n AVd'

To establish this functional relationship assume first that the
vapor dome diameter is the optimum vapor dome diameter derived in
Reference 46, namely

6 o 1/2
D = 4.90 [m} (11)
fpr pool film boiling. This expression compares well with an empirical
expression obtained by Berenson (26) for n-pentane and carbon tetra-
chloride, in which the prefactor constant in Eduation (71) is replaced

by 4.7+ The area of a vapor dome is thus

, D° .9 ]
A = = 000 E ) ) .
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Convenient expressions for the vapor dome spacing are the critical
wavelength (Equation (1)) and the most dangerous wavelength (Equation ().
Previous resulits of Patel (28) indicated actual values between these two
but closer to the most dangerous wavelength. Hence, a spacing equal to
the most dangerous wavelength will be assumed here. The number of vapor

domes n in a particular drop will be estimated by

J=-A¥%l . (73)

Actually, for O < j < 1.0, n will be gzero, that is, the drop is of
insufficient size to permit a breakthrough. For 1.0< j < 2.0, n will
-be unity, etc. However, as an approximation and for simpiicity n will
be assumed equal to j and will thus be a continuous function of dropb
volume, rather than a step function.

The. total vapor area in a given volume of liquid undergoing film

boiling is thus

(18.84) g_ o
A —nh .= A(V) c

. (74)
v vd )\d2 g(pt - pv)

Substituting the most dangerous wavelength value, Equation (2), and

evaluating the liquid nitrogen properties at one atmosphere

A = 0.1592 A(V) . (75)

v
For other fluids having a much higher surfacé tension, the comstant in
Bquation (75) will be correspondingly lower, that is, for high surface
tension fluids less vapor breakthrough will occur and the total vapor
area will be less, on the average, than that for liquid nitrogen. The
expression for j, A(V)/Xdz, is useful as an index to the amount of water
breakthrough that will occur.

Since vapor breakthrough is expected to occur first in the extended
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drop region, Equation (30) may be used to evaluate A(V). Using

Equation (2) to evaluate Ag» from Equation (73),

3/2
j = figl = 0.00457 V §L§§ . (76)
Evaluating j for various ligquids,

Nitrogen:

j=3.837 (77)
Ethyl Alcohol:

J=1.292V (78)
Carbon Tetrachloride:

J=1.2227 (79)
Benzene:

J=1.0657 (80)
Water: |

j = 0.2907 (81)

where V is given in milliliters. These relations are shown graphically
in Pigure 51, It is interesting to observe that for liquid nitrogen j
exceeds unity for V> 0.26 milliliter. This agrees well with the
experimental observations that breakthrough did not occur for V < 0.24.
By contrast, the j index indicates that vapor breakthrough cannot occur
in water volumes less than about 3.4 milliliters. Compared with ethyl
alcohol and carbon tetrachloride, about three times as many breakthroughs
are indicated in ligquid nitrogen drops of equal volume.

Results reported by Patel (28) for approximately ten-milliliter
masges show one to two vapor breakthrough areas for water, nine or ten
for carbon tetrachloride, and five or six for benzene. These resulis

are in essential agreement with the predictions of Equations (79), (80),
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and (81), although the observed values are all a little lower than the
predicted values.

While the j value is a measure of the number of vapor cells capable
of being sustained by a fluid mass, practical considerations make it
difficult to describe the vapor area at any particulér time. The first
difficulty is that boiling is a stochastic phenomenon, so that average
quantities must be dealt with, rather than discrete quantities. For
example, in a large, extended fluid mass, vapoi domes may grow at
slightly different rates, achieve different final diaméters, and have
their birth times distributed continuously over a period of dne vapor-—
dome lifetime. Such pheﬁomena are particularly difficult to describe
at small drop volumes. Fof example, in a volume capable of supporting
two cells, the vapor domes are not likely to grow and disappear simul-
taneously, giving rise to two new vapor domes. Evidence of this was
seen in Figure 47, wheré at onewinstant, no vapor bre&kthrdughs were
present, while at another time, it seemed likely that as many as four
breakthroughs CQﬁld be sustained.

Even if the dome growth were regular and uniform, an average vapor
area over a single‘growtﬂ—collapse cycle must be determined. Finally,
dome spacings between Xc and, Xd are possible, with the average spacing
apparently’ﬁeing someﬁhat lesg than Xd' Hence, to describe the true
relationship between vapor area and liquid volume would require con-
siderable‘study-and quantitative information that is beyond the scope of
this investigation. For the present purposes, a quasi-steady stéte
distribution of vapor areas will be assumed to exisgt suéh that the vapor
dome. diameters are at their maximum value. In effect, this assumes that

when & vapor dome begins decreasing in size, the adjacent vapor domes

1
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located k/2 distance away will begin their growth; at any time then the
vapor area within the distance A is roughly constant.
To determine the effect of vapor breakthrough on total Vaporization

time, Equations (70), (64), and (30) aré substituted in Equation (26)

to obtain
k> a* g -1/2
0 av _ 1.64 /A(V) v €c Py 0 54V(d €c | am.
v & [a(y) —0.1592 a(v)]/2 by U , &
(82)
Simplifying and rearranging Equation (82), one obtains
2 - \1 ]
k4 P, My 9 & /4 av
0.95 3 1 5 377 = at . (83)
A ¥ Py & v
Using Equations (23) and (27) to express in terms of V* and t*,
av+* :
Oo = dt* 8
9 3fE = (84)
7* %
are [ L,
;;372 = at* . (85)
V* = 155 1

The lower limits of integration are at the beginning of the extended
drop region, where vapor breakthrough first_occu:cs° The remainder of
fhe drop lifetime is unaffécted by breakthrouéh and the previously
derived expressions (Equations (46) and (47)), relating t* and V* remain

unaffected. Integrating,

4.4 v*1/4 - 14,61 = t* - t1% (86)

The expression for drop lifetime in the intermediate drop region is

1% = 2023 V*1/3 kel 0097 (47}
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at V¥ = 155,
2% = 2,23 (155)1/3 ~ 0.97 = 11.00 (87)

and substituting into Equation (86),

o = a04 w4 2 560 (88)
This_compafes with the expression derived for no vapor breakthrough,

t* = 4.52 v*1/4 - 4.96 . (48)

The daghed line of Figure 31 shows the curve predicted by

Bquation (88). Although the modified curve agfees with the trend of the
data quantitative agreement is stili lacking. In view of the approxi-
mations used to derive BEquation (88), it is interesting to note the
change in the t* expression produced by assuming a vapor cell spacing
of Xc instead of ld‘ It is seen from Equation (73) that the vapor area
is a fairly strong function of the spacing, that is, Aa (1/12). Since

A

a 4[5 A the vapor area would become

A, = 0.4776 A(V) . (90)
With such a change, one would obtain

3,26 w!/4 1149 = t% — t1* (91)
and
px = 3,06 w!/4 - 0.51 . (92)
At V¥ = 10,000, t*¥ = 32.1 which would bring the modified curve directly
through the data of Figure 31.
The results of this section show that the trend of data may be
‘attributable to vapor breakthrough promoting overall heat transfer o

the extended liquid drop. Physically, the effect of vapor breakthrough

is to decrease the liquid area within a given perimeter,‘thereby
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increasing the average thickness in the liquid regions. This is mani-
feéted mathematically as a decrease in the geometry factor, Le' which has
the effect of increasing the heat transfer coefficient and decreasing
the total vaporization time. Quantitative predictions are limited,
howevér, by the lack of data from which one éan determine the average

vapor fraction of an extended liguid mass.



CHAPTER VII
DISCUSSION

The results described in thevsections dealing with total vapor-
igation times, dimensionless total vaporization times, and heat transfer
coefficients are all intimétely related. They are different mani-
festations of the prime result of these experiments —— that the nitrogen
.drops vaporize more gquickly than predicted by theory.

Because of difficulties and unique problems involved in working
with crjogenic fluids, however, this central result must be examined and
ﬁeighed closely before one concludes that the theory has been shown to
be inadequate. With ordinary fluids sufficient experimental uncertain-
ties are encountered which make interpretation of results difficult at
times. With cryogenic fluids, additional uncertainties arise and
existing ones are generally magnifiéd,‘ ﬁence, a measure of caution must
be emfloyed in comparing the experimental results with existing theory.

As an example of a difficulty that arises only because of the
oryogenic nature of the liquid, one need only go so far as the free
convection correction factor used to estimate the heating produced by
the comparatively hot ambient atmosbherg. The correction factor is
onlyban apprqxiﬁation, since it is strictly applicable only for a
cooled solid plate facing upward and for ‘IO5 < Gr < 1010. For drop
sizes smaller than about 0.030 hilliliters, the Grashof number ié less

than 105 and hence the correlation, strictly speaking, isnot applicable.

133
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Since, in most cases, most of the drop lifetime was spent in the size
range greate:ﬂthan 0,030 milliliters this does not result in serious
error but does introduce additiohal uncertainty. H

Also, in regard to the free convection coefficient, the heat
transferred to the liquid in this manner results in mass evaporation
from the top surface of the drop. Hence, a mass flux from the top
surface interferes with the process of free convection. In addition,
as has been pointed out previously, bubble breakthrough phenomena
certainly must influence heat transfer processes to the drop, but of
course, are not accounted for in any free convection correlation.

| Related to mass evaporation from the top surface of the drop, it

should also be pointed out that the Baumeister analyses of drop
evaporation assume that all heat transferred from the plate to the lower
surface of the drop results in mass evaporation at the lower surface,
that is, mass transfer at the upper surface is assumed negligible.
Perhaps, this assumption is not valid for the case of liquid nitrogen,
and in addition to improved heat transfer resulting from bubble break-
through, as proposed herein, mass evaporation from the top surface
should also be examined. As noted in Reference 3, one of the least
understood aspects of the Leidenfrost phenomenon is mass evaporation
(or lack of~it) from the upper surface of a vaporizing liquid mass.
Detailed investigation establishing the presence and effect of mass
transfer from the.upper surface is certainly required.

Regarding the hypothesié set forth herein regarding a net improve-
ment in heat transfer to extended masses arising from numerous vapér
breakthroughs, additional comments are warranted. Justification for the

preceding hypothesis may be generated from heuristic reasoning, before
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an;lyzing the experimental resulis. Previous studies have shown the
similarity of extended pool boiling phenomena with the film boiling of
discrete masses as in the Leidenfrost phenomenon. Specifically, the
results of Reference 28 indicate that bubble growth in extended liquid
masses is governed by a Taylor type instability, as.has been established
with pool film boiling (22, 26, and 27). In the analysis of Hamill and
Baumeister (45), a heat transfer coefficient for pool film boiling is
derived which is dependent upon the size and spacing of vapor domes.
An increased vapor dome érea is seen to'result in a decreased heat
transfer coefficient., Hence, it appears reasonable that the heat
transfer coefficient for the film boiling of discrete masses undergoing
vapor b:eakthrough sh§uld also be influenced to some extent by vapor
breakthrough dynamics. |

The possible influence of wvapor breakthrough has been mentioned in
‘Reference 15, However, because of the apparent agreement of e&perimental
results with the universal V* and t* correlation,}it was conoludgd that
vapor breakthrough produced effecfs that were compensﬁting; hence, no
net effect on heat transfer was evident. One is then faced with the
question of how vapor breakthrough phenomena can be_ﬁsed {0 explain the
significantly improved heat transfef to extended nitrogen masses, while
other fluids are reported to be uninfluenced by such phenomena. Perhaps
_this may be explained (at least partially) with the aid of Figure 51.
This figure shows that for a ten-milliliter mass; ligquid nitrogen will
have 38 breakthroughs, which'is about fhree times as meny as for ethyl
alcohol. For water, only two breakthroughs will cccur. For liquid
nitrogen masses having 12 breakthroughs, as with the ethyl alcohol

masseé, only thrée milliliters of fluid is required., This corresponds
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to a dimensionless volume of roughly 2500, and from Figure 31, the
departure of the data from the theoretical curve in this region is not
so appreciable that it could not, at first glance, be attributed to
experimental error.

Hence, it appears that no effects of bubble breakthrough were noted
previously because the liquids were of sufficiently high surface tension
and small size that too few breakthroughs existed to produce any
noticeable effects. Use of a low surface tension fluid such as liguid
nitrogen has thus made it possible to study for the first time break—r
through phenomena on a scale considerably larger than any previous

studies.,



CHAPTER IX

CONCLUSIONS

The principal conclusions derived from the present study are as

follows:

Te

3.

Measurements of total vaporization times of liquid nitrogen
masses require correction factors to account for radiation
and "free convection" heat addition to the vaporizing drops,
particularly at low AT values where drop lifetimes are large.
Free convection and radiation correction factors to drop
lifetime based on an integrated mean drop area produce
modified lifetimes in fairly close agreement with results
obtained by applying these factors over small time increments
(10 sec) throughout drop lifetime.

For liquid‘nitrogen drop sizes smaller than 0,161 milliliter
vaporization times are in agreement with Baumeister's
dimensionless vaporization time prediction (except for the
lowest AT). |

For drop sizes greater than 0.161 milliliter measured vapor—
ization times are significantly smaller than fhose predicted.
After vaporization times have been corrected, discrepancies-
are still evident for mass sizes greater than one milliliter.
Thé preceding discrepancies in measured and predicted total

vaporization times are not a result of experimental errors.
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The preceding total vaporization time discrepancies are at
least partially due to improved heat transfer to the drop
ariging from numerous vapor breakthioughs in large liquid
ma.sses.

The Leidenfrost point for liquid nitrogen at one aimosphere
occurs at a AT of about 250 F, and differs considerably from
predicted values of 86° and 63° P.

Vapor dome diameters decrease slightly with decreasing AT
The smallest measured values of maximum vapor dome diameters
are larger than that predicted from hydrodynamic instability
theory.

Vapor dome spacing lies between the critical and most
dangerous wavelengths, decreasing from a value near ld at

low AT's 1o a value near Ag at AT's of about 390o F.

Heat transfef to extended liquid drops is apparently improved
by the.mechanism of vapor breakthrough.

Modifications of the universal t* against V* correlations
based on improved heat transfer due to vapor breakthrough
result in qualitative agreement with the experimental results.
Quantitative agreement is dependent upon detailed investi-

gations of vapor breakthrough dynamics.



CHAPTER X
RECOMMENDATIONS

In view of the "free convection" heating of cryogenic fluids by a
room temperature atmosphere, some uncertainty exists in the corrected
total vaporization times by virtue of uncertainty in the applicability
of a free convection heat transfer coefficient. To establish that the
shorter vaporization times for large masses are indeed a result of
improved heat transfer due to vapor breakthrough, it is recommended that
sfudies be made of ordinary fluids (e.g., water, ethyl alcohol) of
sufficient size that appreciable numbers of vapor breakthroughs occur.
Since a free convection correction would not be required in these cases,
the influence of vapor breakthrough could be more readily established.

Concerning the effect of vapor breakthrough on heat transfer, the
modified theory developed herein is based upon quantities such as
maximum vapor dome diameter, cell spacing and time-averaged vapor fraction
of an extended ligquid mass. Experimental measurements indicate a
variation in maximum diameter with AT, whereas the modified theory
assumes a constant value (which is smaller than all measured values).
Also, while a cell size equal to Ay is assumed in the theory, experi-
mental measurements indicate a wvalue varying from kc to kd over the AT
range investigated. Because of such discrepancies, it is recommended
that thorough and extensive studies of vapor breakthrough djnamics be

conducted in order to describe the statistics of these quantities,
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Finally, it is recommended that studies of mass transfer from the
top surface of vaporizing drops be made. Although in the pfesent
investigation, molecular mass diffusion does not occur by reason of the
lack of a driving potential (TOO—per cent atmospheric nitrogen environ-
ment), it is conoeivable that not all vaporization caused by heat
addition to the drop occurs at the lower surface of the drop. The need
for such a study is prompted not specifically by the present study, but
rather by virtunally all past studies. The recent experiments of

Wachters (37) have served to emphasize this need.

i
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CALIBRATION OF DEPOSITORS
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Depositor No. 3
Liquid Mass,
gn

2743
284k
.3066
2791
2769
.2678
.2909
.2919
2942
2772
Sum 2.9433

Avg. = 2843
o= 0.,0241

Vol = 0.385

il

#l

£16.9

% Error

Vol = 0.357

Cor.,

Depositor No, 4
Liquid Mass,
v .

0.7683
.7639
. 8054
.7806
7995
- 794k
.5005
7765
.7692
. 8064

Sum 7.8647

Avg. = .7865

o = .01l69

Vol = 1.067 ¥ ,046 cm®

T 4,30

% Error =

t+

1+

.065

.060

Cor. Vol = 0.990 % ,043

Cor.

Vol

% Error

il

Cor. Vol =

Avg.

o

Vol

% Error

Vol

S

1

H

1]

Depesitor No. 5
Liquid Mass,
gm

0.1170
.1260
1254
.1278
1332
.1225
.1376
1261
.1230
.1395

Sum 1.2788

0.1279
0.0070k

0.1726 £ 0,0201 " cm®
£11.6

0.161 % ,019

2-ml Begker
Liguid Mass,
gm

2,0826
2.1295
2,1328
22,0618
2.0696
2.1738
2.,1044
2.1791
2,0860
2.0609
um 21.0805

2.108

0.0440

1+

2.1080 ¥ 0.0880 cm®

L.17

i+

2,1040 £ 0.0878 cnm®



5-ml Beaker
Iiquid Mass, .
gm

5.2846
5.1146
5.1806
5.2895
5.0977
5.1644
5.2711
5.1581
5.1459
5.2336
Sum 51.9401

Avg. = 5.1940

o = 0,0709
Vol = 5.1940 % 0.1418

% Error = 2.73
Cor. Vol = 5.1852 % 0.1416

3.1l-ml Beaker
Liquid Mass,
gm

2,143
2,184

3.098
3,103

3.112
Sum 15.640

3,128

#

Avg,

o = 0.0358

B

Vol = 3,128 *.,072 cm®

% Error = 2.30

]

Cor. Vol = 3,123 ,072

10-ml Beaker
Liquid Mass,
gm

10.6269
10.6156
10.4592
10.7264
10.4546
10.5795
10.3949
10.4731
10.5929
10,7399
Sum 105.664

Avg. = 10.5664

o= 0,1177

i

Vol = 10.566 * 0.118

il

i

% Error = 1,12

Cor. Vol

[t}

10.548 £ 0,118

L ,6-ml Beaker
Lgivid Mass,
g

k.573
k.715
L.6h7
L.752

4.6%4
Sum 23.3310
Avg. = 4,604

o= 0,0690

Vol

il

3.0%
Cor. Vol = 4,596 ¥ ,138

% Error

4,604 * 0,128 cm®
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TOTAL VAPORIZATION TIME MEASUREMENTS
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Depositor No. 3

(0.357 m1)
Avg. Tw = 69,2° F - Avg., Tw = -12.1° F ., Avg, Tw = -83,6°F
AT = 389.6° F . : AT = 308.3° F AT = 236,8° F
T, sec 1. sec T, sec
ko.5 o k8.0 61.5
41,2 | : 49.9 60.2
bi1.2 : bo.5 59.6
Lo,5 ' 48,6 ' 59.3%
N bo.5 , 59.5
41,0 , 48,0 . 60.1
- Lok _ 46,0 61.3
41,2 50.0 60.0
40,1 hg,o ' © o 60.3
b1.1 , k9.8 _ 59.6
Avg., T = 40.8 % 0.8 sec C Avg. T = 48,4 X 2,6 sec  Avg. T = 60.1% 1,5 éec
Avg. T =-148.1° F Avg. T = -P01.4° F : .Avg. T, = -P25.8° F
AT = 172.3° F ‘AT = 119.0° F. , AT = 94,6° F
t, sec ‘ T; sec : . ) T, sec
7.9 ' S 104.8 11k
774 ‘ 106.4 . 115.3
75.2 105.6 ©114.8
75.8 108.7 = 112.6
75.3 106.0 '
74,5 108.6
74,0 ' '
2L
7%.8
774

Avg, T = 75.1 £.2,6 sec Avg, T = 106.7 ¥ 2.2 sec Avg., T = 114,2 £ 2,4 gec
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Depositor No. 4

| (0,990 ml)
Avg,. TW = 69.40 F Avg. TW = —17.60 F | AVg. Tw = -83.00 F
AT = 389.8 AT = 302° F AT = 237 .4° F
T, sec T, sec ' T, sec
51.9 65.5 79.1
52.8 65.2 79.5
50‘3 65.7 78.7
5%.2 66.7 80.2
52.4 ‘ 64.9 79.2
51.7 64,8 -80.0
51.6
5?..4
52.6
51.8
Avg. T =52.1%1.6 Avg, t = 65.5 * 1.4 Avg. T = 79.4 % 1.1
Avg. T = ~143,7° F Avg. T = ~205,1° F Avg. T = -257° F
AT = 176.7° F AT = 115.3° F AT = 63° F
1, sec T, sec T, sec
96.6 140.7 179
96.9 142,0
gg'g izg'g (Only one measurement
9906 _ 1 '5 avallable. Others
101'5 148’ conslstently low due
99°9 -5 to onset of frost-
97°2 induced nucleation)
- 99.0
100.1

Avg. T = 98.7 ¥ 3.5 Avg., T = 1k1.2 * 2.8
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- Depositor No. 5

_ - (0.161 ml) .
Avg. T = 71.6° F , Avg. T = =17.3°'F . Avg, T = -81.3° F
AT =392.0°F AT =303°F AT = 239.1° F
'T, see T,.sec ' T, _sec
26.5 37,0 404 -
23,6 23,k 43,6
25.1 35.3 h3.6
£ 29.0 £ 35.0 - 433
284 36.0 4z 3
274 4,8 4z,3
26,5 36.2°
28.3 35.4
26,0 36-5
26.3
Avg, T = ?6.7 33 ~ Avg. T =35.5%2.2 Avg, T = 42.9 X 2.5
Avg. T = 2167.0° F Avg. iw‘= -197.8° F Mvg. T = -217.2° F
AT = 153.4° F S AT = 122,6° F- AT =103.2° F
T; sec : ._ :;¢, sec - T, sec ‘
60.5 .m0 ' - 78,0
63.6 | | 73.9 75.1
62.2 ‘ 4.3 : 75.9
- 6hh R 74 4
63,1 . ' S 75.1
6307 ’ )
Avg, T=63.0t2,6 Avg. T = 73.4 3,2 Avg. T = 76,3 % 3,0
Avg, T = -281,8° F Avg. T = -251,1° T
AT = 38,4° F AT = 69.4° F
T, s5ec T, sec .
123.5 ' ~103.5
122.2 102.5
127.7 - 107.5
118.2 ‘ 103.6
123.5. 102,5
119.6 K o

Avg. T = 172.5 % 6.6  Avg. T = 107.9 ¥ 1.2



o-ml Beaker
(2.104m1.)

" Avg. Deposition Time = 6 sec.

\WSE

“Avg. T

T
corr

T
corr

T, SecC

i

i

H =
]

63.8
67.0
664
65.9
66.0
66.8
67.4
67.5
6L b
65.5

68¢7°'F
%89.1° F

65.97 % 238, sec

A+

-+

62,9 0,8 sec

1.4 sec

loLi' secC

Avg. T = -15.3°F
AT = 305,1° F

T, sec

81.6
80.2"
81 03
80.9.
80.7

CAvg. T

80,9 & l.i sec

;. . i. i
Tcorr = 77,9 = 1.1 gec

= "171."]’0 F
w I
= 149,0 ° F

;)_
<
(421

B g

=3

1 1

T, 36C
41,7
lho.6
140.1
142,3
143,92

?.5 sec

I+

Avg. T = 141.6

u

L
it
1+

= 1%8.6 ¥ 2.5 sec

““corr

-58.8° F
AT = 261.6° F

Avgf Tw

: T, Sec

0.4 sec

i+

Avg. T = 91.6

T = 88.6 T 0.4 sec
corr

1]

Avg. Tw
AT

~217.,0° F
10%.2° T .

i

T, sec
181,7
186.2
181.7
187.2
186.6
191.0
182.8

Avg. T = 185.5 % 6.7 sec

= t
Toopp = 1625 £ 6.7 =60
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5-ml Beaker
(5.;85 ml)

Avg. Deposition Time = 9 sec.

AV-'. T = 1. ° F " T o - - . ° . . 3
g. I, 71.% Avgv Tw = -17.8° F  Avg Tw

= =35,4° F
AT = 291.7° F _ AT = 202.6° F . AT = 235,0° F
T, sec T, sec . T, sec
77,3 9.0 11724
80,8 98,0 : 116.8
76,1 . 95,4 . : v 118.9
794 99.0 - 116.3
79.4 98.8 , 118.0
78.9 98,3 T 116.2
81.0 97.8 : 115.3
81.0 97.0 ’ _ 115.2
80.1 9747 : - 117.0
79.9 99.0 116.0
80.3 .
793
Avg. T = 79.5 £ 2.7 sec . Avg. T = 97.5 ¥ 3.3 sec Avg. T = 116.3 3.1 sec
Toopr = 7240 % 2.7 sec Toorr = 93.0 3.3 sec Toorr = 111,8 £ z,1 sec
Avg. Tw = -148,9° F Avg, Tw = -210,3° F
AT = 171.5° F : AT = 110.1° F
T, sec T, sec
155.1 _ ' 198.5
157.5 . : 197.5
158.0 . 201.9
156.8 207.4
‘ : '202,1

=
<
o3
L
i}

156.6 ¥ 4.0 sec Avg. T = 201,2 1.6.8 sec

i i = . I . '
Ty opr 152.1 ¥ 4.0 sec Toorp 196.7 £ 6.8 sec

1]



10-ml Beaker °
(10.548 m1)
-Avg. Deposition Time

154

L]

Avg. Tw
AT

T= SecC

84 .4
85.2
86.1
88,8
85.9
85.5
85.9
85.2
85.1
87.0

Avg. T

H

T
corr

[

Avg. Tw
AT

it

1, sec

129.2
129.8
130.3
123.3
129.9
131,3
131.5
121.8

]

Avg. T = 130.9

]

125.4

T
corr

69.6° F
390.0° F

85.9 * 2.5 sec

80.4 £ 2.5 sec

#

-83.2° F
2%7.2° F

T
AT

i+
i}

i+
it

.. Avg. Tw = =22,9° F
AT = 297.5° F

T= sSec

111.6
114.3
113.2
113.3
113.8
113.8
113.3
113.9

113.4 ¥ 1.6 sec

107.9 ¥ 1.6 sec

-149,7° F
170.7° F

W

]

T, sec

176.6
181.8
18%.0
179.6
181.1
179.9

i+

4.4 sec
L4 sec

180.3
174.,8

i+



APPENDIX C
PROPERTY VALUES EMPLOYED IN COMPUTER CALCULATIONS

(Property Values Obtained From Ref. 41)
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3000y S — 60
2500 t— —t 50
Pyrex
2000 f~— —y 40
g
el
\. .
8 .
-.-|‘ 1500 b Teflon —_— 30
'
1
1000 p— — 20
500 = -1 10
0 . j : 0
.0 100 200 300 %00 500 600 . 1700

T, °R

Figure 52. Thermal Expansion Coefficient for Teflon and Pyrex
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Temp., Specific Temp., Vapor Temp. , Thermal Conduc-
°R Heat, Cp °R Density °R tivity, k,
o Py BIU/hr-ft-°F
140 2610 139.2 .28077 140 .00420
180 .2561 160 23350 180 .00506
216 .2518 180 .21725 198 .00598
252 2505 198 .19649 216 .00651
270 .2501 216 .17962 o23h .007028
288 .2498 234 .16542 252 .00753%2
224 24hokL 270 .14290 288 .008568
zho 2492 288 .12383 206 .009072
260 2401 206 .12586 224 .009576
- L=z 2488 242 .11248 240 .010066
468 .2987 260 .10680 260 .010542
504 2487 278 .10168 278 .011046
— L1k .09278 396 .011522
Temp., Viscosity,\ hzo .08890 L=zo .012488
°R 1b/hr-ft 450 .08552 450 .012936
483 .07898 462 .013398
50 .07615 50 014294
igg 8:81221 500 07352 502 01471k
270 0.02b41 558 .06876 540 .015134
260 0.03133
450 0,03756
540 0.04219



APPENDIX D

COMPUTER PROGRAM

158



20
21
22
23
24
25

11

12
13
14

15

159

COMPUTATION OF CORRECTED .HTe TRe COEFFICIENTS AND TOTAL VAPORIZATION 1IMES

INSTANTANEOUS AND TOTAL HEAT TRANSFER FROM VAPORIZATION RATE CURVESy =4,85

LIQUID VOLUME CORRESPONDING'TOFGIVEN AREA CALCULATED BY BAUMEISTERS EQNS

DIMENSION AREAG(801s TIME(BO), VOLA(BO)

DIMENSION VIS(20),s TVIS(20)s CP(30)s TCP(30)
DIMENSION CONDV(50)s TCONDV(50)s RHOV(50)s TRHOV(50)
FORMAT (13s 6F1046/8F10,6/(8F10461)

FORMAT (6F1045)

FORMAT (5E1546)

FORMAT (8F1046)

FORMAT (5E1546/)

FORMAT (2F1043) '

READ (5421) GC» GRAVs RHOLs SIGMA» ALAMs TSAT

READ (5523) (AREAG(I)s TIME(1)s I1=1,16) '

READ (5+20) ICP» (CP(I)s TCPLI) » I=151CP)

READ (5,20) IRHOVs (RHOV(I)s TRHOV(I) s1=1,IRHOV)
READ (5420) IVISs (VIS(IVs TVISCI) sI=101VIS)

READ 15420) ICONDVs (CONDVII)sTCONDV(I) sI=1,1CONDV)
TWALL = 201,

TAMB = 475¢ + (140/7.4)%(TWALL=TSAT)

DELT=TAMB-TSAT

TFRCON=(TSAT+TAMB) /(2,0)

CALL VALUE (TCPs CP» ICPs TFRCONs CPA)

CALL VALUE (TVISs VISs IVISs. TFRCONs VISA)



10

40

41

1

CALL VALUE (TCONDVs CONDVs ICONDVs TFRCONs CCONDVA)
CALL VALUE (TRHOVs RHOVs IRHOVs TFRCONs RHOVA)
PR= ((CPA)Y*({VISA))/(CONMVA)
AREAG(1) = 0,240

VOLA(1Y = 0,357#(43531E=04)
TIME(1)=0.0

TOTTIM = 151

SIGMAR = 0.173F£-~08

TIMCC=0,0

TIMRC=0,0

TIMRCN = 040

TIM=0,0

SUM=0,0

SUMCOM=040

SMAREA=0,0

SUMCC = 0.0

SUMFC = 0,0

TIMRAD=0,0

SUMRAD=0,0

DO 30 I=2s16

IF {AREAG(I])elLTe0,001817) GO TO 40

1F (AREAG(I314GTe0alas) GO TO 41

VOLALT)I=(({AREAGII)/144¢)/1425)%%142)R((SIGMARGC/(RHOL®GRAV) ) *% 4,3}

GO TO 1

VOLA(T) = (0e83%AREAG(I1})/1444)2%]145

GO TO 1

VOLALT) = ((AREAGII) /14441 %1485) % ({STCMAAGC/(RHOL*¥GRAV ) X#,5)

DELTIM = TIME(I)-TIME(T~1}
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AVTIME= (TIMF(I)+ TIME(I=1))/20
AVAREA=(AREAG(1) + ARFAG(I=111/24

AREATM = AVAREA®DELTIM

SMAREA = SMAREA + AREATM

AVGDIA= (SQRT((4s/3414)% (AVAREAD) )

GR= { (RHOVA)#%24)%( (GRAV)* (4 1296E+08) 1% ( 14/ (TERCON) 1% (( TAMB=TSAT)/
LO(VISA)#%24) )% ({1091 #[AVGDIA/124))4%3,)

HFRCNI=(043)% L (CONDVA)/ ((AVGDIAI /(1241114 ( (LGRI*(PR)1¥# (14/44))
QFRCON=HFRCNI¥(AVAREA/1444 ) #DELT#(DELTIM/36004)

SUM = SUM + QFRCON

QDOTFC=QFRCON/DELTIM

SUMFC= SUMFC + QDOTFC

QCOMB = ALAM¥RHOL*(VOLA(T~1)=VOLA(T))

SUMCOM= SUMCOM + QCOMR |

HCOMBI=QCOMB/ ( (AVAREA/1444)% (TWALL=TSAT)* (DELTIM/36004))
QDOTCC=QCOMB/DELTIM

SUMCC = SUMCC + QDOTCC

A=QCOMB-QFRCON

B=QDOTCC-QDOTFC

TIM = TIM + ALAM*RHOL*(VOLA(I=1)-VOLA(1))/B

HINST=A/( (AVAREA/144¢) % (TWALL=TSAT) % (DELTIM/36004))

ORADUP = SIGMAR®AVAREA/144 % (TAMB*¥44)/36004

QRADDN = STGMARZAVAREA/1444% (TWALL**44) /3600,
ODOTRD=QRADUP+QRADDN

ORAD=QDOTRD*DELTIM

SUMRAD=SUMRAD+QRAD

C=QDOTCC-QDOTFC~QDOTRD

D = QCOMB ~ QFRCON =~ QRAD
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30

E = QCOMB - QRAD
HMCCR = D/A*HINST

HCR = E/AXHINST

TIMRAD = TIMRAD + ALAM¥RHOL¥(VOLA(1=1)=VOLA(]))/C

TIMRCN = TIMRCN + ALAM*RHOL*(VOLA(I=1)=VOLA(1))/E*DELTIM

TIMCC=T IMCC+ALAM®RHOL# (VOLA{I=1)=VOLA(1))/(QCOMB=QFRCON) *DELTIM
TIMRC=TIMRC4+ALAM¥RHOL* (VOLA(1=1)=VOLA(1))/(QrOMB=QFRCON-QRAD) *DFLT
1M

VOL = VOLA(I)/(e3531E=04)

WRITE (6+21) TIME(I)s TIMRCN

WRITE (6+21) AVAREAs AVGDIAs VOLs TIMCCs TIMRC

WRITE (6+422) AVTIMEs DELTIM» TIMs TIMRAD

WRITE (6+22) QCOMBs QFRCONs GRAD» QDOTCC

WRITE (6+22) A» By Cs» Dy E

WRITE (6+22) SUMCOM» SUMs SUMRADs HCR . , {

WRITE (7+25) VOLs HMCCR

WRITE (6524) GRs HFRCNI, HCOMBIs HINST» HMCCR
DO 31 I=1s1s1

QGROSS = ALAMXRHOL#VOLA(T)
AVINTA=SMARFA/TOTTIM

DINTAV=(SQRT ((4e/3414)%(AVINTA)))

GR=((RHOVA)*“2.)*((GRAV)*(;1296E+08))*(1./(T?RCON))*((TAMB-TSAT)/

.l((VISA)*'Z-)i*(((.9)*(DINTAV/12.))**3-)

HFRCN=0¢3%{ (CONDVA)/((DINTAV)/124)) *((‘GR)*(PR))**(I-/A-))
QFRCON=HFRCN#(AVINTA/ 1444 )*DELT*(TOTTIM/3600,)
TAUC=QGROSS/ (QGROSS-QFRCONI*TOTTIM

QRADDN = SIGMAR*AVINTA/I%Q.*(TWALL**&-)/3600,iTOTTIM

QRADUP = SIGMAR®AVINTA/144¢*(TAMBY24,)/36004%TOTTIM
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QRAD=ORADUP+QRADDN

TAUR=QGROSS/{OGROSS-NDFRCON-QRAD)*TOTTIM

TAURAD = QGROSS/(QGROSS-QRADI#TOTTIM

HCCAVG=QOROSS/{IAVINTA/ 144y # {TVALL=TSATI*TAUCI #3600,

HNETAV=HCCAVG*TAUC/TAUR
HCMR = HCCAVGHTAUC/TAURAD
HCONDA=HCCAVGATAUC/TOTTIM:
VOL = YOLA{I)/(e3531E~04)
WRITE (7+25) VOL9 HNETAV
WRITE (6+22) HCONDAs HCCAVGs HNFTAVs HCMR
WRITE (6521) TOTTIMs TAUC» TAURs TAURAD
WRITE (6»22) QGROSS» QFRCONs QRAD
31 WRITE (6+22) GRs AVINTA, DINTAV

STOP
END

$IRFTC VALUE
SUBROUTINE VALUE(XsG»T1GsXAsGA)

DIMENSION G{1)sX{1)

1 FORMAT(1Xs41HINPUT VALUE OUTSIDE RANGE OF KNOWN VALUES/1Xs12HINPUT

2 VALUE=9E154895X»10HLOW VALUE=»E154895X»12HUPPER VALUE=5£E1548)

XX1=XA=-X(1)
IF{XX1eNE«0e0)GO TO 100
GA=GI(1)
GO TO 102

100 DO 105 K:Z;IG
XX2=XA-X(K)
IFIXX2%¥XX111065106,105

106 I=K
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108

104

103

102

IFIXX2eEQe040.0ReXX14EQe0+0)G0 TO 104
GO TO 103

XX1=XX2

WRITE(691) XAsX(1)eX(I1G)

STOP
GA=G(I)
GO TO 102

SLPE=(GII)=G{I=1))2{X{T)=X{1=1))
GINSPT=G(I)~SLPE*X(])
GA=SLPE*XA+GINSPT

RETURN

END
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APPENDIX E

HEAT TRANSFER COEFFICIENTS AS A FUNCTION

OF DROP PROJECTED AREA
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h, Btu/(hr)(£t2)(°F) -

80T

10

Area, cm
10 20 3Q - 40 50 60
O kr AT = 33° F
O herre
O
, O
'S, A
. P
-3 e 9]
Theoretical variation-
0 1 2 3 4 5 6 7 8
. Area, in.2
Fig&re 53. Comparison of Experimental and Theoretical Heat Transfer Coefflclen'ts

as & Punction of Drop Projected Area — AT =

33F
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n, Btu/(nr){£t?)(°F)

Area, cm2

60 {
AT = 62° F
- -
Theoretical variation R
0
| | ] ]
0 1 2 3 4 S5 6 7 8 9 10

. Area, in.2

Figure 54. Compariscn of Experimental and Theoretical Heat Transfer Coefficients
as a Function of Drop Projected Area ~AT = 62° F
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b, Btu/(kr)(£t2)(OF)

80

50

10

\ Theoretical variation

Aresn, in.2

Figuré 55. Comparison of Experimental and Theoretical Heat Tgansfer Coefficients
as a Function of Drop Projected Area — AT = 105 F
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h, Btu/(vhr)(ftz)(QF)

60

50 1? ‘ 'z<l) 3(} 4i) sol
A er
A Begre
AT = 293° F
Theoretical variation
0 | | | l | | |
) 2 ' 3 4 5 6 7 8 9
) Area,.'in.vz
Figure 56. Comparison of Experimental and Theoretical Heat Transfer Coefficients

as a Function of Drop Projected Area — AT = 293° F
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ﬁ,'. Btu/ (k) (£42) (°F)

Theoretical veriation

8 Y N S N R R B

Figur‘é'»57. Comparison of Experimental and Theoretical Heat Tgansfer Coefficients
' as a Punction of Drop Projected Area — AT = 383" F
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'Figure 58. Qomparison of BExperimental and Theoretical Heat~Transferv 

Coefflclents as a Function of Drop PrOJected Area -
= 35° F :



hy Btu/(nr) (££2)(OF)

20 p== ar = 62° F
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Figure 59. Comparison of Experimental and Theoretical Heat Transfer

Coefficignts as a Function of Drop Projected Area -
AT = 627 F o
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h, Btu/(hr)(rt2) (OF)

70

60

50

20

10

AT = 105° F

Thearetical variation 6

10 . 20 30 T 40 S0 60

Area, cn?

Figure 60. Comparison of Experimental and Theoretical Heat Transfer

Coefficients as a Function of Drop Projected Area — AT = 1050 F
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h, Btu/(nr)(£t?) (°F)

.08 -10 212 .14 .16

70

60

50 pp——

1wk

AT = 303° F

% Theoretical variation

1 ] ]

Figure 61. Comparison of Experimental and Theoretical Heat Transfer
Coefficients as a Furction of Drop Projected Area -

AT = 303° F
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h, Btu/(hr)(£t2)(°F)

.02 .06 .08 - .10 .12 .14 .16 18

50
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O ‘Berre

" AT = 3820 F

a

'.Ihtreo:f-etica.l variation 8’
| | | ' | ' ]

Area, cm2 :

Figure 62, Comparison of Experimental and Theoretical Heat Tga.nsfer Coefficients
as a Function of Drop Projected Area — AT = 382" F
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APPENDIX F

INSTANTANEOUS HEAT TRANSFER COEFFICIENTS

DURING DROP LIFETIME
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B, Btu/(hr) (£t%) (°F)
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Figure 63. Variation of ‘Heat Transfer Coefficient to Drop During

Drop Lifetime ~ AT = 35°'F
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Figure 64. Variation of Heat Transfeg Coefficient to Drop During
Drop Lifetime — AT = 627 F



b, Btu/(hr)(£t?)(°F)
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Figure 65. Variation of Heat Transfer Coefficient to Drop During

Drop Lifetime — AT = 105° F
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n, Bta/(nr)(26%) (°F)
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Figure 67. Variation of Heat Transfex'oCoefficie'nt to Drop During
' ' Drop Lifetime ~ AT = 382" F. .



b, Btu/(nr)(£t%)(°F)
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Figure 68. Variation of Heat Tramsfer Coefficient to Drop During

Drop Lifetime —~AT = 293° F
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B, Btu/(mx) (££7)(°F)
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APPENDIX G

MAXIMUM VAPOR DOME AREAS (MEASURED) AND
CORRESPONDING MAXIMUM DIAMETERS

(CALCULATED)
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T-57°F 1 T -90°F N . T = 38%° F
B, O D, A, D, i, — 7,

2 in - - in® in in®  in in® in
O3k 035 0527 .259 .0916  .3ho o722 .303
L0648 287 L0433 225 ;6860 331 077 .31k
osho o6 Loksg oho | L0822 Lzoh 0697 .298
.0685 | . .295 .0523 258 | L0885 .336 .0877 234
0512 255 L0946 | U7 0895  .338 . .1055 . .367

Cossz e | 0662 .291 | .02 zeh o Lke8 433
L0542 263 o6k .277 f,:f;68§5 326 .1267 o2
;05657 068 .ok 233 ;1213' 295 1292 ';406

Sp— 05k .965 1210 393 L0707 .300
| 0482 248 1327 1 =
0526 261 | T/— =<
.0708 1300
Avg = 0.056L4 Avg = 0.267 Avg = 0.0571 Avg = 0.268" Avg = 0,0984 Avg = 0.352
= 0.0077 = 0.091 =0.0151  =0.032 = 0.0238 = 0.042
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(10 ml Drop)

AT = 379° F AT = 294° F AT = 105° F AT = 57°F
A A A A
in. in, , in. in,
.21 A1 31 .32
.20 .35 49 Ll
.16 .29 .36 49
.26 Sl Lo A7
.25 2 .34 . 46
.17 A1 R .61
2k A1 .50 .35
.20 .35 45 .49
25 237 oLl 239
.29 .51 .36 .32
o}O 051 053 -59
023 2k .52 48
L2h .22 .57 .50
o3 .28 .53 .38
.29 .23 A1 A2
.30 .35 149 .38
.27 2 .51 A3
33 4o 45 .51
032 46 41 .56
«29 .56 .39
.38 ‘ .36 A
oL sl .3k
.50
Lo
46
46
I
Avg = 0,27 Avg = 0.37 Avg = 0.44 Avg = O.Lk
Min = 0.16 Min = 0.22 Min = 0.31 Min = 0.32
Max = 0.4k Max = 0.51 Max = 0.57 Max = 0.61
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Approximate

Drop Size, fg AT,
ml A °F
.3 .215 52
o3 .190 383
o3 +195 90
3 .180 383
3 .185 90
.7 | .170 383
7 1,165 383

9 2210-.220 383
9 2195~.350 283
9 .205-.265 383
9 .175-.190 283
9 165 383
10 175 379
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