Lawrence Berkeley National Laboratory
Recent Work

Title
FILM BOILING OF FLOWING SUBCOOLED LIQUIDS

Permalink
https://escholarship.org/uc/item/0ft8q36wW

Author
Motte, Eugene Izoard.

Publication Date
1954-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0ft8g36w
https://escholarship.org
http://www.cdlib.org/

UCRLZs//

l-'f’l(\':_q ﬂmwf‘!r
e NES SRR

UNIVERSITY OF
CALIFORNIA

"Radiation
Laborator

e

~
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks. -
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
\. y,

BERKELEY, CALIFORNIA



DISCLAIMER

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



_ UCRL-2511
Unclassified=Chemistry Distribution

UNIVERSITY OF CALIFORNIA
Radiation Laboratory

Contract No, W~7,05-eng=48

FIIM BOILING OF FLOWING SUBCOOLED LIQUIDS
Bugene Izoard Motte
June, 1954

(Thesis)
Master of Science
in

Chemical Engineering

Berkeley, California



List of Tables

List of Illustrations
Abstract |
Introduction

Film Boiling Theory
Description of Apparatus
Experimental Procedure
Experimenfal Data
Sample Calculations
Discussion of Resﬁlts
Conclusions

Appendix -

Effect of Radiation

=20—

‘TABLE OF CONTENTS

Alternate Derivation for %

Correction for Heat Losses at Tube Ends

Phygical Properties of the Ligquids and Their Vapors

Evaluation of Physical Properties

Aporéximation of Eddy Viscosity of System

Nomenelature
Bibliography

Ackﬁowledgment

93
115
116

116

117

118
120
129
130

133

137

139



Table

.10

12

13

| =3-
LIST OF TABLES

Experimental and Calculated Dabta on the Film Boiling

of Ethyl Alcohol from a 0,387 Inch Outside Diameter
Tube without a Screen

Experimental and Calculated Data on the Film Boiling
of Ethyl Alcohol from a 0,496 Inch Outside Diameter
Tube w1thout a Screen

Experimental and Calculated Data on the Film Boiling
of Ethyl Alcohol from a 0,638 Inch Outside Diameter
Tube without a Sereen

Experimental and Calculated Data on the Film Boiling
of Benzene from a 0.387 Inch Outside Diameter Tube
without a Screen

Experimental and Calculated Data on the Film Boiling
of Benzene from a 0,496 Inch Outside Diameter Tube
without a Secreen

Experimental and Calculated Data on the Film Boiling
of Benzeéne from a 0,638 Inch Outside Diameter Tube
without a Screen

Experimental and Calculated Data on the Film Boiling
of Carbon Tetrachloride from a 0,387 Inch Outside
Diameter‘Tube without a Screen

Experimental and Calculated Data on the Film Boiling
of Carbon Tetrachloride from a 0,496 Inch Outside
Diameter Tube without a Screen

Experlmental and Calculated Data on the Film Boiling
of Carbon Tetrachloride from a 0,638 Inch Outside
Diameter Tube without a Screen

Experimental and Calculated Data on the Film Boiling

" of n=Hexane from a 0,387 Inch Outside Diameter Tube

without a Screen

Experimental and Calculated Data on the Film Boiling
of n-Hexane from a 0,496 Inch Outside Diameter Tube
without a Screen

Experimental and Calculated Data on the Film.Boiiing
of n-Hexane from a 0,638 Inch Outside Diameter Tube
without a Screen

Experimental and Calculated Data on the Film Boiling
of Ethyl Alcohol from a 0,387 Inch Outside Diameter
Tube with Smll Screen

L2
46
L8
50
52
54
56
58
60
62
6l

66



Table

15

16

17

- 18

19

20

22

23

elyon
LIST OF TABLES
(2)

Experimental and Calculated DPata on the Film Boiling
of Ethyl Alcohel from a 0.496 Inch Outside Diameter

.Tube with Small Screen

Experimental and Calculated Data on the Film Boiling
of Ethyl Alecchcl from a C.638 Inch Outside Dlameter
Tube with Small Sereen

Experimental and Calculated Data on the Fllm Boiling
of Ethyl Alcohol from a 0,387 Inch Outside Diameter
Tube with Large Screen

Experimental and Calculated Data on the Film Boiling
of Ethyl Alcohecl from a 0,496 Inch Outside Diameter
Tube with Large Screen

Experimental and Calculated Data on the Film Boiling
of Ethyl Alcohol from a 0,638 Inch Outside Diameter
Tube with Large Screen

-Experimental and Caleculated Data on the Film Boiling

of Benzene from a 0,387 Inch Outside Diameter Tube
with Large Screen

Experimental and Calculated Data on the Film Boiling
of Benzene from a 0,638 Inch Outside Diameter Tube
with Large Screen

Experimental and Calculated Data on the Film Boiling
of Carbon Tetrachloride from a 0,387 Inch Outside
Diameter Tube with Large Secreen

Experimental and Calculated Data on the Film Boiling |

of n=Hexane from a 0,387 Inch Outside Diameter Tube
with %arge Screen

Diffusivity of Heat Caleulated by Equation (66) for
the Film Boiling of Ethyl Alcohol from 0.387% O, D.
Tube

Ranges of Reyneld!é Number, Eddy Conductivity, and
Thermal Conductivity Investigated

70
72
7h
75
78
80

82

86

113



LIST OF ILLUSTRATIONS

Figure
1 Diagrammatic Representation of Film Boiling
2 Diagram of Apparatus
3  Photograph of Apparatus
L4, Photograph of Test Section
5 Diagram of Heating Tubes
6 Values of the Heat Transfer Coefficient in Film Boiling
of Ethyl Alcohol
7 Values of the Heat Transfer Coefficient in Film Boiling
of Benzene
8 Values of the Heat Transfer Coefficient in Film Boiling
of Carbon Tetrachloride
9 Values of the Heat Transfer Coefficient in Film Boiling
of Hexane
10 Film Boiling of Ethyl Alcohol Outside of 0.387% OD Tube.
Parameters for Heat Transfer by Thermal Conduction into
the Liquid
11 Diffusivity of Heat in Ethyl Alcohol
12 Film Boiling of Ethyl Alcohol Outside of 0,387% OD Tube,
Parameters for Heat Transfer by Eddy Conduction into the
Liquid
13 Film Boiling of Ethyl Alcohol
14 Film Boiling of Benzene
15 Film Boiling of Carbon Tetrachloride
16 Film Boiling of Hexane
17 Forced Convection Film Boiling of Subcooled Liquids
18 Film Boiling of Ethyl Alcohol Using Screens to Increase
Turbulence
19 Film Boiling of Benzene Using Large Screen to Increase

Turbulence

94
95
96
97

98
99

100
102
103
104
105
106

107

108



@6:
LIST OF ILLUSTRATIONS

(2)
Figure
20 Film Boiling of Hexane and Carbon Tetrachloride

21

22
23
24
25
26
27
28

Outside 0.387% Tube Using Screens to Increase Turbulence

Film Boiling of Subcooled Liquids Using Sereen to Increase
Turbulence

Thermal Conductivity of Graphite
Vapor Thermal Conductivity
Vapor Heat Capacity

Liquid Thermal Cénductivity
Liquid Density

Liquid Heat Capacity

Liguid Viscosity

109

110
119
123
124
125
126
127

128



=

FIIM BOILING OF FLOWING SUBCOOLED LIQUIDS
Eugene Izoard Motte

Radiation Laboratory and Department of Chemistry and Chemical Engineering

University of California, Berkeley, California
June, 1954

ABSTRACT

Heat transfer coefficients across the vapor film were evaluated
from the rates of heat transfer in upward flow forced convection from
outside single horizontal tubes to four liquid systems: ethyl alcohol,
benzene, hexane and carbon tetrachloride, These heat transfer Qoefw
ficients were found to be markedly increased by subcooling the liquids.,

It has previously been shown that, since the vapor film is in
laminar flow in forced convection film boiling, heat is transferred
across the vapor f£ilm by conduction and radiation. In this study it
has been further shown that, if the liquid is subcooled, heat is trans-
ferred from the vapor liquid'interfaée into the liquid by eddy con=
duction and the effect of thermal conduetionvis negligible,

Correlation of the data for the four liquid systems investigated

was found possible by use of the theoretical parameters

g
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i
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where hco is the heat transfer coefficient across the vapor film if

there were no radiation. D is the diameter of the tube, Aﬁo is the

temperature difference across the vapor film, U is the welocity of



e

the liouid, Atse is the amount of suhcooling of the liquid, and ¢ is
the eddy conductivity. The physical properties kvg/@vg Aty Cpl,and
/01 are respectively the vapor thermal conductivity, the vapor density,
the effective heat of vaporizaﬁion9 the liquid heat capacity, and the

liguid density.
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INTRODUCTION

There are two .distinet types of boiling phencmena: nucleate and
film boiling. ' Nucleate boiling, where the vapor originates from indi-
vidual points on the heated surface, is the type of boiling usually
preferred due to the high heat transfer coefficients and low tempera-
ture difference between the heated surface and the boiling liquid as
‘compared to film boiling, Film boiling is that type of boiling where
the heated surface is separatéd from the liquid by a continuous vapor
film, )

It has only been in recent years that there has been a need fbrv
information eoncérning film boiling., Since nucleate boiling is the
most common type encountered in practice, considerable work has been
done on that problem, However, with the develepment of new high-
temperature processes and high=temperature equipment for power
producing units, the interest in film boiling has increased. The
selection of suitable quenching agents for the heat treatment of
metals alsc depends somewhat on the rate of heat transfer in/film
boiling, Perhaps the greatest need for a f£ilm boiling theory will
come as exploration into industrially applied atomic energy continues.

Previous to 1948, most of the work on film beiling had been done
on particular liguids under special conditions, It was at this time
that L. A, Bromleyl presented the first sound theoretical development
on film boiling, The equations resulting from this thedny enable one
to predict heat transfer coefficients for natural convection film
boiling of any liduid when it is at its boiling point., Bromley experi-
mentally measured the heat transfer coefficients of several liquids from
the outside of horizontal carbon and steel tubes, He also made an ex-

tensive survey of previous work on film boiling and: verified the theoretical
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correlation with thése data.

Jo T, Banchero, G. E, Barkeir énd R, H, B0112 have recently investi-
gated film boiling of l1iquid oxygen outside single tubes and wires over
a wide range of temperatures and pressures. This work reported the
correlation suggeéted by Bromley to predict correctly the effects of
‘ temperature and pressures, | |

In 1950, L, A. Bromley, N, Ro LeRoy and J. onRob‘bers3 proposed
a theory for forced convection film boiling of saturated liquids. The
prediction of heat transfer coefficients to any liquid was found possible
through the use'of two pairs of equations developed from this theory. At
values of U/-f gD less than one, where U is the velocity, g is the gravita-
tional constant, and D is the outside diameter of ‘the tubeg heat transfer
coefficients were found to be predicted by the correiation proposed by
Bromley1 for free convection £ilm boiling.

h=h,+3/Lh,

i Coy - pp) pe
D At@ By

h@@ = 0.62

where h is the heat transfer coefficient for film boiling, h@@ is the
heat transfer coefficient for convection if there were no radiation,
hr is the heat transfer coefficient for radiation, D is the diameter

. of the tube, At@ is the temperature difference across the wapor film,
By is the viscosity of the vapor, kv is the conductivity of the wapor,
At is the effective difference in_hga@ content betwggn_@hg vapor at
its average temperature and the liquid at its boiling point.,

At values of U/ =fgD greater than two, the heat transfer

coefficients were predicted ‘by‘3



This work also includes a déscription of the vapor film in both natural
and forced convection film boiling,

Y. Nakagawa and T, Yoshidah have investigated film boilipg in
quenching steel rods in various liquids. Heat transfer coefficients
were determined from the cooling curves and correlated in the empirical
dimensionless equation, ) »

=2 1,66
Na = 4,07 x 105 ( ,%)1,275 - (pr)=0°33 <§Q_ ) 400
sc

where Nu is the Nusselt number for the vapor, diiis the surface tension
of the liquidglol is the density of the liquid, r is the radius of the
rod, Pr is the Prandtl number of the vapof, Ato-is the temﬁerature
differeﬁce between the rod and the boiling liquid, and Atsc is the
temperature difference between the boiling liquid and the subcooled
liquid.

Since heat is transferred across the vapor film by condﬁetion in
©  forced convection film bbiliﬁggvthe heat transfer coefficients increase
with veiocity due to the decrease in the thickness of the vépor film,
If the liquid is below its boiling point, sdme heat will be transferred
from the vapor-ligquid interface, which is at the boiling point, into
the bulk of the 1iquid, Since this heat will not be available for
vaﬁorizatiéﬁ of the liquidg the vapor film thickness will be less if
the liquid ié sﬁbéooled,which will result in a larger heat transfer
coefficient,  Ittis thewéur?éée>o£ ppisrstQQyﬂtp_devglqp a theory to
predict the heat trgnsfer Qogffigienys tg_be expgctediin fogced”gona

vection film boiling from a horizontal tube to subcooled liquids, and

to verify experimentally the resulting expressions.



FIIM BOILING THEORY

Mathematical relationships will be developed which should enable
one to calculate the heat transfer coefficients to be expected in up-
ward flow forced convection to subcoocled liquids outside a horizontal
tube., Heat is transferred through the vapor film by conduction and‘
radiation since iﬁ has been shown2 that the vapor film is in laminar
. flow., It is assuﬁed that no heat is conducted along the tube, Since
most of the heat is transferred across the film on the bottom half of
the tube, the theory will be deweloped to fit the mechanism on this
part of the tube. |

Figure 1 shows the tube immersed in a body of fluid which is
moﬁing upward at a uniform velocity of U, If 9, is the rate of heat
transfer from the heated surface by conduction, then

QG = 9y = % : (1)
where qV is the heat flow into the vapor stream and ql is the heat
flow into the liquid stream, Heat transferredbby radiation will only
affect Uy since % is constant for any liquid at set wvalues of the
velocity and the amount of subcooling of the liguid below the boiling
point. The correction of the measured heat transfer coefficient across
the vapor film for radiation may be found on Page 116.

a, =h_ At | - (2)
where h@0 is the heat transfer coefficient across the wvapor film if
there were no radiation, A is the area of the horizontal tube over
between the heated surface and the boiling liquid, that is, across

the vapor film,
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Substituting equation (2) intc equation (1) and dividing through

by the area, we obtain the following equation:

_ %y %
heg 8% - T = T ¢ (3)

2?” Dzu

Multiplyihg both sides of equation (3) by

. 3 + 3
Uzkvaﬁuhmto o

equation (3) becomes

L st | i DR, Mu

co 2 k. 3 fv e z Uzkg [ plmati ol e 7 Py (olxmt’
(k)

wherae D is the diameter of the tube, uv'is the wapor viseosiﬂyg kv is |
the wvapor fhermal conductivitygtav is the wvapor density9/01 is the liquid
density, and A' is the effective heat content of the vapor film in excess
of the heat content of the boiling liquid,
When the licquid is not subcooled below its boiling point, the heat
3

absorbed by the liguid, q19 is zerc, It has been_éhown for forced con-

vection film beiling to 1iguids which are not subcooled that

W2 | 5 1/k
DAt pg B 8D( 1 mpv) 3D e, N o
hco 3 = 0,88 s + 5 ) (5)
Uzkl’bvlal}“I L*Uéfsl Ukvf)l

where g is the gravitational constant and €' is the value of @ at the
separation point, The separation point is that point at which the
thickness dfjthe vapor approaches infinity compared to the normal
thickness, Since the heat absorbed by the liquid, % s is zero, we may
obtain the foliowing equafion.by substituting equation (5) into

equation (L)¢
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D( p, - b b2 2|k
g(Pl pv)‘%pr@o (eg) .(6)

= 0088
3 " . 2
v Uzkv P PINBED LU2 1 UAkv P

At the velocities encountered in forced convection film boiling,

U 52, the term B0P1L =AY oy ve neglected.’

e Wy

" Equation (6) then reduces to
1/k

2 3
3h> U P\ A 2
K,quoosal w0 ’°D ¥ (L) ‘ . 7)

Since one of the premises of equation (7) is that 4, is equal to

Qs We may substitute
4

A heo

Ato =

into equation (7), which results in

 Up Ak
;E = 7.29 f 5 - (8)
: co

Since this equation for q, can also be develpped9 though not
entirely rigorously, by a simple heat and material balance as shown
on Page 117 without implying the restriction that the liquid is not sub-
cooled, this expression may be used for q, at any degree of subcooling
of the liquid, |

Substituting equatlon (8) into equation (3) and multiplying -

through by.\I D *s we cbtain the following equations
R o
h, R ‘ .
S EEC Vvkv/b e e
Equation (9).redgces to the correlation proposed for forced convection

£ilm boiling of saturated liquid33 when % is equal to zeroc.
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iny the heat transfer rate from the vébbr=1iqui&linterfacegAQIQ‘
rémains to be determined. This heat transfer rate is dependent upon
the mechanism by which heat is transferred through the liquids either
by ‘thermal conduction or by eddy c@nduétiono |

Three cases invelving these mechanisms.will be solved to determine
Gy e

dése l. Heat is transferred by thermal conduction.

Case 2, Heat is transferred by eddy conductian.

Case 3. Heat is transferred by eddy conduction, but the time of
contact is small compared to. the ratio df the scale of turbulencp to
the intensity of turbulence, In this case the eddy conductivity is
independent of the seale of turbulence and proportiomal to the time
of contact multiplied by the square of the intensity of turbulence.

Sinée neither the surface arsa of the vapormliquid.interfa@e nor
the wvelocity distribution of the liquid arcund the top half of the tube
can be defined, we will assume that the rate of heat transfer intc the
1iquid from the vapor film arcund the top half of the tube is equal to
that arcund thé bottem half, although it is certainly smaller., The rate
of heat transfer into the liquid may then be found by the following

equation for conduction? y
2

4 d N C
o =k ~(E) aoppoaa (10)
©
whers %% is the temperature gradient in the x direction, a is the thermal

diffusivity, Cp; is the liquid heat capacity, and p, is the liquid
dénsityo
From the geometry of the system we obtain,

di =D Ldo, (11)
2
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| where D is the diameter of the tube, © is the angle from the vertical,

and L is the lenéth of the tube over which the heat transfer is desired.
Since the problem is one of unsteady state heat transfer, we must

solve the general unsteadyvstate conduction equation in order to determine

the temperature gradient in the x direction,
r . LT (12)
ot ox2
‘where T is the temperature, t is the time of contact, and x is the
radial distance from the film perpendiculaf to the lines of flow. This
definition for x is equivalent to assuming that the liqﬁid—vapor inter-
face is a flat plate with liquid flowing by it.

Depending upon the mechanism by which heat is transferred,
k R

o= (13)
Cpy P
or
a=¢c, (14)

where kl is the thermal conductivity of the liquid and & is the eddy
conductivity,

Case I, Thermal Conduction.

In order to solve equation (12), we must first determine the
boundary cqnditiénso At time equal ﬁo zero at any distance from the
film x, the temperature T is equal to the temperature of the subéooled
liquid Tl. At any time t when x equals zero, the temperature T is
equal to the temperature of the vaporaliQuid interface which is at the
boiling point Tbo The limit ofvthe temperature T as x approaches
infinity at any time t is equal to the temperature of the'subcooied ,

liguid Tio The boundary conditions may also be expressed as follows,
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T i b -
Initial Condition Tx,a T . ""(15)
Boundary Conditions T =T 4 . {16)
o,t b
Lim T, =T |, (17)
x>0 P R -

By transforming the boundary conditions and the differential

equation into the La Place domain, we obtain

In;tlal Condlt;on vT%“go =T n (15)
Boundary Conditions T _ =T /s, - (18)
N BT b
‘Lim T, _ =T /s (19)
B> 0 & 92 1 :
Xl=>0g ’

jw

[=-r =

Oxt? '
x a a
Scolving the reduced equation and for the particular solution, we

find —/_;S; %1 TJ.:% Pa
(o4 04
C,e

gifl 'Tl , | . 3 (20):

T.Xngs T 1 * GL‘Ze * E’l’ . ' (21)

Substituting equation (19) intc equation (21) we find that, in
order for the temperature to be finite, C1 must be eqﬁél to zero.

Substituting equation (18) into equation (21) results in

wa : _, (22)

- Substituting the values for'CI

and C2 into equation (21), the
resulting equation is”
8
_ : v V= x!
T (?b _qi) @ Tl ' (23)
. 0 = —~ <) . P+ ==
x1,8 - \ . 8 , 8 S o

Transforming equation (23) intc the time domein, we find that



Typ = (Tp = Tp) erfe = 4Ty | (24)

%o 24fat

Expanding the error function into a series and taking the derivative

with respect to x, the desired temperature gradient is obtained,

‘ 2
dT _ 2 1 X
al . (7 -1 -2 (L 3 P
dx ( P 1) ' @ ( ZVEE- 3,148 (at)3/2 K (25)

Substituting x equal to zero and Atsc for T, = Ti, we obtain,

b
a . . s (26)
dx b 4
Tmat

Atsc is the amount by which the liquid is subcooled belos the boiling

pOinto
3

Since the velocity” around the tube is equal to 2U sin @, the time

of contact can be shown to be the followings

¢ ..D2e . 27)

oU sin @

By substituting equations (11), (26), and (27) into equation (10),

we obtain the following equation:
11/2

. 1/2
(Slng)/ @@ (29)

= LI J1a At k )

%4 se 1

o
Substituting equation (13) into equation (28) and graphically

integrating equation (28), we arrive at the following equation:

W - _ R
q = ﬂDng -‘lm—%%?-l-l M’sc (0,1895) . : (29)

Substituting A for mDL, equation (29) reduces to

G o /.ﬁ Oy L1¥
7 = 01356 At [~ . | (30)




Case 2. [Eddy Conduction {Long Contact Time)

In this case the eddy conductivity is not a fuhction of time but
is dependent only upon the conditions downstream@ The gddy conduq@ivity
vvwill be assumed constant in the_x‘directiono Since.the boun@ary con=
ditions are the séme as for "Case 1Y, equation (26)>will éiéo represent
the femperature-gradient in this case. |

ar . | e (26)

dx -/mat |

Assﬁming that the eddy conductivity is proportidhal to the eddy

viscosity, it éan be shown that for a sﬁraight conduit

g = Kﬂ? ul, _ (31).
where Ki vis é constant-éf propbrtionaliﬁy9 £ is the Fanniné friction
fagtor, and lo is the diameter of the conduit in which the eddy con-
ductivity exists. The derivation of this relationship for eddy vis—
.eosity can be fbuhd:on Pége]gﬁo The'eddy'viscosity is related to the
eddy conductivity by a factor which is dependent upon the Reynold's
~number and the distance from the conduit wall., It has been shown for
Aair_tﬁat the.eddy cbnductivitj is gréaﬁef théh the eddy viscosity by

a factor of 1.35 and 1.05 at the Reynold“s_numbers of 9;190'and 53,450

respectively in the éentral-portion of a eonduit-o5
. " , , | ., Uslo /01 v-0,2
The friction factor f is approximately proportional teo ==E;a== 3
fbf smooth pipesgé therefore,
U@lglgl 0,1 o
e« K, Uole <m) (32)
2 Y ‘

where Kz:is'nGW'a new constant of proportionality,
By substituting equatiens (11), (14), (26) and (27) into equation

(10), we obtain,
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/2

= KL Bt Opy oy f $10)1/2 s (3)

Substituting equation (32) and graphically integrating, equation

(33) becomes_

=0,05
U1lU Ul
_ 4 200 / "o o1
q =ML S5 b Op) (°1 f m“l (0.1895) (34)

Substituting A for mDL, equation (34) reduces to

- ~0,05
ql ZUOlOU Uolo L 1l
5= = 0.1356 at_ Cp; Pl‘}/""""’b"""”“ B | (35)

Case 3., Eddy Conduction (Short Contact Time)

In this case, which represents the limiting case of a line source

of heat, the eddy conduectivity is dependent upon the time of contact as
7 v

well as the conditions dowmstream.
” |
g = K3 t at’ (36)

where u! is the intensity of turbulence and K, is a proportionality

3
constant. The eddy conduectivity is thus independent of the seale of

tufbulenceo7

_if‘we assume that the intensity of turbulence is proportional to
the velocity, we have ,
| -x 20 - on
where Kh'is a constant of proportionality,

Setting

c = KL}’?:'U2 PR (38)

equation (38) reduces:to

i

. o (39)
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Substituting equations (14) and (39) intc equation (12), we find
that |

ug-% = ct% - (40)

_ 5 } -
Rearranging_and,substituting‘égm for tdt, we obtain

B

ot? 0= (41)
If we replace tg by'a'neW'variaBle n, we have an equation of the

same form as equation (12) used for the solution of "Case 1,

=é:£ = e L%g . ) .
dn 3;: . (42)
Since the boundary conditions are the same as for "Case 1", the
solution of equation (42) for the temperature gradient will have the
same form as the solution for %Case 1%,

dT AtS@

ax men

(43)

Replacing n by tz and substituting equatioms (27) and {38) into
equation (43), we find that

At

T 1 ' .
% =] i& ‘?2%; DZ@ sin @ , (Lll-l')

L
Substituting equations (11), _(14)9 (36), and (44) into equation

(10), we obtain
m/2

A
g =9LD = '\/"2:6 At . Opypq U de (45)
v o

If we integrate equation (45) between the limits of zero and /2 and
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substitute A for nLD, we find that.

K

e g My AT (16)

Summary of Theory

We have developed expressions for‘heat transfér in foréed convection
£ilm boiling involving the rate heat is transferred into the liguid,
Since this rate is dependent upon the mechanism by which heat is trans=
ferred, we have developed expressions for three mechanisms by which heat
may Be transferred,

For forced convection film boiling in which the heat is transfefred

'into the liquid by thermal condﬁétion,:we find by combining equations (9)

and (30) that

O f
w2 e Loz TR [P
cofU kv" /OVM hco D A’bo s¢c Ato kv v’”

For forced conveetion film boiling in which the heat is transferred
into the liquid by eddy conduction, we find thate
(1) if the contact time is large compared to the ratic of the scale

of turbulence to the intensity of turbulence, then from equations (9) and

(35) we have
k p At : K. U1
7029 ‘V’QV = 0.1 _ 2 00
> = O, 36 At Cp B S s
h_ D ot sc P11 B, & l”v}‘é
U1 ~0.05
(.,gzg,f.l«,)' (148)
ul 4

(2) 1If the contact time is small compared to the ratio of the
scale of turbulence to the intensity of turbulence, then from equations

(9) and (46) we have
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It will be noted that the only significant difference between
equations (48) and (49) for a particular piece of equipment is that
equation (49) shows a dependence of the rate of heat transfer into the
liquid upon the diameter of the tube in the 1ést termy

Equations (47) and (48) may be expressed by the single equation
(50) by substituting equation (13) into equation (47) and/or by

substituting equations (14) and (32) into equation (48)3
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EQUIPMENT

The equipment used to cérny out the exberimental work is shown in
the accompanying diagrams. The circﬁlating liquid was raised to. and
maintained at a.constant temperature by means of two heat exchangers
through which either steam or cold water could be run. .The larger of
these exchangers was located in the surgevtank and consisted of an
internal copper coil with an area of approximately 3.7 square feet,

A small auxiliary coil was located near the suctioh of the circulating
pump. The tempgratufe of the liquid was measured by a chromel-alumel
thermocouple. The liquid leaving the surge tank passed down through a
straightening section and then through a three =inch square-edged
orifice which was calibrated directly frém piﬁot'tube measurements at
the nozzle opening in the test section. The manometer systeﬁ consisted
éf two vertical.glass tubes open to the atmosphere.

The circulétion of the liquids through the apparatus was provided
by a five-horsepower Ingersoll Rand centrifugal pump. The liquid flow
rate was ébntrolled by a four-inch gate valve on the discharge side of
the pump. Leaving this control valve, the liquid passed through a set
of B/A—inch square honeycomb straightening vanesnapd then Fo,? nozzle
immediatelj below the graphite heating tube. The nozzle opening was
one inch wide and a full five inches inmlqngth with_a onefhalf—inéh'
radius of curvature at each end, The liguid wvelocity issuing from the
nozzle was investigated by means of a pitot tube traverse and found
to be constant within two percent.

Screens were mounted on fhe nozzle for some runs tc produce a
higher intensity of turbulence. Two different screens were used: thev
small screen had an 091033—inch mesh and an 0.0250-inch wire thickness,

and the large screen had an 0.,2435-inch mesh and an 0.0466-inch wire
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thickness,

Film boiling was produced by passing an electric current through the
graphite heating tube mounted in a six-inch glass cross. Graphite was
chosen for its high thermal conductivity and moderate electrical
resistance. The tubes were eight inches in length and taﬁered at both
ends to fit supporﬁing steel inserts, Three tube sizes were used of
nominal outside diameter of 3/8, 1/2, and 5/8 inches, For the 3/8-inch
size, a 3/16-inch-diameter hole was bored at the center the full length
of the tube, In the case of the 1/2-and 5/8-inch sizes, special
broaches were designed for an oﬁal—shape hole as shown in Figure 5,

This shape was adopted to prevent temperature gradients from occuring
between the top and bottom half of the tube. Since the heat transfer
on the bottom half of the tube is much greater than the top, a larger |
cross section was provided at the bottom,

The tubes were supported in position over the nozzle by steel
inserts tapered to form a seal with the ends of the tube, The inserts,
in turn, fitted into copper rods. Two coil springs mounted in the packing
unit of one of the brass end plates on the glass cross provided for the
thermal expansion of the tube and insured a constant tension on the tube
and inserts., Separate copper connectors were fastened firmly to the
ends of the rods for electrical connections,

Above the six-inch glass cross in which the heating tube was
mounted there were two'éix—inch glass tees and.a stainless steel
condenser, The outlet“iﬁ the first tee allowed liquid to return to
the surge tank completing the flow cycle., The second tee permitted any
vapor entrained by the liquid to escape from the surge tank to the con-
denser, from which the condensate was returned to the main body of the

liquid. The bottom face of the condenser served as a baffle to change



the dlrectlon of the maln llquld stream,and an openlng at the top of the
condenser prov1ded a means of ventlng the system to the atmosphereo
| The electrlcal energy for the apparatus was supplled from equipnment

adgacent to the main apparatusa A 220—volt main line was connected to
a 25—KVA contlnuous—duty General Electrlc 1nduetlon voltage regulator.
From the regulator the current passed to an alr—cooled transformer for
avstep-down reductlon from 230 volts at 150 amperes to hO volts at 875
amperes. A current transformer with a rating of 800/5 was mounted on
this piece of apparatus to reduce the current to the measuring ammeter,

The voltage was measured by using a porcelain-covered tungsten
voltage probe which was bent at one end so as to contact the inside
surface of the tube when inserted down the hole of the tube ﬁountingo
The voltage drop across a known section was measured by reading the
voltage at each end of the section, Two General Electric alternating
voltmeters were used in reading the voltage. One voltmeter had a double
scale range of O to 5.0 volts and O to 10 volts;and the other had a scale
range of O to 4O volts. The amperage was read on a General Electric
alternating—current ammeter which had a double scale range of G.to 2.5
amperes and 0 to 5.0 amperes. A current transformer with the rating
of 800/5 was used to reduce the current to the measuring ammeter.
‘These measuring instruments were calibrated to within 0.5 percent of
the total scale reading. |

When the ligquid was not in use it was stored in a stainless steel
drum adjacent to the apparatus. The liquid was transferred to and from
the equipment by means of a 3/L-horsepower centrifugal pump.

Due to the properties of the liquids investigated, it was necessary
to provide safety precautions against fire and toxiec vapors. There was

a four-inch concrete dike around the system of such an area to confine



the licguid ig case of breakage. This dike also served as a footing for
an eigﬁt—foot fire w%ll surrounding the eguipment. Fbﬁr doofs in the
partition made the apparatus accessible. A ventilating blower removed
toxic vapors and maintained the atmosphere above the uppef explosive
‘1imit of the vapors. An auﬁomatic fire—exiinguishing systéﬁ was
érranged so as to spray carbon diéxide from tﬁo 100-pound cylinders

in the event the temperature inside'the partition exceeded é set

value,.
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EXPERIMENTAL PROCEDURE

The gfaphitevtube tovbe dsed iﬁfa:eefieé bf runs‘wee pdlished with
crocus cloth before belng 1nstalled in the test section, The cutside
vdlameter of the tube was. determlned w1th a micrometer and recorded.

After assembllng the test sectlon9 the desired liquid was pumped
) intq:the apparatus. _The_flow rate and the temperature of the‘llquld

_ were adjusted to approximately the desired values, The current through
Jtthe graphlte tube was 1ncreased untll the boiling around the tube
,; changed from nucleate to fllm.b01l:|.ng° The flow of cold water through
the 00115 was then set 50 that the temperature of the ligquid remained
» approx1mateLy constante

A chromel—versus—alumel thermocouple was inserted through the
copper suppo:ting tutes ahd was used to determine the’témperatﬁre of
- the graphite tube. At least five minutes were allowed to attain
thermal eguilibrium on each run. Consecutive temperature readings were -
used to determine if the stable film boiling had attained steady state.
Once a'steady state had been attained, the average temperature of the
eenter of the tube and at eaeh.end of the central five-inch section
was: measured. The temperatures at the ends of the central five-inch
seetion were determined iﬁ order to calculate the heat conducted
longitudinally away from‘tﬁe_cehter of the graphite tube.

‘The thermocouple wasvfemoved and the voltage probe was inserted.,
Tﬁe leads of a veltmeter wefe connected to the voltage probe and to the
' electrieal connector onfthe'rightﬂhand supporting tube. The voltage was
determined at.points‘2°5 inches on either side of the center of‘the
f'graphite tube and the difference between the two values was recorded
as the vpitage_drop.aeross the central'five-inch‘seetion'of the graphite

‘tube, The current flowing through the graphite tube during each run was
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measured with the ammeter and recorded.

The temperaturé of the liquid was_determined by means of a chromel=
alumel thermocouple before and after the other measurements had been made.
The liquid temperature was usually found to vary about one degree
Fahrenheit during the run. After each run the flow rate was measured
by the pressure drop across the three-inch orifice.

The three-inch orifice was calibrated by means of a movable pitot
tube‘which could be mounted in the left-hand end plate when the graphite
tube was removed. ‘A static pressure tap waé mounted in the right-hand
end plate., The static tab and the pitot tube were cénnected to two
vertical glass tubes which were opeﬁ to the atmOSphére; The difference
in the hydrostatic heéds developed at each flow raﬁe was used as a baéis

for calibrating the orifice manometer,



EXPERIMENTAL DATA

Experimgntal data were taken for.fouf syéteﬁs: benzéne, carbon
tetrachloride, ethyl alcohoi,and heiaheo' Thése four systéms were chosen
for their physical prdperties{which vafy over a fairly widé range. The
values of ﬁhe physicai properties'can be found on Page 120,

Three tube sizes of 0.387, 0,496, and 0,638 inches outer diameter
were used to study the effect of the.tube aiametero Liduid velocities
~ were Varied from three feet per second to approximately thirteen feet
per second at the nozzle and the amount of subcooling was varied from
twenty degrees to approximately eighty degrees Fahrenheit,

The inteﬁsity of turbulence was varied by‘introducing screens:
directly above the nozzle below the graphite tube, The "small" screen
had a 0,1033-inch mesh aﬁd a 00025O—inch wire thickness, and the %"large"
screen had a 0,2435-inch mesh and a 0,0466-inch wire thickness, Extensive

data'maé taken with ethyl alcohol in order to determine the effect of
turbulence.on the rate of heat transferred’into the iiqnido

Included in the tables are the feilowing qﬁantitieso A sample
calculation of these(qnantities may be found on Page 87,

1. The run number is taken directly from the 1abora§9gy

pptébgok_apd is uségﬁonly as a means of listing the data

in the correct columns, |

2, "Volts" refer to the voltage differenee across ﬁhe five-

inch test section at the centervportion of the tube, The

values repfesent the.diffefenée of ﬁwovreadings from the

current fluxvvoltmeter; |

3 "Kmp“ refers to the total current flowing in the graphite

tube,
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Lo The “ti" is the recorded average inside temperature of
the tube at the center point, The walues were measured in
millivolts with a precision potentiometer and were converted
to degrees Fahrenheit., |

‘50 The "Ato" is the temperature difference across the filmg
that is, between the outside tube surface and the boiling
liquid. The‘temperature at the surface of the tube is
calculated from the knowledge of “ti“ and the thermal con=
ductivity of graphite,

, 6, The "h" is the overall coefficient of heat transfer
whieh has been corrected for losses due to cdnductivity along
the tube.

7o _The'"h@o" is the coefficient of heat transfer due to
convective heat transfer.

8., The ®“U" is the_veloeity of the liguid at the nozzle
opening below the graphite tube as measured by the calibrated
three-inch square -edged orifice,

9, The “Atscn is the amount of subcooling of the liguid,
which is the temperature difference between the liquid

temperature and its boiling point,
D At
o.

co Ukvtovkﬂ

10 The " h is the dimensionless
parameter which has been used to correlate data in forced
convection film boiling to saturated liguids,

11, The "A" is the dimensionless parameter

7
7029 URV'va
h D Ato i
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12. The "B" is the dimensionless parameter

T 0,08
22 ' Uolo 1
Do CP1 1 fat k p A -
-V o v v (1 .

13. The "a" is the diffusivity of heat into the liquid as

calculated from ecuation (50),



Table 1 - Part I

Experimental and Calculated Data on the Film Boiling of Ethyl Aleohol

from a 0,387-Inch Outside Diameter Tube withoitt -4 Screen

Run , %, &M h h U

i o'. BIU . ©O
No., Volts Amps  °F © OF - (hr)(Ft)°(°F)  £t/sec
101 3,89 38,2 669 488 153,2  149.7 3,68
102 6,14 362 1828 1631 108,9 89.6° 3,68
103 5,25 326,5 1383 1193 115,8 1047 5,12
104 LobT 280 698 515 197,1 193.4 = 5,12
105 6,94 398,2 1906 1704 131,3 110.1 5,12
106 5,67 352 777 588 280,0 275.8 8,00
107 6,71 415 1508 1308 172.8  159.9 8,00
108 7,80 A50 2001 1791 158,8 135,7 8,00
109 7,76 481 1232 1028 294.0 285.3 10,93
110 6,03 382 751 561 335.,0 331,0 10,93
1311 9,06 504, 2161 1938 190,9 163.9 10,93
112 7,65 L76 962 761 389.5 383,7 13,98
113 7,05 4£22 763 568 24,0 419,9 13,98
114 8,75 546 1335 1121 345,0 335.0 13,98
115 5,17 320 1533 1343 98,9 85.4 3,52
116 YA 281 846 662 153,2 148.3 3052
117 6,11 L11 1852 1652 122,9 103.1 3,52
118 60d5 388 1760 1561 129,5 111.2 5,20
119 5,52 344, 880 692 222,2 217.1 5,20
120 7.77 435 2096 1885 145.2 119,7 5,20
121 7.7k 480 1250 1046 . 284.0 275,7 8,04
122 6,48 399,2 857 664 312,5 307.6 8,04
123 8,99 499 2260 2037 178,9 149,0 8,04
124, 8,25 505 1170 963 350,0 342,1 10,85
125 7.55 424 877 680 380,5 375.5 10,85
126 .41 585 2280 2045 217,6 187.4 10.85
127 8,90 559 1239 1025 392,0 383,3 13,13
128 8,10 486 918 716 LA6.0  ALO.T 13,13
129 6,23 342,3 1703 1513 il4,1 97,3 3,65
130 5041 318 92 770 248,5 242.7 3.65
131 7,50 o6 2008 1802 136,9 113,2 3,65
132 YA 400 1818 1615 145,1 126,1 5,02
133 5,78 352 932  T42 222,0 216.4 5,02
134 7,65 430 1956 1948 152,1 13%0,.1 5,02
135 8,30 509 1332 1123 304,0 293.9 8,05
136 7034 426 923 724 350,0 34406 8,05
137 8,98 L96 2245 2021 178.4 168.4 8,05
138 8023 519 1197 989 349.5 341.3 10,93
139 7,62 476 991 790 372,0 366,0 10,93
10 9,65 54 2400 2168 196,1 162.1 10,93
141 9,21 5§71 1297 1080 39,5 385.0 13,74
142 5,13 315 922 736 173,1 167.6 3,60
143 8,73 535 1102 891 4LRL.9 4£17,8 13,67
14 10,70 604, 1882 1650 318,0 298,3 13.67

14 4,68 278 1392 1206 86,6 75,2 3052
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Table 1 - Part 1

- - : A i
Run st - T
No, oF com%ﬁx K

B
101 40,2 5061 Lo8 3.13 306
102 41,0 Lok8 0,74 0.85 84
103 40,2 3,04 1,19 1,26 144,
104, 40,3 6,18 5,21 3,00 344,
105 40,5 3,04 0,87 0,79 ol
106 41,3 6,99 6,31 2,67 460
107 39.8 3.85 2,20 1.11 156
108 40,2 2,86 0,63 0,72 102
109 40.9 6,04 5026 1,48 250
110 40,2 7.10 6,54 2,70 ‘443
111 4002 2,78 0,60 0,64 104,
112 40.8 7.32 6,94 2.02 371
113 408 79 7.60 2,68 489
114 40,2 60,14 5.20 1,30 240
115 60,3 3,16 0.86 1,63 155
116 61,1 6,02 4o81 3,68 348
117 . 59,7 3,60 1.57 1,22 116
118 59,6 3,26 1,02 1.33 149
119 61,9 7,11 6,08 3.48 390
120 60, 3025 1,02 1,02 116
121 58,2 7,05 6,02 2,12 29/,
122 60,3 8,30 7045 3.54 490
123 5906 3,10 0,74 0,88 39
124 59.1 7083 6,90 .47 378
125 62,1 8.75 7,92 3,17 575
126 59,6 3.36 1,18 0,87 YA
127 58,9 7,61 . 6,65 2,12 316
128 61,6 9,31 8,52 3,29 575
129 80 .4 3.6 1,35 1.93 177
130 80,2 10,00 9,28 4o16 387
131 78,6 3.74 1,79 1.4 134
132 77,8 hol5 2,40 1,86 202
133 78,8 7 .40 6,42 Lol 460
134 76,8 3.73 1,77 1.46 159
135 77,1 7 45 6,46 2.58 354
136 7604 9,27 8,48 4,10 561
137 7ol 3,52 1,44 1,12 153
138 72,7 754 6,58 2,72 382
139 7403 9,10 8,30 3,92 619
140 71,7 2,83 0,26 0,98 153
141 69,5 8,65 7,81 2,67 470
142 7964 6,80 5,73 436 401
143 729 8,56 771 3,10 543
144 69,1 5623 3.84 1,36 240
145 22,6 2,91 0,40 0,70 70
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Table 1 -~ Part 2

Experimental and‘Galeulated Data on the Film Boiling of Ethyl Alcohol

, frbm»a 0,387-Inch Outside Diameter Tube without .8 Screen

Ran ' t; bt, . h h U

€ Q . BTU co
No,  Volts  Amps °F  °F  (hr)(£t)°(°F) = ft/sec
UE - 3,77 23 1101 831 85,3 77,8 3052
147 5031 322 1687 1496 92.6 76,2 3052
148 4,89 300 1389 1202 97,1 85,9 5604
149 3,96 2,3 9Th 792 96,0 90,0 5004
150 6,10 360 1763 1568 113.8 95,9 5004
151 5,15 319,5 1296 1108 11,0 131,2 6,80
152 4,38 265,5 908 724 151,0 145.6 6,80
153 - 6066 388,5 1793 1593 119,0 100.5 6,80
154 6,40 393,5 1460 1263 161.8 149.6 11,00
155 = 5,62 344 967 758 207,0 201,1 11,00
156 7.70 441 1001 1593 172.8 1643 11,00
157 7,16 434 1502 1300 193,3 180.5 13,78
158 6,35 379 905 713 27,0 268,7 13,78
159 8,20 480 1831 1617 197.3 178.3 13,78
1160 7,12 4LO07 2017 1812 129.6 105.9 3034
161 7 60 CA70 118, 982 2945 286,3 7,93
162 8,84 5,5 1352 1138 343.0 332.7 11,25
163 9,76 599 1398 1174 403,0 392,2 13,72
164 8,74 528 1112 903 [16,0 408,8 13,72
165 9059 535 2349 2118 196,1 143.6 10,97
166 8,60 484 1708 1494 225,0 206,5 7,89
167 8,30 586 1568 1358 241,0 227,2 10,69

168 6,13 358 1827 1630 108,9 89,6 .3.63
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Table 1 - Part 2

Run Atse - A % At.“ p1€§k1 o

Noo oF Beq Ukvzv}Eu A =9 A"tok\f“x‘rs:ﬂ B
146 2362 3.1 0,81 0,95 103
147 22,2 - 2,76 0,13 0,52 52
148 20,9 2.78 0,18 0.65 76
149 20,5 3.06 0,62 1,02 119
150 20,1 2,88 0034 0.4d 52
151 21,3 3,95 2,10 0,78 104
152 21,7 4o32 T 2,50 1,19 - 159
153 19,9 2,58 =0,22 0,44 67
154 20.7 3,26 1,02 0,60 100
155 22,9 4,62 3,02 1,14 - 192
156 21,7 3632 1,12 0.46 - 76
157 20,7 3.46 1,35 0,57 105
158 21,1 5,49 Lod7” 1.1 213
159 20,3 3,16 0.85 0.41 : 77
160 76,9 3.66 1,67 1.40 126
161 Thol 7.61 6,67 2,88 © -390
162 70,9 7,11 6,09 2,28 .'359
163 71,9 7.91 6,99 2,26 398
164 58.4 8,31 T obls .43 434
165 60,4 2,51 =0,39 0,84 258
166 58,7 491 341 1,36 187
167 . 40,3 boTh 3.41 1,04 - 168
168 40,7 3,07 0,70 0.85 84
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Table 2 = Part 1
Experimental and Calculated Data on the Film Boiling of Ethyl Alcohol
from a 06496—Iﬁch Outside Diameter Tube withofit :a- Screen

Run ) t At h

. 5 fe) BTU hco ) U
No,  TVolts Anps oF  OF (hr) (££)2(°F) ft/sec
169 434 316 1262 1087 78,9  69.4 3,85
170 3,84 279 1049 870 76,3 69,5 3.85
171 5,02 372.,5 1518 1334 87.7  The3 3.85
172 4456 336 1242 1061 89.4 80,2 5,12
173 he?2 308 1060 874 92,5 85,6 5,12
174 5,25 379 1428 1244 100,1 88,2 5,12
175 bo?T 377.5 1134, 952  118.2 110.4 7,92
176 5,89 429 1340 1264  125.,6 113.4 7,92
177 6452 464 1653 1464 130.0  114.5 7,92
178 6.30 462 1367 1180  154.5 143.6 10,93
179 5.84 415 1078 894  169.1 162,1 10,93
180 7 &9 610 1767 1571  165.5 147.5 10,93
181 6.90 498 1345 1156  188.0 177.4 13,75
182 6.76 470 1126 940  214.1  206,5 13,75
1,183 7.93 567 1723 1528  186,0 168.,9 13,75
184 479 353.5 1339 1157 9.1  80.5 3.69
185 4e26 3047 856 676  119.4 114.4 3.69
186 5.57 400 1631 1446 97.1 86,6 3,69
187 5,09 366 1008 826  141.9 135.5 5,06
188 5423 360 937 755  153.1 147.4 5,06
189 545 400 1448 1264  107.1 94,9 5,06
1190 5,92 42, 1553 1368  114.9 100,9 5,06
191 6.46 L75 985 799  243.0 236.9 7.92
T192 0 7,1 51, 1803 1611  143.0 124.1 7.92
193 6,99 511 1647 1456  154.1 138,4 7,92
195 7,50 560 1073 883 300.5 293.5 10,96
196 8.41 500 1181 988  318,5 310,3 10,96
199 6,00 400 1592 1406  107.,0 93,3 3.81
- 200 .66 255 911 730  115.0 109.5 3,81
201 6,02 43, 1785 1598  102,5 83,9 3,81
202 5,76 436 1062 877  181.,0 174.1 5,10
203 5,90 472 1828 1640  106.4 86,9 5,10
204, 5,87 442 1080 896  182,5 175.4 5,10
205 6,92 516 1054 867  260,0 253.2 792
206 7 .48 560 1241 1050  251,9 242.8 792
207 8,37 500 2166 1966  158,8 131,0 7,92
208 84l 640 1305 1109  307.8 298,0 10,95
209 8,10 600 1139 946 324,0 316,3 10,95
210 9,00 665 1415 1216  311,0 2996 10,95
211 9459 702 1376 1175  362,0 351.2 13,62
212 8,79 656 1136 940  381l.5 379.9 13,62
213 9,94 736 1476 1271 363,2 3509 13,62
21, 8,80 650 1227 1031  350,0 341.2 13,62
215 8,30 704, 1517 1317  281,0 267.9 13,62

216 543 407 1031 848 164.3  157.7 3073
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Table 2 = Part 1

Run A%
scC
No, oF A - B
169 21 09 20 98 O [ 53 ‘ 78
170 22,2 3.04 0,60 103
171 21,1 3,04 0,60 60
172 20,2 3,00 0,57 86
173 20,3 3626 0,98 106
174 21,3 3,18 0,89 75
175 1903 30 36 1019 : 113
176 19,9 3.28 1,07 91
17 19,5 3.14 0.83 67
178 22,1 3,60 0,16 101
179: 22,0 Lol 2,48 137
180 20,1 3.40 1.25 63
181 22,3 3,96 2,12 132
182 20,5 4o55 294 156
183 20,3 3,50 1.41 85
184 39.3 3650 1.41 129
185 3865 5625 3,85 208
186 3803 3031 loll ' 84.
187 37,3 5019 3,78 203
188 375 5,70 Lol3 226
189 40,9 3044 1,32 138
190 40,7 3,56 1.52 124
191 39,2 7026 6,26 246
192 39.3 3634 1,16 118
193 40,8 3.81 1.89 138
195 404 7,61 6,66 278
196 40,1 7.30 6,30 236
199 59,3 3,90 2,03 157
200 60,3 4o85 3024 326
201 5841 3.28 1,06 169
202 60,8 6,63 5653 310
203 60,65 3628 1,06 16/
204 61,1 6,68 5059 304
205 59,8 7695 7«04 376
206 59,0 7629 6,29 302
207 5842 3024 0,99 131
' 208 61,7 756 6,60 344
209 62,4 8,15 7+26 ATA
210 60,9 7 obids 6,43 303
211 5765 787 6,94 330
212 61.4 8,74 7,91 450
213 59,8 7.75 6,82 391
21 43,1 7,80 6,87 292
215 41,5 5,86 4ob2 211"
216 80,1 7,03 6,00 362
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Table- 2 - Part 2

Experimental and Calculated Data on the Film Boi?.ing of E‘bhyl Alcoho'l

from a 0,496-Inch Qu‘jbs'::‘:’.de Diameter Tube without & Secreen

Run » ty At R h,q u
No,  Volts =~ Amps ©F . °F (hr)(ft)2(°F)- ft/sec
217 5,68 436 1721 1535 101.2 84,0 3,73
218 5426 419 1592 - 1407 97,8 83,1 3.75
219 6,09 462 1221 1035 173,9 - 165,1 5,25
220 6,88 504, 1335 1145 197.0 186,.6 5425
221 734 521 2003 1809 133,3 109,7 5425
222 70244» 583 1190 999 26890 25906 7098 .
223 7027 556 1087 998 256.,2 249,1 7.98
224, 7 .40 595 1272 1080 258,0 2485 C 7,98
225 9,26 69/, 1492 1290 315,0 302.4 11,00
226 8,41 64,0 1283 1088 312,5. 302,9 11,00
227 9,69 711 1625 1420 307.5 .292,5 11,00
- 228 %.14 716 1350 1150 359.5 349.1 13,72
229 8,32 670 1199 1003 351,5 343.1 13,72
230 7647 665 1252 1058 297,2  288,0 13,72
231 4679 354, 1334 1157 91,1 80.5 3,69
232 5.92 407 1553 1368 114,9 - 100,9 5,06
233 5045 400 1448 1264 107.1 94.9 5,06
234 6,99 - 511 1647 1456 15401 138.4 7,92
235 5,66 404 1425 1241 116,0 1042 3,72
236 3,67 33 1019 840 Uok 87,9 . 3,72
237 Le27 394 827 646 16,5 + 159,8 5,00
238 5,79 535 1010 824 230,0 223,6 8,00
- 239 6,19 576 938 751 300,0 294,1 10,98
240 6,97 601, 1849 1647 160,7 141.1 10,98
o241 6,13 568 928 741 304.5 298,9 10,98
242 7650 725 1184 984 350,0 341.8 13,71
. 243 8,71 759 - 1374 1172 355,0 34,2 13,71
245 5051 505 1137 952 184,54 176.6 13,18
246 8,79 655 1136 940 387.,5 379.9 13,62
247 6,09 461 1221 1035 173,9 165,1 5025
24‘8 7024 582 1190 999 268 oo : 259 01 7098_»
249 7

.27 555 1087 998 256,2 249,1 7,98
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_49

73,3

Run ST
No, o A B
217 ' 7800 3035 1018 175
218 76,9 3,51 143 199
219 75,1 6,11 4,92 320
220 72 ° 3 6 079 5 e 72 2'76
221 70,7 3655 149 153
222 7705 7080 6687 4'14’
223 73,3 7096 7.05 417
22/, 70,7 7.35 6,36 347
225 75,8 7ohl 6043 346
. 226 7030 ' 7066 6072 ’ 396
- 227 6/.03 7,00 6,03 264,
228 75,8 7,86 6.9 441
229 694 7.90 6,98 476
© 230 65,5 6459 5,98 426
231 39,3 3,50 1,41 129
232 40,7 3056 1,52 124
233 40,9 3ebd 1.32 138
234, 40,8 3.81 1,89 138
235 42,9 YAVAA 2,79 130
236 4149 3,91 2,04 197
237 L3.4 640 5,26 314
238 3905 7,09 6,10 280
239 39.7 7,68 6,69 342
240 40,9 3,16 0,86 137
241 41,1 7,85 6,92 360
242 41.3 7 .84 6,91 294
243 40,5 7,66 6,71 31
245 17.3 Lel5 2639 128
246 61.4 8s74 7.91 450
247 75,1 6,11 4692 320
248 775 7,80 - 6,87 422
7.96 7,04

417
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Table 3
Experimental and Calculated Data on the Film Boiling of Ethyl Alecohol
from a 0,638-Inch ,Odtside Diameter Tube without & gcreen

Run o ot ot h. h U

i © . BTy ©o .

. No, Volts Amps  °F op (hr) (££)= (°F) £t/sec
250 3.25 479 1098 916 65,6 58,2 3,66
251 3.4 439 998 818 67,0 60,7 3,66
252 3,75 518 1161 978 80,2 72,0 3,66
253 4,10 559 1459 1274 71,9 59,7 3,66
25/ VANV 559 1320 1135 79,2 69,0 5,11
255 3,49 493 1039 857 80.1  73.4 5,11

'+ 256 30,25 457 93, 7583 7846 72,9 5.11
257 4007 566 1229 1044 88,5 79,5 7.98
258 3048 502 838 657 107,9 103,1 7.98
259 4,78 66/, 1349 1161 110,0 9904 10,88
260 4620 601 1076 892  110,9 103,8 10,60
261 5634 754 1245 1054 153.5 1lhid.4 13,03
263 5,09 756 858 670 232,5 227,.6 12,85
264, 4012 577 1408 1223 77,0 65,5 3,80
265 3,96 526 1183 999 83,0 74 06 3,80
266 3052 507 1085 903 7845 713 3,80
267 bohl 625 1355 1168 9%.5 83,8 5,18
268 4,08 586 924, 740 130,0 124.4 5,18
269 4o69 653 1526 1337 91,6 78,2 5,18

- 270 5048 785 1128 936 186,0 178.4 7.88
271 5047 792 1010 819 214,1 207.8 9652
272 5,25 761 1086 896  180,.8 173,7 7.35
273 5,25 711 1035 844  179.,7 173.1 6,68
274 5439 746 1688 1494  138,0 91,8 6,68
275 Lo21 596 922 737  134L.6 - 129,1 3,60
276 4o78 658 1675 1484 86,5 70,3 3,60
277 6,06 574, (667 481 292,5 289,0 3,60
278 5,04 704, 1621 1429 99,6 84,5 5,05
280 50bds 750 1812 1617, 101,0 82,0 5,05

281 5,38 780 1169 978  173,8 165,7 6,30

- 282 5,46 795 1182 990 177.5 169.2 6,30
283 Lokl 631 1469 1282 87,2  Tha7 3.38
284, 4090 681 1736 1545 86,5 69,1 3038
285 5,52 775 1108 917 187,5 180,1 5,22

286 5045 79, 1293 1100 159,0 149.3 5635
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Table 3 ‘
Run Atse : . DA%,
- . [¢]s] ] ! ’
No, °F | J Uk LA A B
250 23,1 2,96 0,49 99
251 2303 ’ 2090 Oo 38 98
252 23,8 3.6/ 1,63 95
253 22 06' 3 008 O 072 72
254 21,9 2,89 ' 0,37 86
255 21,7 3,18 0,89 117
256 21,6 3,16 0,85 133
257 21,3 2,70 0,00 113
258 o2 3654 1,44 206
259 " 20 09 N 2086 Oo 31 118
260 20,7 3,10 0,74 1,8
261 21,3 3,84 1,94 139
263 21,7 6,16 4098 226
264, Ll ST 3.4 0,82 138
- 265 42, 3,70 1,73 170
266/-; 43 02 3056A 1o 50 190
. 267 42,2 3046 1,35 159
268 Ll.5 5,38 4,03 258
269 41,3 3,13 0,80 132
. 270 . 38,9 6,19 5,01 230
271 40,2 6,56 5045 297
272 40,6 6,29 50,13 245
273 40,7 6,54 5+43 248
274 . Lle5 3,11 0,76 128
275 58,2 6,69 5,60 304
276 , 56,3 3,26 1,02 132
277 : 57,1 4e50 2,88 436
278 56,7 3034 1,16 161
280 58,2 3032 1,12 160
281 58,1 6,39 5625 290
282 57,7 6,52 , 5,40 28/,
283 63,0 3,76 182 173
28/, 71.5 3,26 1,02 151
- 285 85,9 7,31 6,32 394

286 7501 - 6,25 5,08 300
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Table 4

Experimental and Calculated Data on the Film Boiling of Benzene

from g O,387—Inch Outside Diameter Tube without a Screen

Run o 7 AL Btn heo U
No,  Volts  Amps ©°F  OF (hr) (£4)~(°F) £t/sec
438 3,93 222,2 1100, 914 76,1 68,7 4,60
439 3.33 191,1 964 780 65.3 59.8 3.75
440 3,76 216,0 1124 938 69,2 61,5 3,75
441 3,98 . 228,1 1066 880 82,5 7565 5,20
L42 3.67 209,0 947 762 81,6 75,8 5420
43 o5 260,1 1040 852  111,0 104,3 74675
Yy 5021 296,1 1292 1101 112.6 102,8 7.675
445 5669 324,0 1265 1111  133,7 124.3 10,68
446 5,90 280,0 1007 816  163.9 15746 10,68
L4TT 6,21 351,9 1292 1096 162,0 153,0 13,25
L8 - 54T 312,0 1068 877 157,1 150,1 13,25
449 Lol 237,9 1203 1016 77.8 69,1 LoR3
450 VANIA 264,0 1343 115} 85.1 The5 Lol3
451 490 - 277.9 644 457 2415 238,1 7,96
452 60,18 347.6 1494 1289 134,22  111,5 7,96
453 6,10 353,8 791 508  292,2 287,9 11,04
454, 6,96 391.,9 1470 1268  174.1.  161.7 11,04
455 7,80 435,0 1627 1418 194.0  179,0 12,58
456 4069 269,9 1267 1078 960 84 o5 4e28
457 Le?8 4.2 703 518  163,8 160,1 o228
458 5.35 308,0 680 491  272,0 268 44, 8,08
459 64,63 384,0 1012 815 252,8 246,.5 8,08
460 7016 L07,0 1629 142,  159,0 143,9 8,08
- 461 7,01 £13,3 975 776 302,0 295,9 10,02
463 6439 37402 822 627  308,2 303,56 10,82
463 70,61 4L48.5 948 745  370.5 364.9 13,46
464, 6092 406,0 804 607 289,.5 285,1 13,46
465 4o96 300,0 932 752  160,1 15465 433
466 5,67 328,5 1600 1404 107,0 93,2 4o33
467 5456 332,0 687 497 3010 2974 7,90
468 6,28 378,0 906 810 2365 2312 7490
469 7,38 439,0 1024 822 290,2  283,8 10,65
470 6,77 L06,0 876 679 328,5 323.5 . 10,65
471 747 4627 945 742 376,5 3709 13,45

472 7,06 422,3 784 587 4160 411,.8 13,45




Run. .- - ' A'bsc

No, . °F A B
438 18.5 .14 «1,26 53
439 19.4 2,16 =1,21 62
440 17.9 2,10 =1,37 47
441 20,5 2.24° =1,06 6/,
442 19,5 2,37 ~0,70 75
443 23,3 2,52 =0,38 87
YA 23,3 2620 ~1,11 63
445 20,7 2,43 =0 ,60 70
L6 - 20,7 3034 1,16 100
L& a6 2,73 0,60 84
448 19.9 2,80 0,20 96
449 40,7 2.16 =1,21 o8
450 4 4066 2,19 ~1.14 81
451 40,9 6,37 5622 302
452 39.9 2 o2l -1,00 89
453 40,7 6,42 5,27 286
454, 414 2,80 0,20 110
455 41,6 2,71 0,20 97
456 60,1 Re54 =0,32 134
457 60,5 5,81 4o 56 316
458 68,3 7,12 6,09 411
459 68,1 6,01 4679 248
460 67,9 2,70 0,00 110
461 68,1 6,19 5,10 29
462 68,7 6,79 - 5,72 418
463 67.5 7,07 6,04 . 356
464, 67.7 5,85 L o61 . 208
465 A 5,31 3.9 . 296
466 77 ki 2,42 -0,60 117
467 8004 7,96 7,04 466
468 80,5 6,31 5.15 340
469 79.5 5,99 . 4,78 378
470 80,5 7.16 6,14 490
471 80,1 7.19 6,18 488
472 80,7 8435 748 631




Experimental and Calculated Data on the Film Boi}ing of Benzene

from a 0,496 -Inch Outside Diameter Tube without a Secreen

Run tg Aty h gy Beo U
Yoo, Volts Amps  °F oF (hr) (£1)2(°F) ft/sec
473 3,23 276 963 780 7044 (T 432
474 3.71 320 1177 993 Vs ols 66,0 432
475 4,005 352 1021 837  106.2 99,6 7,93
4776 4o62 400 1248 1062 108,7 99 o4 7.93
L7 4,692 41, 1217 1030  129,0 . 120,1 10.85
478 435 382 941 754 138,6 132,9 10,85
479 4o92 432 1052 866  154,0  147.1 13,20
480 344 208 1020 838 7545 68,9 3,82
481 3,00 262,5 718 596 81,1 76,8 3,82
482 4o22 363.,5 602 418 - 231,0  227.9 7,82
483 5,06 439 1254 1067  130.9  121,5 7082
484, 4,82 YAIA 740 554 255,0 251,0 2.88
6,08 526 1414 1222 164.6  153,0 9,88

485 -
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Table 5

Run Atsc . A ?@

Yo, oF co f Uk;?vx A B
473 22,2 246 =0,49 78
474 2201 '2933 “’0 0?9 56
L75 20,1 2,76 0,07 82
L7 18,1 2651 =0¢38 55
L77 19,0 2,64 =0s11 69
478 2302 3624 0,99 126
£79 22,6 3,12 0,78 109
480 4l.1 274 0.09 120
481 40,9 3,21 094 178
482 40,5 6,92 5.93 314
483 3969 3.08 0,71 119
484 4065 6.75 5,67 287
485 4le3 3023 0,98 110
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Table 6

Experimental and Calculated Data on the Film Boiling of Bengzene

from a 0,638 -Inch Outside Diameter Tube without =& Screen

Run t3 At b giu Beo v

No. Volts Amps  CF oF (hr) (£5)% (°F) £t /sec
620 5,65 800 1225 1028 178,2 169.4 8.48
621 5,19 734 1024 830 186,9 180,4 8,48
622 5,65 796 1039 893 204.3 197,1 10,32
623 Lo34 591 825 636 168,0 163.4 5,75
624, Lo 66 680 1026 834 155,8 14%.3 5075
625 3.69 526 770 584, 134.2 130,0 5,41
626 Lol2 565 1218 1029 90,4, 81,5 5041
627 Lo35 600 757 570 185,0 180,9 8,12
628 4 .62 656 833 693 176,9 171,8 8,12
629 4o82 630 756 5677 233.8 231,8 - 11,55
630 5,65 774 1008 803 220,5 21,3 11.55
631 3,69 519 1226 1040 71,1 62,1 5,35
632 3,27 451 949 764, 77,9 72.1 5+35
633 3,98 544 916 730 118,9 113.4 8,20
635 4638 605 1184 994 107,.8 994 11,63
636 Lol2 569 1126 939 101,0 9363 11,63
637 L.68 644, 9.3 753 162,1 156 .4 13,50
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637

Table 6
Run Ats@- . D A ‘bo
No., oF co Ukvr;xﬁ A B
6207 “ 8,1 479 3426 252
621 73.9 5:49 Lol 312
. 622 . 7107 5028 * 3090 299
: 623 7295 69'45 5032 350
62/, 7269 5,49 4ol 256
625 52-3 5932 3,95 272
626 5049 2,87 0,33 135
627 49,9 6,06 i o86 317
628 50,9 5,58 Lo28 269
~ 629 5048 652 5040 379
. 630 48,1 5664 4o36 - 246
631 319 2,20 =1,12 83
632 30,1 2,82 0423 118
633 311 ERYA 1.62 157
635 28,1 242 =0,58 110
636 2703 2032 0,81 11
2705 3088 . 2900 | 166
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‘ Table 7 : : -
Experimental and Calculated Data on the Film Boiling of Carbon Tetra-

chloride from a 0,387-Inch Outside Diameter Tube without . & Sereen

Run ts bt h h U
Noe Volts Amps  ©°F oF (hr) (£4)= (°F) ft/sec
580 Lokl 268 968 782 123,0 117,0 LohR
581 Le96  © 300 782 596 202,0 197,7 8,20
582 5657 328 998 808 183,5 177,2 8,20
583 5,60 335 796 609 25065 246,1 11,02
58/, 6,17 372,5 1108 02/, 202,0 195,6 11,02
585 6,15 372 90/, 712 26065 25542 13,29
536 6,68 409 1160 963 230,0 222,1 13,29
537 3,68 221,8 816 634 1061 101,5 £ o69
588 A 268 746 562 171,9 167 .9 8,25
589 5,18 315,5 1062 873 152,8 14544 8425
590 %089 291 659 474 2437 240,3. 11,00
591 5655 340 955 765 200,0 19462 11,00
592 5675 349 842 652 24965 244,77 13,33
593 6,22 - 377,5 1001 808 236,0 229,8 13,33
59, 3.21 192 1102 921 53,8 %60k L o6l
595 3.88 231 655 473 155,1 151,7 8,18
596 Lol3 272 1102 916 106,2 98,8 8,18

597 bobds 268 669 485 198,9 - 195.4 11,01
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Table 7
Run Aty bt
. ' > h m Ay .

No. oF - co [Uk LN Y B
580 81.6 7.71 6,77 440
581 80,0 - 9.19 8,40 710
582 7964 . 8,60 7,76 532
583 o 76,5 9,89 9,16 T4
584 7563 8.29 - 742 530
585 7400 9.66 8,91 716
586 . 7263 8457 7472 531
.. 587 : 60 .4 6,30 5014 332
588 60,7 7,70 6,76 476
- 589 60.4 7,09 6,06 321
- 590 61,9 9,17 8,18 631
- 591 : 62,4 8,10 7,20 - 428
’ 592 6204' 9005 8024 ’ 545
© 593 . 61,8 8,75 7e92 . 445
. 594 ‘ 27,0 3.13 0.80 125
; 595 i. - 26'03 6070 5061 278
" 596 ' _ 28,3 Lo 3633 171
7450 6054 - 330

97 27,8




=56
Table 8

Experimental and Calculated Data on the Film Boiling of Carbon Tetra~

chloride from a 0,496-Tnch Outside Diameter Tube without: i@ Sereen

Run o 6 . b6, b b U
No.  Volts  Amps OF  OF (hr) (£4)* (°F) £t/sec
598 3,90 340 968 787  110,9 1049 fho25
599 bo54 441 1007 824, 148,0 141.6 8,16
600 Lo35 39, - 769 587 183.9 179.7 8,16
601 4u56 M8 842 659 195.9 1912 11,00
602 4295 481 1040 855  175,7  169.0 11,00
603 4.81 481 864 680 214.6  200.6  13.26
604, 2.85 25L,.5 625 446 1020 98.8 3.97
605  3.07 283 792 613 89,2  84.8 3,97
606 Lel2 376 841 660 148,1 143,3 8,36
607 Lo7l 431 1147 963 133,2  125,3 8436
608 £o38 429 903 720 165,0 159,6 11,16
609 5,18 480 1152 967  162.3  154.4  11.16
610 2.5, 232 599 421 87.8  84.6 Lol
511 353 327.5 714 534 137.0 133.2 8,30
512 Lol 382.5 1476 1203 76.8  bhil 8.30

513 3,91 379 800 619 152,1  147.6 11,10




At

5o
Table 8

fun se
No, oF N B
598: 919 7,96 7.05 - 480
599 79.8 7.80 6,87 54,0
600 76,7 VA 8,67 697
601 76,3 8.82 8,00 709
602 68,3 8,06 7,16 510
603 72.3 8,84 8,02 725
604 53¢k 7,01 5047 431
- 605 536k 6444 5,31 370
606 4£9.2 7.59 6,6/ 445
607 49,6 6.89 5,95 291
608 50,6 741 6.43 439
609 49.8 7.36 6,38 331
610 31,3 5,56 Lie26 273
611 2B 9 6,80 5473 281
612 28,2 3452 1,43 121
613 28,5 6.70 5,62 280
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Table 9

Experimental and Calculated Data on the Film Boiling of Carbon Tetra-

chloride from a 0,638-Tnch Outside Diameter Tube without '@> Screen

2

Run _ B, 0% h Bty feo U
No, Volts Amps oF op (hr)(ft)2(°F) : ft/sec
614 2.6 368 1116 936 35,6 28,0 3,72
615 3632 472 755 573 111,0 106,9 8,09
617 3.37 480 983 g0l 7602 70,0 40
618 4,08 571 1064, 876 105,1 98,1 6.1
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Table 9

Run At
s . sCG
Yo, o oop A B
614 - M3 2.62 ~0.,17 113
615 25,4 6.35 5.20 230
617 30.0 6.2], - BLov 28
5,08 249

618 16, 7,11




=60

Table 10

Expgpimental and Calculated Data on the Film qu}ing of Hexane

from a 0,387-Inch Outside Diameter Tube withoutr&: Sereen

No,  Volts Amps OF  ©F (hr) (££)=(°F) £t/sec
508 2,98 191,1 720 559 The3 70.5 3.96
509 3.92 239.8 716 553 .130.7  126,9 '8.74
510 4,82 288 1044 876 130,0  123.4 8474
511 4099 301 975 807 1/2,.0 43,1 10,93
512 4o 250 695 531 162,0  158.4 10,93
513 5045 325.,5 993 823 173,9 167.8 13,47
51 4ob63 272 727 562 180,2 176,4 - 13647
515 4,00 233,9 680 516 145,0 1415 3,70
516 5025 299.5 525 359 355.0 35264 8613
518 6,62 392 783 609 3460  341.8 10,92
£19 - 5,91 349 637 467 358,0 35448 40,92
520 6,62 387.,5 659 486 4R26,.5 L23,2 13.88
521 760 . 449 861 681  405.5  400,7 13,88
522 3,82 227 909 46 93.1 87,8 3098
523 4e37 24642 470 307  28L.,5  282,2 8,08
524, 5004 296, 665 498 2427 239,3 8,08
525 5023 300,7 561 394  323.0  320.2 10,90
526 6,03 360 1115 942  187,0  179,6 10,90
527 6,10 358 666 496 3578 354k 13,18




wbl=
Table 10

Run L
No, oF A B
508 19,3 1,99 =1,67 65
509 10,1 203k 0,78 100
510 9.1 . 2,01 -1,61 53
511 9,1 2,09 =1,39 - 66
512 - 9.8 2,62 -0,16 11/
513 8.5 2,21 «1,09 70
514 - - 8.7 2,62 =0,16 113
515 86,1 3,96 2,12 288
516- 76,5 6,69 5,60 562
518 . - 68,8 5657 4o R7 340
519 69,1 5,89 4,66 496
520 69,1 6,22 5,05 488
521 66,4, 5051 4el9 319
522 ) 4906 2024‘ ""1001 96
523- : 40,3 5027 3.89 | 325
524, 40, 4,60 3,01 . 216
525 40,0 5,06 6,22 321
526 38,3 245 ~0,51 110
5035 3,99 250

527 . 3701
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Table 11

Experimental and Calculated Data on the Film Boiling of Hexane

from a 0,496-Inch Outside Diameter Tube withoitt A8 Screen

Rgn tj’_ At o h . Btu hco U
No, Volts Amps  ©F oF (hr) (£1)?(°F) ft/sec
486 3,67 318.,5 1064 902 81,5 74 o6 3,86
487 2,90 263,5 838 678 70,2 6504 3.86
483 Loll 365 987 824 114,0 107,9 7.82
489 3,49 303 722 561 118,2 11,4 7.82
490 Lok3 400 980 816  135.9 129,9 10,72
491 5,00 439 1125 960 143,6 136,0 10,72
492 5050 480 1139 972 170,7 163,0 13,38
493 4»099 434 966 801 16901 16302 13038 '
494 4028 382,5 1189 1036 98,7 90,3 3,82
495 4676 415 509 346 359,5 357,0 8,16
496 5051 - 495 772 606 283,5 279:3 8,16
L97 5692 526 735 568 346,0 34261 10,92
498 6674 601 940 770  332.5 326,9 10,92
499 6042 591 770 600 400,0 395.9 13,42
500 7 ohids 660 753 581 532,0 528 13,42
501 3056 335,3 1077 @ 915 80,7 7306 3674
502 Lok 408 822 659 173,8 169,2 8,13
503 4699 464, 1194 1028 140,.7 132,3 8,013
504 5,89 517 1035 867 227 .5 221,0 10,90
505 4 o6, L55,5 622 458 292,0 288,9 10,90
506 5,84 521 735 570 295,0 291,1 13,26
507 6048 576 127/ 1103 213,5 204,1 13,26
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Table 11

Bun blge

No, °F A B
486 17.8 241 ~0,62 33
487 18,6 - 2635 -0,78 48
488 ‘ 1906 2056 “0028 52
4-89 1906 . N 2099 0355 82
490 18 .6 2.6/, =0,11 60
491 - 1955 2‘52 '”0038 49
492 19,6 2.69 =0,01 53
493 19,2 2,98 0,53 - 70
494 75.1 2:36 =0,72 114
4’95 7108 7061 6066 540
496 68,7 59 472 300 -
497 - 6644 6,634 5619 356
498 62,6 5.60 4,30 226
499 68.9 6,55 56 380
500 61,5 8,81 7,98 354
501 439 2404 =-1,58 78
502 4342 3654 144 169
503 4342 2,36 =0,72 93
504 40,8 3.66 1,66 127
505 41,2 5642 4408 275
506 3.8 4490 3440 220
507 2,78 0.18 92

38,
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Table 12

ExPe:imental and Calculated Data on the Film Boi}ing of Hexane

from a 0,638-Inch Outside Diameter Tube withoiit.ia: Screen

Run tg At h h U

- o] o - q@ . .
Noo Volts Amps  ©F oF (hr) (££)<(°F) £t/sec
528 2629 344 759 599 52,1 48,0 4al7
529 3,18 42 728 566 Vo8 90,9 8,04
530 3,66 497 1071 907 81,0 73,0 8,04
531 3,66 L97 949 782 93.9 88,2 11,05
532 3,32 L46 791 628 % o5 9062 11,05
533 3,67 497 822 658  111,1  106.5 13,86
534, 3,94 530 887 722 115,7 110,6 3,60
535 4o79 640 7T 553 221,5 2177 7091
536 5630 727 961 790 197.9 192,1 7,91
537 5054 749 803 632  265,9 2615 10,80
538 2,88 392 90 778 56,8 5142 3,72
539 3,81 475 496 333 219.5 A7,1 7,93
540 4016 559 888 723  127,0  121,9 . 7493
541 Lo57 598 824, 658 168,0 16304 10,81
542 640 995 827 149.5 V3 o4

10,81
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Table 12

542

Run Atsc

No. - oF A B

528 19,7 1.63 -2,82 6/
529 18,6 2,23 -1,04 a8
530 15.7 1.57 -3,06 40
531 16,4 1,69 -2,61 - 59
532 17,9 1.86 ~2,05 85
533 18.2 1.96 “1095 91
534 78,9 3.84 1,94 192
535 7069 5.39 4,404 340
536 65.5 bo35 2,67 202
537 5947 5642 4,09 274
538 36,8 1,70 =257 82
539 P77 5031 3¢9 302
540 39.3 2, 86 0.30 136
541 379 3022 0,96 177

36,0 2,60 ~0,19

124
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o 7 Table 13
Experimen’tal.and Calculated Data on the Film Boiling of Ethyl Alcohol

from a 0,387-Inch Outside Diameter Tube with Small Screen

Run Volts Amps by Ato h

© h_ U
Btu co

No, oF . OF (k) (££)%(°F) . ft/sec
287 6,01 332,5 1527 1334 1211 - 107.7 3.96
288 Ll . 261,.8 1113 929 101.2  93.7 3,96
289 4,06 . 240 1019 836 9% .1 87,6 3,96
290 5,68 328 - 1372 1181 127.8  118.9 5.68
291 4,70 27845 1076 891 118,9 111,8 5,68
292 6,52 376 1412 1216 163.5 152.1 8,02
293 . 5,03 300 947 761 160,8 155.0 8,02
294 7,20 415 1465 1264 192,1  179.9 10,88
295 5048 327 80/, 617 235,6 231.1 10,88
296 8,06 454 1475 1269 234,0 221.8 13,71
297 6,17 368 800 610 302,0 297.6 13,71
298 6,26 358 1489 1294 140,2  127.5 5.45
299 4«385 284 635 451 247 08 %AoS 5045
300 5025 304 1403 1214 106.1 Ok o7 3,60
301 Lol5 247 981 799 840 7769 3,60
302 7,61 4275 1726 1520 173,13 156.2 - 7,90
303 5,92 352 712 524, 322,5  318,7 7,90
304 8,96 495 1945 1729 208,0 186.5 11,02
305 7,05 424 810 615 394,0  389.5 11,02
306 8,92 526 1117 . 907  420,1 411,6 13,68
307 7.34 401 1972 1767 135,1 112.6 3,50
308 5,96 310 825 638 239,0  234.4 3,50
309 6,72 409 1134 939 237,0 229.4 5,15
310 6,16 376 905 714 263,5 258.2 5615
311 7,87 477 1044 841 361.,5 353.8 8,20
313 7.45 481 814 616 LTL.0  466,.5 11,08
31 9,00 621 1148 931  487,0  479.4 11,08
315 746 580 998 794 Lh3.5 4374 13,88
316 5,71 336 1598 1406 110,2° 95,5 3,50
317 5,2/, 268 1120 93/ 121,0  113.4 3,50
318 6,73 388,5 1737 1538 138,0 120.7 5615
319 579 36205 895 706 234.1  228.9 5015
320 70,90 YArd) 1153 949 322.5  314,.7 8,00
321 7,18 368 T 92 732 385,0  379.5 8,00
322 9,02 535 1179 969 405,06 397 11,02
323 8,62 520 1098 890 409,0  402.9 11,02
324 9.95

600 1279 1057  459.0  449.9 13,70
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Table 13

leln Ats_c he@ A to
At

No., oF _ -Jﬂ%v(%A A B
287 17,0 3.88 2,00 49
288 17.5 3.56 1,51 78
289 19.1 3.34 1,16 95
290 18,9 3,66 1.66 73
291 19,0 3058 1.55 104
292 17.1 3,90 2.03 77
293 17,0 4el9 2,45 128
294 15,0 3693 2,07 92
295 17,7 5,26 3,88 184
296 17,2 630 2,71 93
297 19,1 5,80 4o55 216
208 39.5 4420 2,46 145
299 40.1 7.18 6,17 407
300 40.5 3,62 1,60 124
301 41,1 3.1 .82 202
302 3709 . 3680 1.88 121
303 37.5 8439 752 386
304 41,0 3,66 1,66 133
305 4145 8,81 7.98 429
306 39.5 8649 7 464 310
307 83,8 7,61 6,66 29/,
308 82,2 945 8,68 476
309 80,1 7 .69 6,75 378
310 79.1 8,07 7.13 460
311 7667 9639 8,61 500
313 77,9 10.59 9.9 785
314 7440 11.41 10,77 524,
315 82.3 8,99 8,18 720
316 62,9 3.60 1.57 154
317 62,9 e59 3,00 252
318 60,0 3.61 1.59 155
319 61,3 9.74 8.99 392
320 60¢3 8o4—4 7058 347
321 61,1 10,23 9,52 460
322 59.2 - 9,04 824 386
323 59,5 9.15 8,36 422
324 9,09 8429 355

60,3
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Table 14

Experimental and Calculated Data on the Film Boiling of Ethyl Alcohol

from a 0,496 -Inch Outside Diameter Tube with Small Screen

Run Volts Amps By by h By B U
No. oF oF (ar) (£1)<(°F) ft/see
325 4o51 384 1398 1216 89,4 78,0 4,05
326 3,62 320 1037 858 - 83.6 76,9 4 .05
327 5.43 456 1605 1419 109.4 O o 5,68
328 L o26 385 1208 1026 100,2 91,5 5,68
329 5,69 486 1463 1276 137,0 124,.6. 7,98
330 b o84 431 1107 924, 142,0 134,6 7,98
331 6,07 54,0 1437 1248 166,0 154,01 11,00
332 5,51 491 1137 952 179,1 170,0 11,00
333 6,76 578 1377 1186 206,0 195,0 13,82
334 6,90 599 1042 852 305,5 208,8 13,82
335 ho51 401 1380 1197 95,1 849 3.69
336 4025 377.5 12285 1044 95.9 86,9 3,69
337 6,80 485 1600 1410 147.,1 132.3 5020
338 4,92 458 908 726 190,0 . 184.6 5,20
339 6,98 578 1678 1485 171,2 155,0 7,82
340 5,66 521 856 671, 277.5 = 272,0 7 682
341 7,19 635 1065 874 330,0 °  323,1 10,88
- 34 6,60 600 936 745 334e5 328,9 10,88
343 7.85 688 1029 836 407,8 © 401.3 13,61
34t 7.73 688 1047 853 3940 387,3 13,40
345 4,99 44,0 1460 1258 107.9 = 95,5 3,92
346 480 418 1280 997 126,1 117.8 3,92
3, 5073 530 1062 876 219,2 212.3 5,48
348 5,94 551 1180. 99 208,.2 199.9 5.48
349 7,07 640 1169 97 292.5 284 o 7,89
350 8,18 729 1185 988 381,0 372,8 10,90
351, 9,01 780 1157 956 464,,0 456,17 13,58
352 6,02

50, 1818 1629 117,88 98,6 3,98




Run 'Atsc

No, oF A B
325 22,9 3.18 0,89 75
326 23.8 3,29 1.08 116
327 21,2 3.1 0.82 73
328 21.5 3.26 1.02 100
329 20,6 3.58 1.54 86
330 22.2 4,10 2.32 135
331 20,7 3.80 1.88 103
332 20,6 438 2,71 141
333 20,3 4435 2,67 - 120
334 20,3 6.65 5,56 166
335 43,0 3.62 1,60 135
336 43,1 3,82 1,91 159
337 437 4,63 3.06 131
338 4365 7.00 5,96 280
339 39, 4430 2,60 132
340 4567 8,40 754 374
341 41,5 8.41 755 303
342 4247 8,60 7.76 366.
343 42,3 8,79 7.96 336
344' 4 42 glp 8 074 7 991 336
345 62,0 3,90 2,03 184
346 59.5 5,06 3,62 238
347 61.8 7.39 6,41 324
348 63.9 7.32 6.32 295
349 60.5 8,68 7.84 336
350 ’ 6109 9«66 8090 392
351 59.1 10,72 10.40 431
352 82,7 396 2,12 186




Table 15

Experimental and Calculated Data on the Film Boiling of Ethyl Alcohol

from a 09638—Inch Oﬁts:ide Diameter Tube with Small Sereen

Run Volts Amps t5 At h h U
Btu co

No, - °F ©°F (hr) (££)<(°F) £t/sec
421 3,14 46/, 966 785 7249 66,9 yAWAY
422 3014 46/, 1002 821 69.5 63,1 3,99
423 3.60 519 1242 1059 70,0 60,8 3,99
424, 3,68 530 1030 848 91,2 84a6 . - 5453
425 3.84 569 1219 1035 = 83,9 - 75,1 5,53
426 4eld 608 776 592 171,99 = 167.5 7,96
427 Lo52 669 1308 1121  108,0 98,0 7596
428 5,18 766 1322 1131 43,1 ~ 132,9 10,90
429 4oT7 706 - 850 664  205.8 200,9 10,90
430 562 776 873 684  241.5 236,5 13,04
431 3495 575 1309 1124 79,90 . 89,8 377
432 3472 544, 1042 859 94,420 87,5 3,77
433 456 676 1122 935  133.8 126,2 5,38
43&- 5 934 785 HOO 909 186@5 ’ 179 9 2 7 032
435 5,04 752 988 799  192,1 186,2 7632
436 456 670 1170 983  128,7 = 120,5 4518

437 5,10 755 1124 934 = 167,1 159,5 5,58




Table 15

Run At
- sSC
No, °F A B
421 2449 3,06 0,67 133
422 23, 3,10 0.74 121
423 22.5 3.02 0,60 90
42/, 22,3 3652 1.42 126
£25 2A,.8 3.12 0.79 101
426 20.9 5,69 beh2 195
427 20,5 3.33 1.14 101
428 20,5 . 3.80 1,88 114
429 20,7 5.9 4o72 202
430 20,4 6041 5.27 188
431 43,3 Lobl 275 149
432 L34 Lokl 2,75 201
433 40,1 5029 3,92 199
434 39,6 6445 5032 233
435 40 ell- 6'0 55 5 oM 266
436 6043 5659 4029 252
59.5 6.55 5ok

437

295




Table 16

Experimental and Calculated Data on the Film Boiling of Ethyl Alcohol

from a 0,387-Inch Outside Diameter Tube with ILarge Screen

Run Volts Amps  t, At h " h U

1 [¢} - Btum co
No, oF o (hr) (£1)=(°F) ft/sec
364, he62 260 1200 1015 95,2 86,6 4403
365 4,21 236 95/, 772 103,6 97,7 4,03
366 4095 280 1183 997 111,9  103.6 5042
367 4650 255 956 772 119,8  113.9 5642
368 5,87 330,5 1122 932 168,6  161.0 7,95
369 6,20 346,5 1251 1059 164.,1  154.9 7,95
370 6,90 386 1164, 968 222,88  214.8 11,00
371 6,65 376 886 694 292.0 286,9 11,00
372 7,81 440 1047 849 328,2  321.,6 © 13,24
373 4485 280 1150 %6, 11,0 - 106,0 3.95
374 5,50 310 21 1231  111,9  100.2 3,95
375 579 329,5 1254 1063 1448  135.6 5,18
376 5,60 323 148 969 19,1  141.,2 5,18
377 7,08 406 1007 811 286.5 280,3 8,02
378 8,41 445 863 663 L57,0 = 452,2 10,70
379 8,34 486 1154 L8  346,2 338.4 10.85
380 7.62 456 990 791  355.5 349.5 10,85
381 9,28 520 1112 908  347.5 340,2 13,72
382 8,75 510 96 789  459.5  453.5 13,72
383 5654 32, 1183 99, 146.,1  137.8 3,63
384 5,17 292 881, 696  175,9 170,.8 3.63
385 6,65 386 1042 848 2444 237,.8 5,42
386 6.14 356 861 670 267,0  257.1 5.42
387 8,23 475 1141 936  338,0 330.4 7.98
388 776 448 930 730 385,5  380,0 8,22
389 8,83 531 1044 836 437.0  430.5 10,78
390 9,29 547 Okt 72L  569,5 564..0 13,68
391 6,01 351 1156 965  177.2  170.4 3,52
392 7.09 LO6 966  T7T1  302,2  296.4 5,54
393 8,17 479 996 793  400,0 393,9 7.91
394 9020 535 1011 801 4-9900 4'9209 10085
395 9,9% 585 1000 78  602,0 596,0 13,63
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Table 16

Rgn Atscz ) DA 'bo |
No., oF oo [UkyP N 4 B
364 R3.3 3.26 1,20 95
365 23.8 3.73 1,77 129
366 T 22,3 3e36 1.19 105
367 22,8 374 1,78 141
368 21.3 he31 2,62 128
369 21,1 412 2.35 113
370 21.8 4,66 3.10 138
371 23,3 6.58 5,48 220
372 22,8 6,23 5,06 190
373 42,0 4,04 2,24 193
374 41,9 3.66 1,66 129
375 JARYA LohT 2.84 176
376 41,1 4oL 3,16 208
3717 38,5 7455 659 266
378 46,0 11,00 10,34 458
379 42,5 7.75 6,82 285
380 4363 8,14 725 352
381 425 6.99 5.95 332
382 43.1 9.37 8.59 390
383 6304 50411— l&ulo 242
384 6.1 6,50 5,38 338
385 63,2 7676 6.83 352
386 62,9 8640 754 410
387 61.4 8,84 8,02 355
388 60,7 10,10 9,38 464,
389 58.6 9,96 9,23 433
390 62,3 11.83 11.21 586
391 79.5 6,87 5.81 303
392 7803 9.62 8,86 466
393 76,3 10,70 110,20 521
394 T4 o9 11,40 10,66 589
395 71.7 12.39 11,80 635
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Table 17 _ ‘ _
Experimental and Calculated Data on the Film Boiling of Ethyl Alcohol

from a 0.496-Inch Outside Diameter Tube with Iargé Sereen

Run ty. M, B o By U
No. Volts Amps °F . oF (hr) (££)2(°F) £t/sec
396 3.43 312 990 811 - 81,9 75.7 3.55
397 4,10 375.5 981 800 120,3 14,1 5.38
398 4,099 453 1031 848 161.1 15405 7,92
399 5054 515 1110 924 194.8 187 .4 10,56
400 6,15 569 873 68 3210  316,0 13,88
401 4,607 355 831 646 146,9 142,.2 3,72
402 5,12 464, 1019 835 179.3 172,8 5,33
403 6.61 582 288 800 3040 297 .8 8,05
404 747 674 1059 866 366,5 359.7 10,80
405 8,10 745 1064 868  L4h.0 - 437.2 13.58
1,06 5,53 497 1208 1023 169.,6  160,9 3,55
407 6,40 576 1148 960  242.4  234.5 5,23
408 7.95 708 1196 1002 353,0 34406 8,16
409 5,01 457 1050 866  167,0  160,2 3,88

410 6,47 570 1163 974 239,0 230,9 5,46
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}:Tabla 17

410

Run At ) D A to
: se b
No, o _ 0@/ ko5 X A B
396 24,3 3.55 1.49 115
397 2he5 ko5 2,53 150
398 22,1 412 3617 147
399 19.9 497 3.50 138
A00 20,6 731 6,32 218
401 - 42,5 6olds 5.31 264,
402 3899 ' 6019 5001 204
403 42,1 9,08 827 209
404 4«193 ’ 9044 8967 304
U405 40,0 . 10.24 9.52 320
406 80,9 7.25 6425 292
407 T7eR 8,76 7.93 368
408 67,1 10,28 9,57 365
409 62,1 7,04 6,00 285
62,5 A 7058 294
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o Table 18 7 A ]
Experimental and Calculated Data on the Film Boiling of Ethyl 4lcohol

from a 0,638 -Inch Outside Diameter Tube with Large Sereen

Run b, st h . b U
Vo, Volts Amps oF oF (hr) (££)2(°F) ft/sec
412 3,36 496 1180 1009 65,9 57 o 4o 3,75
413 3.68 550 1119 936 86,9 79.3 5635
ALl Lol? 660 1087 801 147.6 140.4 7,98
415 5,03 745 1100 91l 139,0 131.7 10,90
416 3,67 545 839 756 106,2 100,5 3,68
417 4Lo59 681 1006 995 1264 119,9 5,46
418 5043 800 1126 935 188,1 180,5 6,96
419 440 654 1132 946 122.1 114 .4 3.75

420 5273 776 1124 932 178.9 17104 5043
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o Table 18

Run At
sc

No, oF A B
412 21,6 2,86 0.31 85
413 21,8 3633 1.74 110
41K, 21,1 4657 2,97 140
415 19,7 3.88 1,88 141
416 £40.7 5,02 3.56 208
417 40,9 5045 4ol2 210
418 40,7 6.6/ 5655 227
419 62,9 : 50,76 VAVAY 259
420 _ 60,5 7 ol6 6o14 299
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Table 19

Experimental snd Calculated Data on the Film Boiling of Benzene

from a 0,387-Inch Outside Diameter Tube with large Screen

232.0  22%4.7

Run Volts Anmps Ty bt h hco U
Btu

o, oF oF  (hr)}{£5)=(°F) f1/sec
656 6,9 38 1169 969 2240« 215,9 5,40
657 6,38 355 948 752 243.9 238,2 5,40
658 8,03 L6 1040 837 3219 315.3 9,13
659 7433 406 851 652 370.,0  365.2 2.13
660 8,92 420 967 758 L6666 L60,.8 13,08
661 8,67 480 847 640 526,0  521.3 13,18
662 4 o83 267.5 916 727 143.0  137.5 5,32
663 5635 299,.,5 1276 1083 118.9  109.3 5632
664, 6,29 334.5 802 608 293.,5 289,1 9,02
665 7,05 392 101, 815 2740  267.7 9,02
666 8,13 L54.5 1000 79, 337.0  .330,9 13.15
667 7,30 403,5 769 571 L16,5  A12.4 13,15
668 3,89 202 784 599 105,6 101,.3 5425
669 Lol 248 . 1008 821 108,1 101,.7 5,25
670 5,33 29 908 710 180.2  174.9 9,00
671 6,12 339,5 1249 1103 152,0 1427 3,00
672 6.83 380 1105 206 12,78
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- Table 19

Run Atrr

s¢ -

No, oF A B

C 656 ‘ 95.2 . 6,06 “Le86 270
657 89.6 : 7627 6,27 356
658 86,7 722 6.22 370
659 85,1 8,90 8,08 499
660 82,7 ’ 9,15 8.36 483
661 92,9 10,55 9,86 665
662 49.7 Lo 26 R:54 206
663 A7,.1 2,96 + 0.50 115
66/, 479 711 6,09 309
665 48,7 6,16 4,98 218
666 48,7 6,36 5,21 269
667 49,8 8,48 - 7 62 389
668 39.4 - 3.,26 1.03 1.8
669 28,1 3.06 0.68 98
670 28,5 4019 R.73 155
671 30,5 3,07 - 0,70 98
672 30, , 4 eR0 2,47 137




Table 20 .

Experimental and Calculated Data on the Film Boiling of Benzene

from a 0,638-Inch Outside Diameter Tube with large Screen

h hC:O
Btu

Run tg bt . U

No, Volts  Amps oF oF (hr) (££)2(°F) ft/sec
638 6,09 820 1079 882 228.2 221.2 8.35
639 5,16 731 786 594 257,5 253,2 8035
640 5,76 795 850 656 282.,5  277.7 10,54
641 4069 667 969 779 162,9 156.8 5,28
642 4e32 595 715 527 197.1  193.4 5,28
643 3,79 519 682 496 159.9 156,3 5.28
64ty 4,11 575 854 667 143.8 138.9 50,28
6.5 4 o60 627 611 423 276,0  272,9 9,62
646 5,03 690 77 584 . 230,3 226,1 9,62
647 5,78 800 836 641 292,0 287.3 13,10
648 5,74 792 917 722 25Le5  249,1 13,10
650 3.19 L0 759 573 97,7 93,5 5,04
651 3.37 51 1171 982 70,0 61.7 5,04
652 4o32 530 . 675 487 10,0 186,5 9.05
653 4622 578 748 559 177.0  173.,0 9,05
654, - 40,89 666 733 540 2440  240,1 12,84

655 5.40 746 1199 998 163,5 15443 12,84
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_ Table 20
Run A’bsc DA tO
: ) heo A' )

No, oF TPy A B
638 83.5 6.61 3.51 324
639 78.7 8032 7045 485
640 7367 7,91 6.99 467
641 ’ 73.5 -6014 4096 273
642 7445 8.10 7620 - 406
643 49.1 6456 5645 282
644, 4849 564, 4435 218
645 4942 8049 YRIA 41
646 - 9.1 6.95 5.90 330
647 4849 7,46 649 36
648 5045 “6,32- 5,16 316
650 339 4409 2,31 173
651 28,5 2,30 -.86 78
652 25,5 50,98 4076 %9
653 27,9 5650 4,18 200
654 28,5 6043 5,30 23/
655 27,2 1,52 111

3,56




-Table 21

Experimental and Calculated Data on the Film Boiling of Carbon Tetra-

chloride from a 0,387-Inch Outside Diameter Tube with Large Screen

Run Volts Anmps ts A% h h U
1 (o} Btu co

No., oF oF (br) (££)=(°F)  ft/sec
56/, 4 550 268,2 694 510 191.5 187.8 4o23
565 6,32 364, 1080 836 219,2 212,2 8,16
566 5.59 320 54,1 354 409.3 £406.6 8.16
567 6,32 384 823 630 311,9 307.3 10,93
568 6,80 411 1069 873 259.6 252,7 10.93
569 6,47 379.5 569 388 511,0 508,2 13:25°
570 7,20 431 981 783 322,0 316.0 13.25
571 3,78 234.,2 808 626 114.9 110.3 3.89
572 4o91 295.5 653 468 252,0 2486 8,10
573 504t 330,5 952 763 191,5 185.7 8.10
574, 5,57 338 704, 516 296,0 292,3 10.86
575 5.9 367 9,2 751 236,5 230,8 10,86
576 6,18 376 761, 573 330,0 225.9 13.31
571 6.86 414..6 936 740 311.5 305.9 13.31
578 3,28 200 018 737 Tlok 65,9 4oR3
579 hoh?

268 692 508 190,9 106,2 8,01




564

83

 Table 21

Run _ {A;sc . -
No, OF & B
87.7 11,72 11,10 66/,
565 82,1 10,41 9.71 512
566 794 16,70 16,26 1050
567 77.8 12,48 11,89 761
568 . 7564 10,70 10,20 552
569 7544 16,92 16,48 1195
570 7440 12,02 11,41 661
571 71.3 - 748 6.51 312
572 52,0 11,01 10,35 558
573 51,3 9,00 8.19 364,
574 50,6 11049 10,85 571
575 - 5043 9.66 - 8,90 415
576 - 5242 8,15 7426 605
577 50,6 11,52 10.88 469
578 4744, WAL 2,75 149
3.32 266

579

36,7

’4083
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Table 22
Experimental and Calculated Data on the Film Boiling of n-~Hexane

from a 0,387-Inch Outside Diameter Tube with large Screen

Run Volts Amps t. Atg h h U

1 Btu co
- Noo °F F (hr) (££)=(°F) = ft/sec
543 4,87 288 639 473 20,0 236,8 4608
54/, 6,02 356.5 648 498 350.0 346.6 7,65
545 7065 448 1158 975 284.8  277.0 7.65
546 7 .49 441 858 679 395.5 390.8 11,02
547 654 382 615 443 457,  454.0 11,02
548 747 439 718 541 492,8  483,1 - 13,26
549 6,97 406 596 422 544,40  541,1 13,26
550 boT5 285,8 958 792 138,1 132.3 5,71
551 b oSl 280 538 372 282,0  279.4 7.90
552 6,05 360 1207 1033 170.5 162,0 7.90
553 6,06 359 693 522 335,5 331.9 11,08
55/, 6,80 409 1084 907 248,0  241,0 11,08
555 7.36 430 1093 912 281,5 274.5 11,08
556 6,11 388,2 581 410 L70,0  467.2 13,30
557 6,82 407 759 584 386,0 382,0 13,30
558 £,,02 240 1033  868. 88,9 82,3 3,95
559 4o31 256 74,8 583 152.5 148,5 7.88
560 479 287 950 783 42,2 136,.5 7.88
561 bok5 284 670 505 202,0 198,6 10,68
562 5,36 320 958 789 176,0  170,2 10,68

563 5041 317 666 498 279,0 275.6 13,26




Run

At

 Table 22

563

ST At
8¢ h /’“"‘42?‘
Yo, oF oo [ Uk i\ A B
543 80,1 6,44 5,31 331
544 7365 6,87 5,81 . 386
545 68,9 AIA 3,07 150
546 6.8 6,16. 4,98 282
547 63,5 750 6,54 442
548 63,0 7,31 6,32 407
549 66,1 8,13 T 824 527
550 39,1 2,74 0,04 103
551 38.4 5438 4,03 269
552 37,2 2,60 =0,19 78
553 37,3 5.4 4410 217
554 37 o 3,48 1,38 108
555 38,0 3,91 2,04 109
556 40.5 6,99 5,86 340
557 38,1 5,65 Lo 36 - 222
558 23 a7 1099 ' “'1066 46
559 20.5 2,86 0.31 92
" 560 20,9 2.42 -0,58 64,
561 21,2 3033 1,14 127
562 21,1 2,58 =0,23 /A
20,9 L.14 2,38 3
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Table 23

Diffusivity of Heat Calculated By Equation 50 for Film Boiling

of Ethyl Alechol from 0,387"' 0, D, Tube

Run U a
No, £t/sec A ££2/hr
116 3.5 4.8l 0,226
117 3.5 1.51 0,115
119 5,2 6,08 0,408
120 5,2 1,02 0,129
122 8,0 7.42 0,566
124 10.9 6,90 1,01
125 10,7 7.92 0,615
128 13,1 8,55 1,542
131 3,6 1,79 0,213
132 5,02 2,40 0,232
133 5,02 6,42 0,318
134 5,02 1,77 0,202
135 8,05 6,48 0,846
136 8,05 8.48 0,573
138 10,9 6,58 0,968
139 10,9 8,30 0,590
141 13,7 7.81 1,110
142 3.6 5,73 0,246
143 13,67 7.71 0,810
144 13,67 3.84 0,973
152 6.8 2,58 0,555
155 llooo 3002 00796
156 11,00 1,12 0,690
157 13,78 1,35 0.65
158 13,78 _ Lol7 1,510
161 7.93 6,66 0,715
162 11,25 . 6,09 0,969
163 13,725 099 1,230

166 7.89 0,814

6

164 13,725 I 1,183
3041

167 10,69 30,21 1,160




SAMPLE CALGULATIONS

The data of run number 124 which was the boiling of ethyl alcohol
from a 0,387-inch outside diameter tube at a liqnid'velocity of 19085
feet per second at the nozziqzﬁe used to illustrate the method of cal=
culation.

The current through the rod was 505 amperes and the voltage drop
across the five-inch test section was 8.25 volts. The heat generated
in this five-inch section is

Btu
g = 505 x 80,25 X 30412 = 14,210 hr ..

The temperature of the inside of the tube was determined to be
1170°F by a thermocouple inserted to the center of the tube, The
temperature of the outside surface is found from the following

relétionshipl
2

: - D
t=tp=(2) (5=) |L=(=ZF—,)1n 2
A R D, |,

where kg is the conductivity of the graphite and Di is the inside
diameter of the tube. The value of the thermal conductivity of the
graphite was taken from information supplied by the Naticnal Carbon

Company.

| 2 0.387
b = 1170 = ( =d— ) (=) § .5 - [(01675) 1n ,
! w2 T % [(0.387)%(0,1875)3 " 0.1675

t., = 1170 - 20 (5.1083),
T 4849

tT = 1170 = 31 = 1139°F.
The boiling point of ethyl alcohol under a liquid head of 2.65
feet was 175.7°F. The temperature difference across the film was, therefore,

Ato = 1139 = 176 = 963°F.
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The temperature of the liquid measured by a thermocouple was found
to be 116.6°F, The amount of subcooling of the liquid was 59.1°F,
Atsc = 175.7 = 116,6 = 59,1°F,

The observed coefficient of heat transfer was therefore,

ho= 9 . i210 - 350 Bt
obs TR [0.0622)(963) PRIy
0 . 3 (hr)(££°)(°F)

The actual wvalue of'the coefficient of heat transfer is less due
to the heat loss through the ends of the tube., The actual value can

be found from the following equation33

L f W —~
cosh = =1
2 Até kg

h s
°b* cosh L Vg - AtL/ 2
_ 2 V Ato kg Ato

where w is the heat generation per unit volume, Até is the temperature

(60)

difference across the film if there were no sonduction along the tube,
and AtL/z is the measured temperature difference across the film at

the end of the section, Solving this equation by trial and error, we

find
h

e m ],

nobs
Theref0r69

Btu
~h =350 5 :
(hr) (££7)(°F)

The radiation coefficient of heat transfer is determined by
equation (54}, The absorptivity of the liquid is taken to be unity and

the emissivity of the graphite to be 00806



=
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_ 0,80 Lt b
r [: s _]

h = 008(001'213 x 10 ) (159”4 (636)1”]
- 963

| Bty
h = 9,05 =—————————
r (ﬁrxftz)(w)

The wvalue of the convection heat transfer coefficient hco is

determined from equation (53).

co = h = 7/8 hr,
hyy = 350 = 7/8 (9.05) = 342 —2Bor
(hr)(££7)(°F)

In order to evaluate the parameters used to correlate the data,
it is necessary:to determine the physical prcperties of the liquid
and vapors. |

The vﬁlues of the thermal éonductiviﬁy and the heat capacity

-of the vapor at the average film temperature are found to be
Btu
(hr)(£t )(°F)

kv = 0,030

Cp,, = 0.599 Btu/1b,
t 53—:-2
2

= 658°F or 1118°R .
ave

The density of the vapor from equation (61) is equal to

2pT T
P (g = In =),
‘ v Ato ' 0 b
' PM _ (1.03)(46.07) _ 16°R
P " F " 0.729 = 65.2 3
2(65.2) 1 159
oyt G gt )

o = 0.0530.1b/£t° .

The difference between’ the heat contemt of the vapor and the liquid

at its boiling point is found from equation (62):
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| 2
Cp__ At .
v o)
%(“0*"* ‘“‘T‘“"> ~
366 [HM 3,9,,.,%2%2‘1‘]

= 950 Btu/1b.

Al

Al

i

The average temperature at which the liguid properties were evaluated
was found to be

t
ave

g‘ mor’ "; 16606 = 11.5.602 oF |

The physical properties at this temperature were
Cpy = 0,693  Btu/(Ib)(°F),

K677 1b/ft3,

L = 0,0789  Btu/(hr){ft)(°F),

= 0,2111 1b/(ft)(nr).

®
1]

The parameters used to correlate the data can now be evaluated:

3,0 [§0:387)(963)
(12)(10. 85‘)(3600510 030){0. 0530)(950)

.

= 7.83;
D At o
h o _ Z.29 7.29 .~
Ukvf}vh” hco 7.83

ft

6,903

59.1 J(52653)(56.77)(0.0789)
(963)(0.030)(0,0530)(950)

i]

2.47. »

To calculate the parameter B, it was necessary to calculate the
velocity of the fluid in the straighten?ng vanes. The area of'the
nozzle was 5,04 square inches and the area of the pipe in which the

straightening vanes were located was 28.28 square inches., The area



ratio was calculated to be 0.178, The'veloéity'of the fluid in the
straightening vanes for this run was

U
o

U_ = (10.85)(0.178)(3600) = 6.96 x 10° ft/Ir,

U (0.178),

I

The length lo was the width of the 3/4-inch square honeycomb

straightening wvanes. By ccmbining terms, the parameter B can be

reduced to
o0

B = At e
s (Ato kv tht)l/z pl

0,05
¢ OP1 9 2)

Evaluating thisvparameter we find

0.45 0.45
B = (59.1)(0.693)ub.77) AexB6x IOV OISR L (0, w0
[5963)(00030)(090530)(950) L8.77

= 635.
To take into account the effect of the nozzle on the eddy viscosity,

this value of B was divided bty the square root'of the ratio by which the

eddy viscosity decreases when passing through a contraction. Equation

(72) shows that

= = 2,825,

fl
=
o
o
o

The value used for B in the figures was therefore,
6 .
B = i%%é = 378.

This factor was introduced into B to correct for the_effect o; the

nozzle on the eddy viscosity, which is not taken into account in the
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equatlon used for eddy v:.scosrlty in Be The equat:.on used for eddy
mscosn.ty in B is for the case when the turbulence 1s generated 1n a
straight conduit. |

Values of the diffusivity of heat, a, that 'weire effective in

this system were calculated by the use of equation (50),

AS ' ‘
7,29 v Pv -
o= 00136 At sc Cpl

h
c@v D Atc

6,90 = (0, 136)(59 1)(0.693)(46-77) |+% k yEx
a
0,0250 =
(963)(0.030)(0.0530)(950)

@ =1.00 ft°/hr,
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DISCUSSION OF RESULTS

The values of the hegt transfer coefficient hco across: the vapor
film are shown plotted as a function of the amount of subcooling of the
liquid with the velocity of the liquid as a parameter in_figures six
through nine, At liquid velocities‘above eight feet per second at the
nozzle, the heat transfer coefficients hco are noted to be increased
approximately fourféld’ by subcooling the ligquid approximately eighty
degrees Fahrenheit. These heat transfer coefficients thereby approach
‘the walues of the heat transfer coefficients in nucleate boiling,

The dimensionless parameters, which are plotted in Figure 10, are
proposed in equation (47) to correlate thé data when the mechanism of

heat transfer into the liquid is thermal conduction, The data in

Figurello show:vthat the dimensionless group A, hc e -
'7/Uk”v(>v‘>~“'_ . y T e
‘EB—ZE;- » is much greater than that theoretically predicted for
thermal conduction and that there is alse a dependence on velocity that
has not been accounted for in the theoretical parameters, This indicates
that the means by whiéh heat is transférred into the liguid in forced
: éonveetion~film.boiling is not by thermal conduction but by eddy con~ 7
auctioﬁ; | _
The diffusivity of heat into the liquid was calculated from
- equation (50) for ethyl aleohol from tﬁe data shown in Figure 10. The
values thus obtained were plotted as a function of the velocity of the
1liquid at the nozzle in Figure 1l. The values of the diffusivity are

approximately one hundred fold larger than the thermal diffusivity
(=%

Cp e
This shows that the heat is transferred into the liquid by eddy con=

) and approach the estimated eddy viscosity of the system,

ductivity and that the effect of thermal conductivity is negligible.
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Figure 12 shows the same data for ethyl aleohol aseﬂ%hshown in
Figure 10 plotted as predicted by equation (64) for heat transferred
into the liquid by eddy conduction., The systematic variation with
velocity noted in Figure 10 is now no longer apparent.

It has been noted that the only significant difference between the .
equation for long and short contact times was tﬁat there was an additional
dependence of the dimensionless group A upon the diameter of the tube
for the case when the @ontaét time was short enough to be smaller than
the ratio of'the{ééale of turbulence tc the intensity of turbulence.
Figure 13 shows that ﬁhere is no-systematic dependence upon the size
of the tube and thereby indicates that the time of contact is large
compared to the ratio of the secale of turbulence toc the intensity of
turbulence. Figures 14, 15 and 16 show the data for film boiling of
benzene, carbon tetrachloride and hexane respectively. Figure 17 shows
a summary of the data‘fbr all four systems. Tﬁe best line drawn through
all the data by eye is shown as a solid line in Figures 12 through 17.

The effect of introducing screens above the nogzle upon the
dimensionless parameter A, is shown in Figures 18 through 21. The
golid line in these figures represents the best line that could be
drawn by eye through all the data with screens. Since Figure 18 shows
the large screen toc have approximately the same effect as the small
screen, only the large screen was used ﬁith the other liquid systems.

It is noted that the s¢reens cause an inecrease in group A of gproximately
30% ovér that shown in Figure 17. This seems reasonable since though

the screens increase the intensity of turbulence markedly, they alsc
decrease the scale of turbulence, If the time of contact had been

short enough so that the eddy conductivity was independent of the

scale of turbulence, we would have expected the screens to eause a much



U ky Py ¥
D at,

7.29
heo

T ky Py X

D atg

hco

~102-

| I O 1 T 1
}_
— FILM BOILING OF ETHYL ALCOHOL
— 0
— ) °x °8 o 2
— x xd OX x_x
P ek 0y
x X0 s 2
r_ ﬁ x“au‘; ° °
ay °
’_— " o
o
— * 0
]
— S DIAMETER OF TUBE
° 0387" __ o

- o X 0.496" — x

. ,‘ﬂoxo o %o 0638" — g
— . g
i
L

1 ] 1 ] 1 | ] ] 1
0 100 200 300 400 500 600 700 800 900
» Uy 1 U, 1 -0,05 FI6 13
8tge Opy Pl'\/A: 2 ; (o 0/01)
(] kv A /Vl )

Fig., 13

MU-7036




Ukvﬂv’\
D at,

7.29
hOO

D at,
Uky Py ¥

-103-

Fig. 14

|
- FILM BOILING OF BENZENE
L /
o
— [
— B ° D
x [<]
o o0 ©
— o/ e ° o ]
| 2 o ] ]
@ DIAMETER OF TUBE —
r 0.387"— 0O
0.496"— X ]
I~ A : 0.638" — 0O
B °§xx x —
__./:iea ) —]
2% o
00 :°oa ) —]
| { I | | | I |
100 200 300 400 500 600 700 800 900
-0.,0
- U 1o U % A1 > FIG 14
sc pl /01 AtO kv IOV )" ]11
MU-7037




-104~

[

I 1 [ I I [
FILM BOILING OF CARBON TETRACHLORIDE

1

1

]

H

-
DIAMETER OF TUBE j
0.387"— ©
0.496" — X ]
0.638"— 0O
——
| L | 1 | L ] j|
o 100 200 300 400 500 600 700 800 900
. «0,0
P L (Uo 1, 4\ 70-%% FI6 15
sc 171 ‘ !
Vato by g ¥\
_MU-7038



-105-

T e FILM BOILING OF HEXANE

—‘
—
DIAMETER OF TUBE —
o 0.387" — © _
0.496" — X
0638" — O —
| | | | | |
300 400 500 600 700 800 900
= . -0,05
o, Cp ,o-,/U°1° ; (U° 10/’1) FIG 16
ac 171 Aty kK, o A My
MU-7039



~106~

FORGED CONVETION FILM BOILING

OF SUBCOOLED LIQUIDS

w
Q
S
]
F4
a4 O
£ g
£
S w
v EM. r
w
o WLNN
S 28
3 8k
v\ @ g zIxc
-] ° - EEHC
E]
L]
A %a P o
w d
> o “
e 4 -
=\ go FY
vy w
Q0084
?v'c o ad HO
)
= A\ =
%o o 5
Pg\ <= 2 89pav
[ L4 DO.
= X
e ON”V oOA
go H oae
O ap Vo o8
[« ] chquv 4

I A

L

S o o ~ ©
%v a A %
X A Ay 62°L

Ly

-_— [ o J—

< " ;
— x2S Ay ooy
%va

200 300 400 500 600 T00 800 900

100

-0,05
)

FIG 17

M

UO 10 P

(

o)
Aty ky pg A

Mﬂ'sc Gpl A1

MU-7040

Fig, 17



=107~

| T [ T T J
2 — o —
n - —
= 10 — a —
et -
pla g - —
ggs 7~ E =
6 r_ + ?o < T
I * L E e FILM BOILING OF ETHYL ALCOHOL .
< v USING SCREENS TO INCREASE
Jei ot TURBULENCE ~
1R 3 — o&‘/“ a -
alp - B o
2 [ & %y %o ° TUBE DIAMETER SCREEN -
o w0 A,ié, LI SMALL  LARGE
£ jﬁ a 0.387" a —
e ! 0.496" o X
o] . 0.638" + a —
- — ——
| 1 1 | | [ [ i [
o] 100 200 300 400 500 600 700 800 900
0,00
‘ Uy 1o U 1o Pl) > ke
Atge Opy A &t Xy Py A M
MU-70 41

Fig. 18



U ky oy X

__ 1.29
U ky py A heo V D 4ty
(3] (&)

D Aty

heo

~1

-108--

T T ] [ | | 1
—
_|
FILM BOILING OF BENZENE |
USING LARGE SCREEN TO ]
INCREASE TURBULENGE .
—
DIAMETER OF TUBE i
0.387" ] —

0.6 38" 9

1

L ] 1 i 1 1

300 400 500 600 .'(/)0005 800 200

U1 U. 1 °
Aty Opy A V A:o ;v/ov A ( 0}1: /01) Fi6 19

MU-7042  _

Fig. 19



-109-

B r 1 [ ! 1 ! ! I 1
12 X -
. n r—— : _
‘j{ 10— —
HE .
ae _
187 —
. ld
FI 6 b— | _‘
< | FILM BOILING OF HEXANE &  —
4 £ CARBON TETRACHLORIDE o
:; x OUTSIDE OF 0.387" TUBE
: 5 L 5 USING SCREENS TO INCREASE 1
2 [~ o/° _ TURBULENCE —
9 o
o t/ ¢ LEGEND —
o - : HEXANE ———————— O
° o? : CARBON TETRAGHLORIDE-— X —
- ° SCREEN —— LARGE _
e [ 1 i 1L { 1 | ] ]
0 100 200 300 400 500 600 700 800 900
-0,08
%0 OP1 17/ Z::;v R (Uo;: Pl) re =
MU-7043



~110-~

| | [ |

12 -

o - i
< °f ]
&9 v
L8 g = —
[=RI~] _

7 -

K 6 — " Zndt, . —]
i LA X FILM BOILING OF SUBCOOLED _|
| s =250 LIQUIDS USING SCREENS TO
e 4 — o ;; INCREASE TURBULENCE 7
'f‘i 5 o iy P o 7
q -‘r Vn“’b—?e v :
b2 5"%%3 @ TUBE DIAMETER SGREEN LIQUID —
nn‘@ﬂ—: 0.387" 0496" 0838" .|| eTwvL acoHOL  —
8! '_/gh‘:u ° v o o LARGE ETHYL ALCOHOL
> NE —
s PR
-t |- i) a LARGE CARBON TETRACHLORIDE _|
> ] | | I ] l | [ o
o 100 200 300 400 §00 600 700 800 200
| . Us 1o (Uo 1, Iol\ 0.0 Fi1G6 21
oo AV A AT U |

MU-7044

Fig, 21



<111=

greater increase in group A. '

In Figures 11 through 21, the best line drawn through the data is |
found to be an s-shaped curve instead of a straight line which was
theoretically predicted. This deviation from the theory can be explained
by examining a few of the basic assumptions made in the derivation of the
" theory, |

It was assumed that the eddy conductivity was constant with distance
to simplify the unsteady state conduction equation so that a solution |
might be obtained. Sincg the velocity around the tube varies from zero
to two times tﬁe approach velocity, there will be some change in eddy
. conductivity around the tube, The eddy conductivity is also known to
be a function of the distance into the liquid stream although it is
fairly consyant in the central portion of the condui‘bo5

In ord;r to solve the unsteady state conduction equation, it was
assumed tﬁat<the distance x.was the radial distance from the film per=
pendicular to the lines of flow in the liquid. The error due to this
assumption was minimized by using the temperature gradient into the
1iquid at the distance x equal to zero.

Since neither the surface area of the vaporbliquid interface nor
the 1liquid velocity distribution around the top half of the tube could
be defined, the rate of heat transfer inte the liquid from the wapor
film around the top half of the tube was assumed equal to that around
the bottom half, although it is certainly smaller. |

Due to these simplifying assum.pfions9 it is not surpfising that
the data correlate on an s=shaped curve instead of the straight line
that was theoretically pfedictedo The scatter of the data which may

be noted in Figures 17 and 21 can also be partially accounted for by

these simplifying assumptions.
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The constant used in the parameter A is taken directly from the
equation proposed for forced convection film boiling to saturated
liouids, An examination of the data from which the equation for heat
transfer to saturated liquids was derived shows a deviation of % 30%
of the constant 7.29 for the same liquid systems used in this study.
Another source of error is found in the questionable accuracy of the
physical properties at high temperatures. Of particulér concern
are the values‘of thermal conductivity and thé effective heat of
vaporization, The equation used herein to predict the effective heat
of vaporizatiog was dewveloped for condensation of vapors where the
temperature difference between the liquid and vapor was small compared
to that found in film boiling,

There is always a certain amount of error résulting from experi-
mental operation and measuring of operati@nél variables. This group
would be very difficult tc evaluate #id no attempt was made to do so
wigorously; however, velocity, temperature, current,and especially
voltage readings were all reéognized.és»poséible sources of error,
However, the maximum error in the heat transfer coefficients was
estimated to be beﬁween 10 and 20 percent. The purity of the liquids
‘might have effected the results, since there was some decomposition of
the vapors at high temperatures of the graphite tube. It is felt,
however, that every attempt has been made to minimize these effects
within the limitations of the egquipment,

Table 24 l1lists the ranges of Reynold's numbers, the ranges of
the estimated eddy viscosity, and the thermal diffusivity of the
liquids investigated. The lowest Reynold's number is noted to be
larger than the eritical Reynold!s number for turbulent flow in a

conduit, B& examining Table 24 it can be seen that the values of the



~113=

. Table 24

Range of Reynold's Number Investigated

The'Reynold’s nurber is based on the straightening vane width and

velocity _
Ethyl Alcohol 1,630 to 17,700
Ben;ene | : 7,760 to 29,800
Hexane , 10,180 to 39,000

Carbon Tetrachloride 22,800 to 87,400

Range of Estimated Eddy Viscosity Investigated

) In Straightening Vanes At Nozzle
Ethyl Alcohol 0.496 to 1.67 2/t 0,176 to 0.591 £t2/hr
Benzene 0.439 to 1.48 ££2/mr 0,155 to 0,525 £t°/hr
Hexane 0.428 to Luik £ft2/hr 0,152 to 0,511 ££2/hr

Carbon Tetrachloride 0.395 to 1.33 ftz/hr 0.135 to 0.472 ftz/hr

k

‘Themal Diffusivity of Liquids ( % p ) Investigated
Ethyl Alcohol 0.00254 £t*/hr
Benzene 0.00376 ftz/hrj
Hexane | 0.00342 f£t2/hr
Carbon Tetrachloride | ‘ .0.00a98 ftz/hr
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thermal diffusivity of the liquids are negligible compared to the
values of the estimated eddy viscosity. It has been previously shown
that the eddy viscosity closely approximates the diffusivity of heat
in this system, |

Since it was necessary to make a few crude assumptions in order
to estimate the eddy viscosity of the system, it is felt that the
values of this quantity are not known within a factor of two,
Therefore, it is not recommended that Figure 17 be used to estimate
heat transfer coefficients though this figure does show that it is
possible to correlate data for heat transfer in forced coﬁvection

film boiling to subcooled liquids by use of the theoretical parameters.
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CONCLUSIONS

The heat transfer coefficients hco across the f£ilm can be markedly
dncreased by subcooling ‘the liguid. 'Values of this heat transfer
coefficient have been found to approach ﬁhose of nucleate boiling.

It has been shown that the heat is transferred into the liquid by
| eddy conduction and that the effect of thermal conduction is negligible
iﬁ forced convection film boiling to subcooled liquids.

It is possible to use the parameters

' ?
h f A . 129 IU ky P
co ' '

Uk, f’v” ‘ hco ‘v D At

and

by, CPp

to correlate the data for heat transfer in upward flow forced cone

» veetion film boiling to subcooled liguids from a horizontal rod,.
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APPENDIX

The Effect of Radiation

o

It has been determined for forced convection film boil:‘i_ng3 that

. eﬂ
heg =h =h +1/Lh, (2) (51)

. {
Since at moderate and high liquid velocities the wvalue of % is

equal to 1/2, equation (51) reduces to

hco =h = 7/8 hr’ (52)

For natural convection film boiling, it has been shownl that
hogh-—-B/l;,hr (53)

c
The term hr is calculated from the following equation for

parallel plates6

(54)

where q is the Stefan=Boltzmann constant, . is the emissivity of the

hot tube, a, is the :absobptivity of the cold liquids, Tt is the absolute

temperature of the heated surface, and Tb is the absclute temperature of

the vapor~liquid interface,
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. . Alternate Derivation for a,

el
ERLETINEES N—

From a material balance of the wvapor iﬁ the vepor film, we obtain

5L
e

';W':'K;ﬁpvaLV SRR ' (_55)
where W is the weigﬁ%“rate of the liquid ewvaporated, Ké is a constant
of proporticnality, a is the average vapor film thickness, L is the
lengtﬁ*of the tube; and V¥ is the vapor wvelocity.

Since forced conve@tiqn film boiling occurs at high liquid
velocities9 we may assume that the average vapor velaeity is propor-
tional to thévliquid velcciﬁyo The heat transferred into the vapor is
equal?to‘tﬁe weight of fhe vapor mﬁltipiied by the effective heat of
"vaﬁorizétion or
| a, =WAT, (56)
a, = K p,aLlUAL, (57)

where K7 is a new constant of proportiocnality.
Since we are only interested in the heat that is transferred
across the vepor film by cunﬁu@tiong we may write
h,, = k/a; - (58)
substituting equation (58) into equationm (57) and dividing both sides
by the area over which heat is transferred, we obtain

Upy M ky (59)
h D .- .

(&)

2

This equation is equivalent to equation (9) developed for no
subcooling of the liquid,though no assumptions were made in this

development on the amount of subcooling of the liquid,
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Correction for Heat Loss at Tube Ends

Graphite tubes were used because of their high thermal conductivity
and moderate resistance. Due to this high thermal conductivity there
was some heat lost through conduection along the tubes. To correct the
heat transfer coefficient for this loss, the following expression has

been developedB:

W
pe—y t =
. cosh ) AtL kg 1 At
A = B ) (60)
hop L At At
obs o w
cosh 5 E@grjz = L/2 o)

where h is the corrected heat transfer coefficient, h is the observed

obs
heat transfer coeffient, L is the length of the section over which heat
transfer is measured, kg is the thermal conductivity of éraphite, w is
the heat generation per unit volume, Atg is the temperature difference
across the film for the same amount of heat inmput if there was no
conduction along the tube and AtL/2 is the measured temperature
difference across the film at the end of the section,

Since Atg is an unknown quantity it is necessary to resort to a
trial-and-error solution. It was found that, if Atg was assumed equal

to Ato for the hyperbolic term as a first approximation, a second trial

was usually not necessary,
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Physical Properties of the Licuids and their Vapors

Several sources of information were consulted for the values of the
physical properties, and those chosen were considered to belthe most
reliable, The physical properties of the liquids were found to be
known to much greater degree of accuracy than the physical properties
of the vapors. It was necessary to extrapolate the data over a fairly
wide range‘in the case of the thermal conductivities of the wvapors.

These were extrapolated by plotting the thermal conductivity versus

the absolute temperature on log-log coordinates as suggested by,McAdams,6
The vapor thermal conductivities above 1000°K were also estimated by
using the relstionships suggested by Bromleyelo These estimmted values
were found to scatter élightly due to the inaccuracy of high-temperature
viscosity data, Tﬁe estimated values were found to check the extrapolated
curve within * 5%.

The boiling points under a static head of liquid of 2.65 feet were
determined experimentally and‘by calculation from extrapolated wvapor
pressure data from Perry.,11 These valwes were found to check within

experimental accuracy.



Boiling Points

Benzene

Carbon Tetrachloride
Ethyl alcohol

Hexane |

Heat Capacity

Benzene

Carbon Tetrachloride
Ethyl Alcohol

Hexane

Thermal Conductivity

Benzene
Carbon Tetrachloride
Ethyl Aleohol

Hexane

127

Vapor Properties

179.7°F

176.8°F

175.7°F

15745°F

American Petroleum Institut%z
R. V. Vold

A. Bucken and E. V. Francklh

A, P. Iog OPs Cito
6

W. He McAdams
W, Ho McAdams, op. cit.

L. A, Bromley, W. H, McAdams, op. cit.

L. A. Bromley, op. cite

Heats of Vaporization at Boiling Points

Benzene
Carbon Tetrachloride
Ethyl Alcohol

Hexane

169.2

83.1
365.7
143.5

B International Critical Tablest®
u I, C. Toy Op. cite
" I. Co Toy Opo cite
" I,C. T., Ku P. L., op. cit.
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Liguid Properties

Thermsl Conductivity

Ethyl Alcohol Wo He McAdams, op. cits

Heat Capacity

Benzene . Io Ce Tos Opo Cite °

Carbon Tetrachloride I. Co Tsy Opo cite

Ethyl Alcohol ' I. Co Tey Opo cite 16

_ ' Handbook of Chemistry and Physics

Hexane D. R, Douslin and H, MQYHuffmann17
Density

Benzene I, C. T.y opo cite.

Carbon Tetrachloride I. C. T., ope. cit.

Ethyl Alcohol I. Co Tay Opo cite

Hexane I. Co Top Op- cite
Viscosity

Benzene A, P, I.; op. cit,

Carbon Tetrachloride I. C. T., Handbook of Chemistry and

Physics, op. cit,.
Ethyl Alcohol Langes Handbook of Chemistnyl9

Hexane A. P. I., op. cit,
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;;mijvaluaﬁionjoﬁ Physical Properties
It is neceséary to be able to evaiuaﬁe the correct average for the
physical properties of the liquids and vapors in order to solve ﬁhe film
boiling equations,
It has been sh@wn3 that the thermal conductivity, heat capacity,
and the viscosity of the vapor film may be evaluated by assuming the

values at the arithmetic average temperature,

The average vapor density has been found3 to be

2/&b T T
b 1 t
Cave = (- .Tb>'

where/oave is the average vapor density, oy is the. density of the wvapor
at the boiling point, Tt is the absolute temperature of the heated surface,
and Tb is the absoclute temperature at the boiling pocint.

The difference in heat content between the vapor film at some
3

average temperature and the liquid at its boiling poinf has beén shown

to be approximately 5

! CPave MY
A = ,)0 1+ 0. . . (62)
) _ » :

where ’)o is the heat of vaporization at the boiling point and Cpave
is the average heat capacity of the. vapor. ‘
Since liqﬁid density, heat capacity, and thermal conductivity are
approximately proportional to temperature, the average physical
properties will be approximately the values at the arithmetic mean

temperature,
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Approximation of The Eddy Viscosity of the System

Since we wish to find the eddy viscosity in the turbulent core of

the stream, we will assume the velocity distribution for smooth pipes

in the turbulent core from the data of Nikuradse319

U ’ y-‘“/ -
° 5.5+ 2.5 1n L 8fL | (63)

seroer=ia =

m ,
{gz 1

where UO is the velocity in the straight conduit, y is the distance

from the conduit wall, 7; is the shear stress at the wall, fﬁ_is the
density of the fluid, and By is the viscosity of the fluid,
The shear stress at any point in the turbulent core, 7T, is
du
’T=/olemmg’ (64)
dy
where & is the eddy viscosity in the turbulent core,
Differentiating equation (63), we find the velocity gradient to

be

dUO _ 2.5 1:2 (65)

opweyes 2B D

dy y ri

By a force balance, it can be shown that

T-a-E) T (66)
o .

o »

where 10 is the diameter of the conduit,
The shear stress at the wall may be found by relating it to the
Fanning friction factor f3
L EL 2
. .’T;‘x 2PUO o (67>
Substituting equations (65), (66), and (67) into equation (64)

and simplifying, we obtain

il 6
o = OAfT Ty (=), (¢8)
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. At any particular distance from the wall,
n = EyfS Uty s (69)
where K is a constant of proportionality, “

To evaluate the eddy viscosity, we must determine the dimension lo
in the experimental apparatus. "It is assumed that the level of turbue~
lence in the system is determined by the stfaightening vanes, since this
section is 32 diameters long and the section above the straighfening
vanes before the nozzle is only 2.4 diameters long, The value of 1o
used to determine the eddy viscosity of the system is therefore the
width of the straightgning vanes and Uo is the velocity in the
éiraightening vanes.

The eddy viscosity is decreased when a fluid is passed through
a contraction in a conduit. If we assume that the scale of turbulence
decreases by the same ratio as the intensity of turbulence, then the
ratio by which the eddy viscosity decreases is equal to the ratio by

which the energy of turbulence decreases, We can express this as

e B e Y

t »yt |t .
u2 u2 u.2 12 em2

(70)

where 1 is the scale of turbulence, the subscript one, 1, denotes
conditions before the‘nozzle, and subscript 2 denotes conditions after
the nozzle,

It is found that the ratio by which the energy of turbulence
decreases can be expressed as a function of the contraction ratio if
we assume that the turbulence is iostropic and that the contraction is

Symmetricalozo

= % (u + 2v) (71)



3/k ¢ (log 4C° = 1),

where 1y o=
v = 3/k C,
C = the contraction ratio,

Since we are mainly interested in the welocity component of turbu-
lence which is symmetrically contracted, we will use equation (71) as an
approximation of the loss in the energy of turbulence caused by the
nozzle, Substituting the contraction ratio of the nozgzle, which is equal

to 5,62, we obtain

€ 1 11t
L. Lo, (72)
m.2 u% u%

Combining equations (72) and (68), the estimated eddy viscosity of

the system above the nozzle becomes

- £ _ar
m, = oolhlg.%/z U, y(1 10). (73)

The value of the eddy viscosity in the central portion of the stream
is taken as the maximum value predicted by equation (73). The maximum
value of the eddy viscosity predicted by equation (73) occurs at y equal
to la/ho

The friction faetoré for smooth pipes is defined over a limited
range of Reynold's number of 5,000 te 200,000 as

£ = 0.046/Re%°? | (78)
where Re is the Reynold's number,

Substituting equation (74) and y equal to 10/1+ into equation (73),

‘we find the follcwing equation for the eddy viscosity above the nozzle
in the central portion of the streamg

3m2 = 0,00268 Ul B 0.1 . (75)
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NOMENCLATURE
Definition
film thickness.
heat transfer area
h D Atvo Eozzw
co ————
i '9
/ U,,k‘v @vh D At
U'Gl0 =005
At Cp <j
se PLOLI T L PES

h

1U2 multiplied by a constant
contraction ratio of area

“specific heat at constant pressure

differential operator

outside diameter of tube
Fanning frictien factor
acceleration of gravity

film coefficient of heat transfer

film coefficient if there were no radiation

rediafion coefficient of heat transfer
thermal conductivity

constant of proportionality
scale of turbulence
length dimension of Reynold's number

length of tube

Suggested Units

ft

ftz

Btu
(1b)(°F)

ft

ft/hr2

Btu

(hr)( £62)(°F)
) Btu
(hr)(££%)(°F)
... Btu
(hr)(£t2) (°F)
. Btu
(hr)(£t)(°F)

ft
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NOMENCLATURE
(Page 2)
Symbol Definition Suggested Units

M molecular weight
n parameber replacing t2
Nu Nusselt number
P pressure atm
Pr Prandtl number
dg heat flow from tube Eﬁ%
% heat flow into liquid BE:
a, heat flow into vapor g%%
Vr radius of tube ft
R universal gas constant
Re Reynold!s nnmbe;
s . time in La Place domain
t tine , hr
t temperature | °F
T. absolute temperature °R
Ato temperatﬁre difference across film ’ °F
Ats@ temp?ratur? difference between liquid and its

boiling point - °F
ul intensity of turbulence ft/nr
u velocity of 1liquid directly below tube . ft/hr
Uo velocity of liquid in condﬁit where level of

turbulence is determined ft/hr
v velocity of vapor o _ :t/hr
W heat generated per unit volume | if%

W weight rate of liquid evaporated 1b/hr
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" ¢ v NOMENCLATURE
(Page 3)
Symbol . Definition o Suggested Units

x radial distance into liquid from vapor=liquid

interface perpendicular to lines of flow of a

liguid _ _ it
x! .x in the La Place domain £t
y distance from conduit wall - ft
a diffusivity of heat £6%/hr
a, absorptivity of cold liquid
€ eddy conductivity £%/hr
e angle measured from bottom of tube
9’ separation point

: . . Btu

ho latent heat of vaporization =%
Al effective difference in heat content between vapor .

at its average temperature and the liquid at its Btu

boiling point ' T

partial differential operator
viscosity 1b/hr(ft)
3.1416

density | 1b/1t°

Stefan=-Boltzman constant

B

w

lO

(s el |

oy surface tension of liquid 1b/ft
. shear stress in fluid 1b/£t?
T

shear stress at wall - ‘ 1b/f‘t2
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NOMENCLATURE
(Page 4)

Subscripts

average

at the boiling point

~dnside the tube

graphite

‘iiquid

eddy viscosity

outside the tube

vapor

conditions before nogzzle

conditions after nogzzle
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