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HEAT TRANSFER IN'FORCED CONVEGTION FIIM BOILING

leRoy A, Bromley, Norman R. LeRoy and James A. Robbers

Radiation Laborn$ary, Department of Chemistry
University of California, Berkeley, California

s

Abstract

Heat transfer coefficients in upwara'flow forced convection film
boiling (liquid at b.p.) from a horizontal tube, have been measured
and a theory developed. Based éﬁ the theory and the data, simple-
‘expressions (equations 26-29) are developed by which it is possible

to calculate heat transfer cpefficients for this type of boiling.
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~ Introduction

There are two distinct types of boiling phenomena for the boiling of
liquids from heated surfaces depending upon the heat input to the system.
The first type, and that most generally preferred because of fhe fairly
large ﬁeat fransfer coefficients encountered, is nucleate boiling where
the vapor originates from individual points on the hot surface, The
sécond type of boiiiﬁg phenomena is that of £ilm boiling ﬁhere there is
a continuous vapor film between the boiling liquid and the heated sur-
face. Film boiliﬁg is generally distinguished by low values of the
heat tfansfer coefficieht and high values of the temperature of the
heated surface compared to m@gleate boiling. Avdiscussion of the occurs
rence of film boiling has been given by one of thevauthorsl;

Natural convection film boiling has been studied by Bromley} and

is that form of film boiling in which the'liquid,motion past the

the liquid. Forced convection film boiling is that type of film boiling

where the liquid is forced past the heated surface. As would be expeéted;

the heat transfer coefficients increase with inecreasing liquid flow rates

past-the heated surfacé; because of the decrease in the vapor film thick-
ness,
It is the purpose of -this study to develop a theory for predicting

heat transfer coefficients to be egpected in forced convection film

‘boiling from a horizontal tube, and to verify by experiment the resulting

- expressions.
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Film Boiling Theory

Mathematical relationships will be developed which wili enable one to
‘calculate the coefficients of heat transfer to be expected in upwérd flow . -
forced convection film,boiling from the outside of a horizontal tube.

The vapor film is in dynamic equilibrium, for as it rises under the
~action of buoyant and drag forces, vapor is added to it from the boiling
liquid. The heat required to vaporize the liquid and heat the vapor is
supplied by radiation and conduction through the film. This mechanism
appears tq_ﬁe thé-situation on about the lower half of the tube where
from viéualvdbServation there appears to be a smooth continupus‘vapof
film, The situation is very complicated on the upper half of the tube,

for in this region the bubbles form before rising. The point on the'tube

normal thickness) will be palled the separation point. Since most of the

at which the thickness of the wapor file

heat is trahsférfed on the bottom. section of the tube‘up to the sepa:ationv
point, it would seem most important to have the theory fit the mechanism
on this part of the tube.

The concept is repreéented graphically in Fig. 1. The tube is
immersed in a body of fluid wﬁiéh is moving upwar& at a uniform velocity
equal to U. If P represents the.préssure at a point in the film, it has
been shown® that ,

~ P P, +_§§ R, co§ 9 %%%: u (l - 4 sin? @) (1?

A heat balance méy be written for the element of vapor in the film

enclosed by d@ for a tube of length L.
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dq = ho AtdA = hooRLAGAt = Ndw. (@)

where X! represents the effective heat>content of thg vapor film in excess

of the heat content of the liquid. | | »
Wé-will consider that the vapor film is in laminar flow such’ﬁhat :

heat'trayels through the vapor film by conduction only; If "a% represents

the average thickness of the vapor film at any angle 9, then
4 K 3
h(;o‘: - (3)

In this case héé represents the heat trahsfer coefficient due td qon§ec=
tion when hy, the coefficient due to radiation, equals zero. ALl of the
.heat does not pass clear through the vapor fili as some of the heat iz~
feqpiﬁ@é:to heat the film itself. Therefore, phe above‘expréssion can -
riot be exact but should give a fairly good approximatién, as lﬁng as
the latent heat ié the major item in A!'." The cor:eqt N to be used has
been dérived elSehherezo
Let'us_applj Bernoullifs bheqnﬁh to the element de,;néglecting
‘the‘kinetié:energy of the vapor in the £i1ml. Consider a unit mass
of vapor ehtering this.differential element in viscous flow,
=%}Zedx§:4cm - | ()
From the application §f‘a material balanée we obtain,
we gVal— T (5)
From the geometry of the system we obtain,
| dx s'R sin 6 d§§ (6)

It is necessary to restrict ourselves to a tube of such diameter
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that the film thickness is a negllglble quanblty compared to the radius
of curvature of the film, The wvapor film can be con81dered as in vis-
cous flow between two parallél plates, one of which is stationary

while the other is moving at a velocity of 2U sin €. The frictional

drag force has been shown? to be represented by
dF = 12u¥ _ 12wl . ,
ar_ z = “52“2 sin 9 : (7)
RA®  Fgca< [Bea ‘

The use of the numerieal value of twelve implies that the velocity
distribution iﬁ the 1iqdid at the liquid-vapor intérface is unaffécted |
by theAVapor dr;ago | o

Substitutlng the values of dF from equatlon (h)9 dp from the
differentiation of eqnatlon (1), and dx from equatlon (6)9 and
substituting the value of V from equatlon (5), the value of "a" from
equations (2) and (3), and 1/2 sin 29 for sin © cos 9, we obtaln the

follow1ng equatlon

“‘gﬁdm“’? E R(B-1) s
kBRleeM, ( g6 R ( € 1) sin & f

LB U? sin 20 , 12sN?U sin @ (dy2
€ & 2 ' egck<RIZALR d9

(@

The terﬁs in%équation (8) may be designated as the static drag
effect9 the gravity pressure effect, the velocity pressure effect9
and the velocity dragcieffect respectively.
| Since we have not been able to derive.an éxaet solution to equation
(8), let us derive an approximate solution from which we may predict

the coefficientes of heat transfer due to convection., The term ©!' will

be defined as the separation point for the flow upward agross the tube.,
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Let us restrict ourselves to the considemtion of the heat trahsfbr frﬁm the__
region of Q to €', since»from>visual observation it ?s from this lover
sectién.ofbthe tube that the major'portiop of the heat ﬁrahsfer takes
place. The value of 9% will depeﬂd upon tﬁe velocity of thé liqﬁid
impinging upon the tubeo' For high flows @' approaches 90 degreeé, while
for low values €' tends toward a value of 180 degrees and equals 180.
degrees.atnéuffi¢iently low values. »l o |

An analysis of the no flow casel indicates that %% does not vary
greatly over a’larée section of the tube and hence it is poésible.to

substitute w for in the least 31gn1f1cant term, the velocity drag

4] d@
term, in equation (8)° Thus

12a03 w dw) gR(Ce -0) sin @ .
C2g k3rkat3 9° Feec

9)

2€0° sin 20 ., 120A'?U sin © (W)
e8c eg.k<RL<At<

Multiply the above egquation by £%§%2= s take the‘éube root, and

separate the variables; also let us integrate from O to ©' and rearrange.

12)03 1/k - )3 b N 1/ D & .
eak3p2kat3u2 3 2 le.(’.w
, (10)
120002 2 . 1/3 . 3/b
Cr UkZDI.?Af;ZQZ)Sin o e 29} 1

The weight of liquid vaporized per unit time on one half the tube,

W, can also be evaluated from the integrated form of equation (2).

We

hpo (0-61)DIR! AL {11)
2>\ﬂ : .
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In this equation hco(0=9“) is the value of the heat transfer coefficient
for cohvection'averaged over the pbfpion"of the tube from zero to &t, Thié
equation, aé étated previously, neglects the heat transferred b& radiation .
from the specified portion of the tube,
Let us-éubsﬁithte the value of W from equation (11) into eguéfion (10)s

also let us neglect for the present'the’heatvtranéferred above ', hence

heo = hcq(o=eﬂ) ° §$= o o (12)_
The following equation results:
DZAE Y b 7/ “ (51) @-0
rRideeaX| L% @

b 2 1 3.
mzzgg%%%) sin 8 + sin 29} /3 d9] /

This equation has been evaluated numerically in Table I. A more
' |

(13)

complete derlvation is given by Robber’s7
It will be noted in Flgo 8 that the experlmental data lie approx1=

mately in a stralght line somewhat above the predictedreurve. Or

| o | o
D2Atu Uk angg ) 3D§002 8 ()

? [ S - 0088 +

a3 eed | LUS @g. W2l 8V

At very low flows this'equaﬁion reduces

b .
\ /Data - : a
heo HUTES _0062' ” (15)

. . . ¥
whieh checks the natural convection work;o At very high flows (9“9%% N

and equation (14) becomes

\/ DL
Peo Teew~ ~ 7 _ (16)
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TABLE 1
* ' | Numerical Evaluation of Integral for EQuatibn (13)
Foa EP-ZLQ".'C) ’ 35‘;" *.’cg for F2; 0! = T
LU< & Uk<& 0!
' . . for F€2; F = =2 cos 9
et 1 3
B =57 (F 8in @ + sin 26) d@
F B Q'
o 0.429 90°
0.01 - 0.435 90° 17t
0.10 0451 92° 52t
10450 0,521 104° 29t
1.0 0.608 - 120°
2,00 0.814 180°
10,00 1.293 . 180%:
- | 1
oo 0.721 F& 180°

H

'This is plotted as the solid curve in Fig. 8a.

A7
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It will be shown later that with equation (15) or (16) the coefficient
of heat transfer may be calculated for almost the entire range of velocity.
S if’emn adOpts éQuationstél5ﬁﬂand%¥&6%uas two‘diménsibnles§ gnouﬁs,56ne
| mﬁs@“ad& eY ﬂhifd-grodp ﬂc”Cérréih%é AL1:fthe variables: ] uach groups’ as
- (@) tl}? 15 ibe used.

Effect of Radiation -

For the case of natural convection film boiling the following
equation has been usedlg

hehg +3/4 hy, (17)

. This equatiéﬁ ié accurate within five per cent for cases where the

value of h, is small compared to the value of hego

+

A similar devélopment assuming that all heat transferred above

@' s by radiation results’ in the expression

h=he*he(l-2) . (8

at high velocities 9L9%§ and

h = th + % hp - . (19)

parallel plates;

The term h, may be calculated by the following equation for
15

T - T 20)
3 At
1 |

where: Ty, is the temperature of the boiling liquid in degrees R

hp =

CYU

Tp is the temperature of the hot tube in degrees R

€ 1s the emissivity of the hot tube

14
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o« is the absorptivity of the liquid
.0~ is the Stefan-Boltzman constant, 0;1713 x 1078
Btu/ (hr) (££2) (°RY) |
For the graphite tube € was taken = 0;8 and for the liquids used

a was taken = 1.0.

"Film Properties

It is necessary to_knbw the correct average values of the physical

W

properties of the vapor film in order to evaluate the dimensionless

- groups utilized in the theory. A general procedure for evaluating the

film properties is to determine the values at the arithmetic average
temperature. This approach, although usually adequate, is not very
exact. Therefore; expressions are developed for.eva;uating the best
average value of each physical property individually; In order to

simplify the derivation, other properties were assumed constant when

considering any single property.

Thermal Conductivity.--The thermal conductivity of most vapors vary

withltemperature in such a manner that a plot of the logarithm of

the thermal conductivit&, k, versus the logarithm of the temperature,

T, is approximately a straight line with a slope equal to n. We can.

write the equation of the straight line as
k = CT%, - (21)

where C is a constant. With this it may be derived’ that
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kpTp KkiTp

ave ( TT‘= TL)

We now have an expression for the average value of the thermal conduc—

tivity that inVolves.a knowledge of the values of the thermal cohducti?ity

at. the temperature-at.the tube surfice and’ at the: temperature of the boil-

ing'iiQWiduf Equatioﬁ”(SB)‘can be ireduced to a simpler form since for any
. ,

giyen;liquiq“@t_it§ boiling point the value of =£%;L is a constant,
G - F ’ o n+ o :

Density of Vapor.-—Assuming ideal gas it may be derived7 that

| 201TL  L.606ELTIE ., Tp o ey
€ ave = AT AT< lag(‘iz) (23) ,

where GL“ density of the vapor at the liquid boiling“temperabﬁreo'

Viscosity.-~The average viscosity of the vapor film was determined from :-
an analogy to an expression given by M’cAdamsB° McAdamé evaluates the =

~ average viscosity of the liquid film produced by film condensation at

a tempefature that is lower than the average film temperature. The -
viscosity for the vapor film also should be evaluated at a temperature
closer to the tube temperature than to the liquid temperature. The
temperature at which the viscosity should be evaluated is denoteéd by

Tn. If the fluidity is assumed linear with temperature, then;

Ta = Tp, + 07584 | (24)
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Heat Content -~ A!.-- The "effective" latent heat of vaporiZatioh in the

case of condensation has been derived2o A consideration of the equations
indicate that for natural convection film boiling'that the same type of
eqnaiion is involved, however although it may be slightly in error for

forced convection film boiling the error should not be serious.

X a[uei;z@a]z @

Average'Temgeraﬁgge MbthodownThe only physical property for which the

"error in the calculat.éd coefficient is serious. (> 5%) is that for-A'.

Accordingly it is recommended that all physical propertles except Al

- be evaluated at the average temperature of the vapor film for s:Lm.pllcity°

Déscnippion>of.the.Apparatus,

Figure 2 is a diagram of the forced convection film boiler.

The film boiling'apparatus was used for cohtinuously circuiating a
liquid at its boiling temperature past a graphité heating element where
the liquid underwent film boiiing.and subseﬁuently for condensing the
résulting vapors for recirculation. The heat input to the heating
element was controlled by means of a voltage regulator and current
transformer. - Instruments were provided for measuring the amperage,

voltage, tempefature, and 1iquid velocity., -Auxiliary equipment was in-

~cluded for'pﬁmping the liquids to storage and for filling the film

boiler. Safety measures have been devised for protection against the
téxi¢7vapors and the fire hazards resulting from the liquids to be

studied in the apparatus. A more complete description has been given

CRL~1894
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by LeRoyh and R,obbers7o

Experimental Procedure

The graphite heating tube tovbe used in a series of runs was care=
fully pelished with crocus cloth before being installed in the test
section. The outside diameter of the graphite tube was determined with
agnicrometer and recorded. The copper sleeves which fitted the graphite
tube were polished to provide a good electrical contact surface with the
tapered end of the graphite tube as well as to help prevent leakage
during the run., The apparatus was then assembled.

After charging the apparatus with the desired liquid; and pre-

. heating to the boiling point, the heat input to the graphite tube was
increased until the boiling from the tube changed from‘nucleate to film
boiling., The flow rate was adjusted to the desired value and the flow
manometer reading was recorded. Three sets of data were determined for
each flow reading. These corresponded to a low, high and an intermediate
value of the heat input to the graphite tube.

A chromel versus alumellthermocouple was inserted thfough the
copper supporting tubes and was used to determine the average tempera-
ture at the center of the graphite tube, Consecutive temperature readings
were determined until the stable film boiling attained steady state condi-
“tions, After recordiﬁg the average temperature.at the center of tﬁe
tube, the thermocouple was_moved specified distaﬁces across the tube
80 as to attaih a temperature profile with distance. The temperature
profile was determined in order to calculete the heet conducted longi-

tudinally away from the center of the graphite tube.
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The . thermocouple was removed and the voltage probe was inserted.
The leads from the voltmeter were connected to the voltage‘probe and to
the electrical connector on the right hand sﬁpporting tu.‘be° The voltage
was determined at points 2.5 inches on either side of the center of the
graphite tube and the difference between the two values was recorded as
the voltage drop across the 5.0 inch test section. The current flowing.
through.theygraphite tube during each run was measured with the ammeter
and recorded.

The three inch and the one inch orifice sections were calibrated
by means of a movable pitot tﬁbe—which could be mounted in the left
hand end plate when the graphite heating tube was removedo A static
pfessure tap was mounted on the upper side of the nozzieo The static
tap and the pitot tube were nonnected to two vertical glass tubes
‘which were open to the atmosphere, The differén@e in the hydrostatic
heads developed at each flow rate was used as a basis for calibrating
the orifice manometer,

The wlocity profile was determined at different heights above the
nozzle section., The velocity distributicn was fairly constant up to
about one and one=fourth inches above the nozzle section, The vertical
distance between the center of the graphite tube and the nozzle plate |
was determined from a consideration of the uniform flow profile and the
‘estabiished flow distribution around a cylinder in a uniform flow, ..

The visual characteristics of the stable film boiling phenomenon

were recorded as an important part of the present investigation.,

4
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Deseription of the Vapor Film

. The use of pyrex glass pipihg for the test ;e§3%pn made possible the
visuai observation of the liquid boiling from the”éraphite tube. The
change from nucleate boiling into film boiling and the reverse was clearly
‘distinguishable, The effect of changing the liquid flow rate or the |
heat flux generated within the graphite tube was noted by a corresponding
, change in the vapor film‘surrounding the tube. The bubbles formed at
the graphite tube surface during the preheating of the liquid to its
boiling point were observed and their resultlng change in size as they
flowed to the condensing section was used as a measure of the liquid
temperature,

In £ilm boiling the vapor film surrounding the tube was very smooth
at low tube surface teﬁperatures with only natural convective forces
acting iﬁ the liquid. As the tube iemperéture orlheat flux was increased,
a corfesponding increase in the film thickness was noted., The roughness
or ipgegularétieSvat the vapor and liquid interface increased noticeably

with the increased heat flux., The separatlon point for the vapor leaving

the tube surface was at the top of the tube and the tube appeared to be
completely surrounded by the vapor film. As the liquid flow rate was |
increased, the vapor film thickness decreased, and the separation point
moved down to-approximately the middle of the tube as predicted by the
theory. . |

In some trial runs made with a carbon tube it was observed that
at high velocities with film boiling that the bottom of the tube was

from 100® to 200° colder than the top half of the tube, indicating
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that by far the largest percentage of the heat is transferred on the

lower half of the tube, especially at high flow rates.

N

Experimental Data

Experimental data were taken on the following liquidsg absolute
ethyl alcohol, benzene, carbon tetrachloride, and n&hexane; The data
and calculated quantities appear in Tables 2 to 19, The values for
ethyl alcohol are listed in Tables 2 to 7 for benzene; Ta51es 8 to 13
~ for carbon tetrachléride; Tables 14 to 16, and for n-hexane, Tables
17 to 19;

Tovstudy.the effect of 'ou.be.diamet.er’9 three different ﬂube
sizes were used, The approximate outside diameters were 3/8;'1/2;
and 5/8 inches. bee'accurate measurement of eacﬁ are listed in
the headingé of each table, The tube material in ali threeicases
was graphite, and all three sizgs-were used for each liquid.

Since the primary probiem was to study the effect of forced
convection on the heat transfer coefficien£5 liquid velocitie; were
varied from zero flow to approximately 14 feet per second depénding
on the particular liquid. Extensive studies were made on alcohol and
benzénerin the region from zero flow to 2 feet per second. These
data are listed as low flows in the heading’as'distinguished from
‘high flows, which covers the entire range. The general practice was
to record three pieces of data, covering a ranée of temperatures for
each velocity setting. |

A sample caleulation and values of the physical properties of the

e T .t =
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liquids used in computation have been recordedh’7o

Included in the tables are the following quantities:

1. The run number is taken from the laboratory notebqok and is used
only as a means of 1isting the data in the correct columns; ﬁ;g some
cages the data werevtaken at different times and therefore the run
numbers may not be concurrent Qith each other.

2. "Wolts" refers to the voltage drop across a five inch section
on the center portion of each tube. The values repregent the difference
of two readings as read frbm a current flux voltmeter, »

3. "Aﬁp" reférs to the total current flowing in the tube, The
values being read for an alternating current ammeter.

h; The "t4" is the recorded inside temperature of the tube at
the center point. The values were measured in millivolts by a chromel
véo alumel thermocouple and converted to degrees Eahranheiﬁn

5. The YAt" is the temperature difference between the outside
surface of the ﬁube and the boiling liquid. The tube surface tempera-
fure is calculated from a knowledge of tj and the thermal conductivity
of.grvaph:"rbel“o A correction’ is made for longitudinal heat conduction,

6. "U" is the velocity of liquid at the slot opening as measured
by a caliﬁrated sharp edged orifice,

7. The *h" is the calculated overall coefficient of heat transfer
of the wvapor filmor

8. The "h,," is the calculated value of the coefficiemt of héat
transfer due to éonvective heat transfer if there Qere no radiation;f

The rest of the calculated quantities are dimensioniess grougé

based on the theory and useful in the correlations.
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TABLE 2 - |

Experimental and Calculated Data on the Film Boiling of Ethyl Alcohol

~ -at Low Flows from a 0.387-Inch Outside Diameter Tube.

AR S A L
see (hr)(sq. £t)(°Fy
342 3,09 158.0 1017 838 0 L5.2 39.6
343 3.43 175.0 1146 966 0 18.2 L1k
344 3.68 190,0 1326 1145 0 47 .2 38.3
345 2.98 153.5 946 768. | 0 L6 -2 41.2
W6 3.7 1.5 132 98 0 4T k0.8
LT 3.69 187.5 125 1075 O 49.9 4L
348 2.83 L4085 675 0.37 47.1 429
349 3.29 1705 1092 913 037 479 Alfé
350 3.72 193.5 1283 1102 0.37 50,9 42.6
351 2,57 LO.5 815 638 0.5 k.2 39.9
352 3.28 1815 1132 952 0.55 L8.8  4L.6
3535 3.76 200.0 1263 1082  0.55 5.3 45,5
354 293 185 86k 686 0.78 497 b9
355 3.42 175.0 1105 925  0.78 50.7 435
356 3.70 191.5 1249 1068  0.78 52,0 . 43.1
357 2.7 149.0 799 621 1.00 51.2 468
358 - 3.25 180.0 1013 ; &34 1.00 55.1 48.8
359 3.82 209.5 1269 1088 1,00 579 485
360 3.08 156.0 &2 664 131 57.0 52.2
361 3.47 180.0 1063 883  1.31 56f7 49.8
362 3;83 200.0 1211 1030 1;31 58.7 51.1
33 2.3 1600 89 651 1.6l 57 52.4,
366 3.2 186.5 102 8 1.6l 58.1 51fé

365 3.8 211.5 1229 1ou8 1.61 61.5 52,5



Run
No.

342
343
344
05

346

347
3148
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
- 365

1/4
D2Atp _
thLJ K3 eel?\'] F

s
o

1.21
1.12
1.10
0.9%
0.90
0.9
0.85
0.80
0.76
0.82
0.81
0.76
0.79
0.71
0.70

0,70
0467
0065

=R L=

ABIE 2 {Cont.)

2.20
2.13
2,12
1.18
1.12
1.13
0.75
0.68
0.64

0.59

0.55
0.50
0.47
0.39

0.37
0.36

0.32

0.30

. quz M
co k3€(&=-e)87\“J

0.5
0,66
0.58
0.69
0.65

0.65
0.72
0.67
0.66
0.69
0.66
0.70
0.75
0.70
0,67
0.81
0.80
0.75
0.90
0.81

. 0,80
0.88
0.8
0.81

UCRL~1894

hcé\%%%;;,ﬁ%%ﬁﬁ

5.08 310
5.08 4,20
5.3 470
3.91 300
409 430
@QS? 520
3i59» 320
3.5, 430
3.5, 470
3,40 300
3.60 390
.3;55 1,80
3.3, 320
3.2, 410
3.2, 460
2.9 310
2.99 400
3.00 460



R 'UCRI~189/
TABLE 37
Experimental and Calculated Data on the Film Boiling ofvEthyl Alcohol

. at High Flows from a 0.387-Inch Outside Diameter Tube.

Sﬁ? Volts Amps §§ »g; £§g h s h,
sec {(hr)(sq. ft)(°F)

257 2;70 150;5 703 526 2.32 62;4' 58;6 |
258 3.1 201.0 1017 g8 232 661 59.6
259 4a23 26,5 1335 1153 2,32 -+ 7.1 '6236
260 2,90 1640 685 508 3.97  75.7 72.0
261 2,57 2L4.0 972 793 3.97 779 71.8
262 L3 261.,0 1274, 1092  3.97  85.6 76,0
- 263 3.45 201.0 790 611 "6;02 - 91;6 87;2
264 b2 243.0 1029 848 6,02 95.5 88,9
265 .8k 285.5 1202 1108 6.02  100.8 91.0
266 3.87 225.5 811 631 7.92 111.8 _107}2
267 u;5u 267.0 1062 880 7;92 111;4 . 10k
268 5.28 312;9' 1346 1160 7;92 116 104.1
269 Lo3l 25,,0 896 715 10,03  124.7 . 119.4

270 483 288.5 1087 906 10;03 12&?3 117.1
271 5L 325.0 1314 1127 - 10,03 129.2 19,2
2 K6 280.5 982 800 1201  134.8 128.7
273 5,15 306.0 1105 921 12;0;_ 138.4 131;9
2% 5.58 331.0 129 1062 12.01  140.7 131;5
275 480 262.5 991 808 12,01 135;5. 1294
276 5;15 306;5 1128 943 12,01  135.4 127.7
277 5.5 331.0 127% 1087  12.01  137.1 127.6
278 . L9 294,.0 1018 835  14.55  140.5 134.1
279 523 3155 1117 932 55 L0 13h.5

280 5074 340.0 1267 1080 ;.55 146.0 136.6 -



w23 ' UCRL~1894
| y TABLE 3 {(Conts) /
A - A1/L 1/4 _
ﬁun Tgﬁ | hc%%gﬁgﬂkzx*g] = hco[?g?“ . | h\[Dat  Atésk
0o g U- QQAN. k C(egﬁe)g%fj Ukey JPeA

257 2,277 0.69 o3k 1.04 2,77 260
258 0.65 .26 0.98 2.90 400
259 0.63 . 23 0.95 : 2.9, 510
260 3.897 0.65 '028 1.28 . 2.59 250
261 0,60 .21 1.19 . 2,65 380
262 n 0.59 .25 1.17 2,35 250
263 5.909 0.62 .23 1.51 . 2,60 310
264 " 0.60 .20 146 2,70 - 410
265 0.58 17 1.4l 2.75 520
266 7,771 0,67 .26 1.86 2.8, 320
27 0,61 .20 1.70 2.7 430
268 0.56 .15 1.57 2.65 520
269 9.8hk 0464 .23 2.02 | 2,81 370
270 v 060 a9 1.89 2,75 44O
271 v 0.58 .16 1,81 2,76 520
272 11.79 0.62 (.22) 2. 2.79 . 410
273 m 0.61 .19 Coam A 2.62 340
27, m 0.59 .17 2.03 2,77 490
275 n 0.63. .21 2,16 282 400
276 n 0.5  (.19) 2,04 2,71 450
277 0,57 .16 197 20 510
278 14.26 0.59 .18 o221 2,67 420
279 " 0.57 .7y ° 2 2.61 L4O

280 " 0.55 015 ,2309' 2,62 520



=2y < U189
‘TABLE 41
Experimental and Calculated Data on the Film Boiling of Ethyl Alcohol

at Low Plows from a 0.497=Inch Outside Diémeter Tube.

Run Volts Amps ty At U h h.o
No. °F . °F £t | Btu

‘ sec {(hr)(sq. ft)(°F).
319 2.62 180,08 666 O  41.0 36.9
320 2.95 207.5 1026 8L6 0 41,9 36.2
321 3.28 236,5 1202 1021 O bl 36.6
322 2.78 189.5 923 - TW O 41.0 36.2
323 3,12 223,0 ‘1121 941 O 12,8 363
32 2.78 189.5 9 735 034 .9 37.2
325 3.08, 216.0 1071 891 0.34 - 43.6 37.6
326 3.45 244,.0 1252 1070 -o;3a‘ , 46;0 38;0
327 247 183.5 822 644 0.55 K1k 37.0
3286 2,95  227.0 1072 892  0.55 Lol 37.5
329 3.33 256.5 1233 1051 . 0.55 47.8 394
330 291 199.5 957 718 077 byl 38.5
331 3.17 224,,0 1108 928  0.77 45,1 38.0
332 3.53 247.5 1245 1063 Q.77 48,5 39?8
333 2.63  199.0 &7 668  1.00 6.5 418
33,  3.05 .23005 1015 835 1.00 50,1 AB;S
335 3.k 265.5 1224 1042 1.00 52,0 134
336  3.02 210.0 943 763 1.29 4947 1.0
337 3.33 236,0 1101 920  1.29 . 51.1 43.8
338 3.60 256,0 1225 1043  1.29 52.8 437
339 2.7 211.0 862 - 683 1.63 5.5 46.6
340 3,13 242.0 1026 845 1;63 54.0 L7.5

341 3.67 278.5 1247 1064 1.63 57.9 L8.7



. Run

No.

319

320

321
322
323
324
325

326

327
328
329
330
331

332

333
334
335

336

337
338
339
340
341

&

1,22
1.17
1.1
0.98
0.94
0.95
0.84
oo
0.80.
0.82
0.83
0.77
074
0.71
0.69
0,71
0.70
0.68

=25

TABLE 4 {Cont.)

y |DRata /i F
ol yRx3ee

3,09
3.05

3,02
BRI

1.36
1.35
0.85
0.80

0.79

0.64

0.62
0.57
0.46
0043
040
0.39
0.36
0.33

[?Ahu “Wl/h

h . h
| ee k3€(€z~€)g kﬂ

0,67
0.63
0.61
0.65
0.62
0.66
0.64
0.62
0.67
0,65
0.65
0,68
0.65
0,66
0.76
077
0.72
0.79
0,75
0.73
0.85
0.83
0.80

UCRL~1894

5013

5.23
5.28

411

4,20

LkO
3,55

.3 .62
3.73
3.46
3.69
3.57
3.23
3.23
3.21
3.03
3.13

3,17

310
400

1460
310

400
460

320
420
L70

320

390

460

360
430
L70
330
400
470



.26 " UCRL~1894

TABLE ‘5.
' Experimental and Calculated Data on the Film Boiling of Ethyl Alcohol

at High Flows from a 0.496-~Inch Outside Diameter Tube.

32? ' Volts  Amps 3% | 2§ | fg - h . heo
sec (hr)(sq. ft)(°F)
287 3.77 239.5 763 581, L.02 71.5 67.3
288 3.13 219.0 937 7% 402 T2.8 67.2
289 3.80 340 1180 995 4.02  80.4 72.1
290  3.06 270.0 788 608 6.00  85.7 81,
291 3:61 319?5 995 812 6;oo | 89;6 ‘ 83;3
292 4.2 368.0 1202 1015 6.00 9.k 85.8
293 3.63 320.0 892 709 8.00 103;3 98.0.
294, 4.02  357.0 1ok2 856 8;oo 105.7 99.1
295 L o5k 398.5 1294 110 8.00 10335 | 93.7
296 4.21 370.0 1072 885  9.99  111.0 - 104.0
297 4.8 3955 0 1168 979 9.99 1184 1103
298 479 A19.5 1283 1092 9.9  116.0  106.h
299 471 MA.5 118 994 12,03 123.8 115.6
300 4,90 . 427.0 1238 1046 1203 12643 117.3
301 5,11 W7.5 1339 1145 : 12;03 126;0 "117;2 -
302 5,16 450.0 1270 1077  14.55  136.0  126.6
303  5.28 462.0 1319 1124 14;55 w70 12700

30, 497 435.0 1213 1021 1h.55 1334 1247



2T

TABIE 5 (Cont.) TUCRL-1894,
, 2 1 /
287 3,186 1 0.67 29 1,20 2,76 290
288 v 0.6k .2 L4 2.8 . 370
289 D065 .2 1.15 , 3.0 460
290  5.205 - 0.67 .26 1.52 2.8 - 320
291 " 0464 .22 146 . 2.86 aqu
292 m 0063 2 143 - o 29 A?o
293 6.940  0.67 - .25 R W 2,927 360
29, 0465 .22 1.71 C2.94 420
295 0.59 17 IS WA 279 500
296 8,665 0.61 A9 - 1.80 2,79 - L0
297 w- 0.63 .20 1,87 2.9 . 470
298 - n 0.59 17 1.75 2,80 510
299 10.430 0.60 .18 194 2.79 470
300 " 0.60 .18 1,94 | 2.83 500
300 " 0.58 .16 1.87 2.77 - 530
302 12.620 0.58 16 2,07 2.75 510
33 ¢ 0.58 26 2.07 2,76 520

30, 0.58 .17 2.07 2,72 490



e , UCRL~18%

TABLE &°
Experimental and Calculated Data on the Film Boiling. of Ethyl Alcohdiﬂat

Low Flows from a 0.638-Inch Outside Diameter Tube.

Rin o Tolts  Aws. by 8 ££; o he
sec  (hr)(sq. ft)(°F) -
366 2,10 270.0 792 613 0 10.9 365
367 2.26 289.5 87, 695 o b8 36.7
368 2.42 316.0. 979 799 o k25 364
369 2,18 274.5 808 629 0.5k - 427 38.8
370 | 2,48 324,.,5 1002 821 o;sa : a3;9 38;3
371 2,88 37%6.0 1225 10b2 0.5, k6.7 39.0
372 2.30 2945 869 690 100 Bhd 3905
373 2.63 339.0  10h2 81  1.00  46.9  40.3
37, 3.01 389.0 1243 1059  1.00 - 50.2  40.8
375 2.51  327.0 - 941 760 L.62 49.5 4349
376 2,71 357.5 1067 885 1.62 . 50.2  43.3

377 3.12 4020 1238 1053 1062 54 .8 L5.9



29w UCRL~1894

TABLE 6 {Cont.)

| 1/4 : 1/4
27 : ‘i-——,
No. VY& °°LIZPQC.0' , P[PC €N TmeRn e

366 0 . | o 0.73

367 v . ' 0,70

368 n o o9

369  0.416 1,18 1.79 0,76 478 270
370 m 1.11 1.72 072 L.87 . 370
370 n Lo7 168 0,69 - L9 450
372 0.6k 0.87 76 0.77 3.68 - 320
373 n 0.86 .72 0.75 o 3,81 390
37 0.83 68 0.7 . 3.8 . 480
375 1.241 0.75 oy 0,84 3.25 - 350
376 - n 0.72 kO 0.80 3.2 400

377w 0.72 39 0.81 - 3.33 460



=30 UCRI~189/

» TABLE 7 _
Experimental and Calculated -Data on the Film Boiliné of Ethyl Aleohol * *

at High Flows from a 0.638-Inch Outside Diameter Tube.

Run =~ Volts Amps t. At U h h

No. of o £t Btu __ °°
| B | sec Tor)(sq. 15)(°F) - .
" 305 2,34 29L.5 802 = 623 2,47 51.7 4742
306 2.6 339.5 970 789 247 531 L7f2
307 2.9 390.0 1162 979 .. 2.47 55,2 47.1
308 . 259 3B5.0 783 603 06 69.6 653
©309 2,85 372,00 909 727  L.06  70.6 65.2 .- -
310 3.10 411.0 1044 860 . A;Oé : 71;8 65;1
311 . 2.92 8.0 9L T2 5.2 75.2 69.8
312 .- 3.15 L12.5 - 1009 - 825 5.52 "77f3 7Of9
313 3.36 | bh3.5 1098 912  5.52- 80.3 7.0
31 3.08 409.5 943 759  7.00  81.8 76.1
315 3.29 4355 1024 839 7.00 3.9 ol -
316 3.49 | 457.0 1083 897 7,00 87.0 79.8
317 331 MO0 959 T 8.3 92.5 86.7
318 3.53 465.0 1031  8L5 8.53 95 .4 88,8
319 3.15 415.0 873 689 8.5  93.1  g8.1



‘No.

305
306
307
308

309
310
311
312
313
3L
315
316
317
318
319

1.890

n o
3.107

]

5.357
-

o

hcof}t ' ] Viy
|{vAdeear |
0.68 .33
©0.65 .29
0:64 © 026
. 0.73 33
0.7 .29
0,68 - e26
0.65 .25
.0.65 .23
0.65 .27
0.62 .22
0.62 2
0,63 W21
0.64 - 023
0.65 22
0.67 .25

-31-

TABLE 7 (Cont.)

:0.93
0089

. 0088 N “

129

1.25

1.21
134
134
1.34
145
Lokl
146
1.64
1.65

1.70

UCR1~1.894

- len  AA
12,83 .. 300
2.85 370
0 3.03 - 510
©.3.0, 300
.3.07 -+ 350
3,06 K10
72,83 .. 360
£ 2,90 400
2,96 .- 430
2,72 370
2 40
';.2;37 "~ 430
L 2.84 390
2,94 420
12,90 350



o -»32- | UCRI~1894

TABLE 8
'.'Experlmental and Calculated Data on the Film Boillng of Benzene at Low .-

- Flows from a O 387—Inch Out31de Dlameter Tube

‘Run - Volts mps by AL .U h e;;'hco

No. °F  oF £t
‘ L g ' .. sec (hr)(sq ft)(‘*}
378 2,72 137.0 865 685 ~ .© 0O 42.2 379
379  3.03 155.0 1017 837 :. O 43:5 0 37.9
380 | 342 175.5 ~1195 1014 - . O 45.9 -  38.5
381 2.85 W5.5 . 932 752 . 0.0 4341 36.5
o382 3.18 163.5 1083 902 040 450 3645
383 3.6 177.0 1193 1011 - 0.40 473 37.3
38, . 3.02 154.0 970 790 - 0.80 463 40.1
385  3.26  169.0 1099 - 918  0.80 47 -39.2
386 - 3.5, . 182.0 1209 = 1027 0.80 - 149.3 40.2
.387  3.13 160.5 - 955 775 - 1.30 .51.3 L5.3
388 - 3.33 173.0 1044 863 - 1.30 52.8 45.9
389 . 3.58 185.0 146 9L - 130 5.3 46.2
390 - 3.20 iéa.5~‘ 9%1 780 .. 1.58 53.6 47.6
391 3.38 176.0 1045  86L 1.58 547 L7.9

392 3.62  189.0 1162 980  1.58 55.4 L7.3



=33 _
UCRI~1894

TABLE 8 (Cont.)

oy Y/ VA
Rum U . [DRatm. oo fpatp . VY% \[DAL . Atlek
No. V&b h"‘?‘;}ZEe&)\ "T ' h"?[k3f €6-Cex :\ Beol ycen JEX

378 0 v 0.62
39 ; S osr
380 e ﬂl 0.52
381 0.395. © 0.92 177 L 0.58 - 3.98. 350
382 v . 0.86 176 . - 0.5 s 370
383 0 . 082 L7 0.51 " 3.6L 390
3847 0.787.  0.70 0,62 0.62 3.05 360
385 0. 0.k 058 0.7 | 2,é2 380
386 m . 0,62 0.57 055 275 390
387 T 1.280. . 0.62° 0.35 071 2,70 - 360
388 m .. 061 . 034k 0,68 - . 2.7 370
389 v .. 0.58 0,32 0.65 2,57 390
390 1,550 . 0.60 . 0:29 . 0.7k - 261 360
301 1w . 057 . 028 0.2 2.1 380

392 . v .. 0,53 . . 0.25 0.66 - 2.35 390



TABLE 9@

tﬂfgék}

. Experimental and Calculated Data on the Film Boiling of Benzene ét_High

- No..

123
42l

425

4,26
427
4,28
429

430
431

432

433 -

L34,
435
436
437

Flows from a O.387-Inqh’0utside Diameter Tube.. .

Volts

'3.10

347

’ 3086'
3.50

3.95

’ b-cL»?

3,96
Lok

4.90 "

Lok9

4,97

5.5

L.88

5.28
5.6

. Amps -

159.5
179.0
198.0

180.0
205.0.
© 230.5

205.5

231.0

256.0.
-233;0
260.0

284.5
254.5
277.0

294.5

t.

oF

874

1008
- 1159

811
948
1,1
793
923

1072

856

91
1128

957

1072

1180

At
oF

694
827

976
630

765
957
611

- 139

886
673
805
940
772
885
1001

U
£t
$ec

2.4
2.4,
2.4
5.03
5.03
5.03
8.01
8.01
8.01
11.03
11.03
11,03

11.72

11.72

11.72

h

Btu

hog

(br)(sq. TT)(°F)

57.6

- 60.6

63.3
8l.h
86.2
87.7
108.5
113.3
115.3
126.6
130.7

134.4

131.1
134.8
135.9

52,5

5.3
55.2
76.9
80.4
79.8
104.1
107.8
108.3
121.7
124.5
126.7 -
125.2@
127.8
127.5



Run

No.. .

423
L2,

uzﬁmqm

L26

27 -

429
430

431

432

433
L34

L35
436

437 -

U

} 201&06

=35~
TABLE 9 (Cont.)-

“lvadee | ‘Pee-00p T
0.5 2 oss
10,53 .20 0.82
0,50 .18 '_0078
0,58 21 1.30
0.57 9 1.26

0,51 ERTE 113
0.3 23 1.77
0.61 .21 1.71
0.56 A7 1.58
0,61 21 2,01
0.58 .18 1.90-

10,55 22 1.8
0.58 19 1.96
0.56 16 1.89
0,52 7 175

UCR1~1894
238 350
2.33 370
2,23 40O

247 330
2.50 370
2,29 410
2.69 330
2.67 370
2052 . thv
2.64 350

2.5 380
2057 480
2.54 370
2.55 . 430
2,37 430



TABLE 1C

UCRL~189/

Experimental and Calculated Data on the Film Boiling of Benzéne at

No.

393

394 -

395
396
397
398
399
1,00

401

402

403

LOL

L0O5
L06
LO7

Low Flows from a 0.496-Inch Outside Diameter Tube.,

Volts

2.01
2,11

2037

- 2,08 .

2.28

2.50
2.26

2.37

2.65

2.34
2.49
2.75
2.43
2.66

2,93

Amps

- 162.5

175.0

197 oo '
172.5
187.0

206 05
184.5
197.0

218.0

192.5

207.0
230.5
204 .0
221.0

244 .0

t=
-]

671
732

865
738

817
986
784
847
982
779
853

v 98h

804
905
1029

i
F

ﬁ;
492
553
685
559
637
805
604
667
801
599
673

803
624
724
8L7

fg ) Btu %%
sec (hr)(sq. £t)(°F)
0 38.4 35.4
0 38.7 35.3
0 39.5 35.1
 0.39 37.6 34.1
0.39 39.2 35.2
0.39  37.5 32.2
0.77 - 40.8 36.6
. 0.77 41.3 36.6
0.77 L2.7 36.8
127 45.0 40.7
1.27 - 46.0 41,1
1.27  47.2 4.2
;.1.58 L7.9 L3 4
1.58  "49.0 43.6
1.58 50.9 L3



Run
No.

393

395

395
396

397

398

399

500

4oL

402
103
LOL
405
LO6
107

Yeb

h

=3F=

TABLE 10 (Cont.,)

1/4 DAty
F h“’ﬁ%«i=@g)

 0.67

. [f,zAtE

co| URK3 e,
1.10 2.46
1.09 2.45
0.91 2.38
0.82 0.85
0.79 0.82
0.74 0.78
0.71 0.47

© 0.69 0.45
0.64 0.41
0.67 0.37
0.64 0.35
0.61 0.32

0.65
0.61
0,63
0.63
0.53
0.76
0.65
0.60
0.75
0.72

0.67

0.79

0,75
0.72

UCRL~1894
]l/h h ﬁﬂﬁr—- AtCek
A coV ey ;;ESTQ
4 .53 290
L .58 310
3.95 350
3.1 300
3.36 320
3.20 350
2.98 310
2,92 320
277 350
2.8, 320
2.7 ' 340
2,66 360



e

TABLE Il

Experimental and Calculated Data on the Film Boiling of Benzene at High

Flows from a 0.496-Inch Outside Diameter Tube.

- Run Volts Amps ts At U h heo

No. op op £t Btu
. sec (hr)(sq. £t)(°F)
438 2.31 185.0 673 493 2.4k 547 51.2
139 2.8 206.5 77 59 . 2.4k 54.5 50.2
44O 2.85 - 237.0 912 731 2.44 58.. | 53.0
L1 2,55 208.0 649 469 5.09 Tl 68.0
M2 2.91 241.5 77 593 5.09  7h.8 70.6
443 3.21 271.5 912 729 5,09 75.6 70.2
Mk 3.52 249.5 77T 595 746 93.0 g8y
W45 3.9,  276.0 898 T 7.6 96,2 90.9
LL6 bolib 316.5 109% 909 7.46 98.2 90,9
W7 3,91 275.0 900 716 9.49 949 89.6
LL8 427 303.0 1022 836 9.49  98.3 91.8
ENVCRENN & 335.0 1168 979 9.49  102.7 9.5

450 4028 300,0 954 768 11.72  105.7 ' 99;9
L51 L .60 325.5 1054 867 ' 11,72 109.0 101.9

452 4.90 351,0 1166 977 11.72 111.3 - 103.2



| - -39- |
| MBIEIL {Cort)

L38 2119 - 0.67 - wu33 L 0.98 e 2.7 270
139 " 063 .28 - 092 2,62 300
Lo m 0.62 26 0.90 : 2.68 350
LWl L.k18 0.2 .26 131 2.49 260
W2 w062 .4 129 260 310
W3 v 057 .19 119 2.48 360
Mk 6.477 0.6k 2k 1.63 2.3 330
A&S"j‘"" - 0.62 .21 BTN 2,72 370
L6 m 06 .7 143 2k 420
W 8.639  0.57 a1 167 2,64 460
Wwe v o5 a5 L6l 2.5 500
A49‘: v o2 13 W 249 530
450 10.180 0.52 a6 1.68 2,29 380
L1 " 0.0 Jlh | 161 2.25 410
W2 v oms a3 153 2,16 410
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 TABIE 2 -

WRL-189%

Experimental and Calculated Data on the Film Boiling of Benzene at

Run

No. -

408

. 409

410

1

412

413
L1,

415
416

417

418
419
4,20

421

422

-Volts

1.80
1.94
2.14
1.88
2.01

2.19

1,93

2.05
2.27
2.03
2.18
2.32
2.13

2026

2.36

Low Flows from a 0.638-Inch Outside Diameter Tube.

Amps

234.5
259.5

694

246.0
268.0

292.5

257.5

278.0

300.0
269.0

290.0
312.0
283.5
300.5

630
734

822

77
867

738

808

887
By

811
878
757
815
885

At

°F'

W51

554

641

51
597

686
558

. (,27‘

554
630

696
576
633

702

" secC

0

0.39
0.39
0.39
0.77

0.77
| 07_.7"?
1.27
1.27

1.27
1.58
1.58
1.58

h

h

ey €0
(hr)(sq. ££){°F)
415 38.7
LO.L 36.9

f 42.2 38.2
40.2 ‘37.02'
404 36.7
L1.8 37.5
40.0 36.2
40.9 36.6
13.5 38.6
1.8 40.9
45.7 41.2
47.3 42.2
48.0 43.9
49.2 b5
L9k B3
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. TABLE 12 (Cont.)

fan DAtE N \[-_‘—_
Mo ‘;36(9.«-09'] UkeN. "%"
ue o S oo
409 o 0.73
410 , - 0.72
411 0,298 1.36 3.15 0.7 5,51 270
2 130 3.0 0L 535 290
Bz v 1,26 3,07 0,69 5.0 - 340
M4 0,589 093 106 . 0.1 -  3.80 280
415 0.90 1.03 0.9 C O3 300
RUEEE 0.92 1.03 0.71 ' 5;922} 330 -
K7 097  0.82 - 0.0 0.81 335 280
K8 mo 0.9 0.57 0.78 332 310
L9 - 0.79 . 0,56 0.78 o | 3.37 "336
420 1,209 0.78 0,50 0.79 - 3{2l 290
421 v 0,77 ,\ 048 0.78 - 3;23-_;; 310
w2 v o 0.45 . 0.75 .~ 315 330
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TABLE {3 |

Experimental and Calculated Data on the Film Boiling of Benzene at High

Flows from a 0.638-Inch Outside Diameter Tube. e
S R S
- Sec (br)(sq. ft)(°F)
53 230 295.5 761 580  2.52 Sh.8 50,6
454 243 318.5 829 647 2.52 56.0  51.3
455 265 3T.0 930 T 2.52 - 576 52.0
456 2.0  310,0 727 sk6 3.96 65.8 618
457 . 2,60 335;5‘ 80L - 622 3.9 7.8 63.3
458 ,',,é°7° . 358.0 878 695  3.96 67,2 6201
459 247 319.5. 698 517 550 TS TL.2
460 2.6 3L5.0 777595 5.0 751 70.8
WL 274 368.0  BL9 666 5.50  Thuh - 69.5
162 2,67 350.0 763 880 7.0 - 79.0  Th.9
463 . 2.713 - 368,5 :  8i7 e - 7.00 77.8  T3.1
LWL 2.9 | 396.0 - 900 716 7.00  80.k 7500
L85 C2.85 3855 8l0 627 8.5l g1 8L
. b6b 3.0 4100 88‘5‘- | ?'766 8.51 86.7 81,5

L67 3.31 451,0 997 - 810 8,51 90.5 8L.3
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TABLE 13 (Cont.)

453  1.925 0.72 36 1.00 2.97 290
LS 1 0.70 34 0.97 2,96 320
L5 067 31 0.93 2.90 350
h56  3.033 0.70 - W31 1.22 2,89 2§o

457 0.70 30 1.22 2.9 320

458 n 0466 .27 1.15 2.83 340

159 4,207 0.70 31 Ll 2.8 280

wo 0.67 .zé i.37 | 2;?9_- 300
el 0.64 24 130 272 330

462 5.357 0.63 2% 1.47 2.65 310

w63 m 0.60 .22 1.39 2.5, 320

beh " 0.59 21 137 2..35 350
465 6.509 0.61 22 | 1.56 - 2.58 320

166 ©0.59 20 1.50 2.55 350

w67 m 0.57 19 L6 2.52 380
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TABLE & = . |
Experimental and Calculated Data on the Fili Boilitig of Carbon Tetra-

chloride at High Flows from a 0.387-Inch Outside Diameter Tube. -

Run . Volts Amps ty At U h h,
. L ]

No.- F o oF o Btu . .
sec  (hr)(sq. ft?(?F)
522 1,99  110.8 770 598 o . 27.7. «  2L.1
5237“‘ 2.38  133.3 - 1015 8L2 o 28.3 22,8
52 2.7 155.4 121,0 1066 0O 297 g 21.8
525 237 1321 828 655  2.48 37.1 . 32.4
526f 2,61 147.3-- 963 789 . 2.48 - 37.9 ©  32.0
527 - 2.93 166,0 1132 957  2.48 . 39.5 317
528 2,72 1540 867 693 5.00 . 4E.6  Lh.2
529 3.02 1737 1038 863 5,00 48.9 42,2
530 3,33 1875 1153 977 5.00 5l k3.4
$31 . 3.07  1T5 8 700 7.01 61.9 . 56.8
S s 3.5 1965 1063 887 7.01 . 6L.7 54,8
| 533 -~ 3.90 222;0«> 1261 1084 7.0L 6L..6 55,2
saL 0 La8 2385 12k2 106k 9.49 75.8 666
535 3.98 226,0 1144 967  9.49 75.2 67.3
536 419 239.0 1153 975  13.37 83,0 75.1

537 4.3 251.5 1252 1073 13.37  83.9 o
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TABIE 14 (Cont.) /

- _ _ , . i :
R U, (Dt |V T L VDAt.. . peRk
No. ' V&I "co[uzijem' ] o 'h°11_c\3_e'(e*-e)gav‘_|-f‘__‘f‘.’:llke?ﬂ pex

52 0 X
528 v N (A

/
TCRI1~189%

2w - - 0.7
525 2429 om 36 o 2,80 240
526 0.9 .33 © 108 219 2
521 v Y 29 1704' o 281 310
28 4912 08 30 Ll 20 2%
529 .« oféa | .25 1.Li'; T 350
50 v 0k 25 142 ‘  27" 320
_ §3i 688l 075 3 1.96 o '3.0%:i";280
B2 v o - .29 Ler 3.0 1330
B3 0.9 .26 1.82 ff 3,04 ﬁijéo

S 9317 0.70 (40) 2.5 3w 3%
5 v o2 .21 222 301 330

536 13,130  0.68 - 29 2,46 2.90 330

o osm7T m 06 W26 241 2.86 350
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TABLE 15 _ ST

- Experimental and Calculated Data on the Film Boiling of.Carboh ‘Tetra- .,

chloride at High Flows from a 0.496-Inch Outside Diameter. Tube. - - - .

Run Volts  Amps ty At U no- TR

No. °F . OF £t B
; o sec (hr)(sq. ft)(°F)
550 142 1340 599 427 o 258 2.2
51 1.9 160.6 80 647 0 255 2.5
52 2.02 1843 1008 834 0 25,6 20.1
513 176 155 718 55 2.52 29.8 26.0
?isauf' 2.00 178.0: 869 - 69 2.52 30.4 25.3
sM5 2,22 1977 1009 835 2.52 2 2.e
s46 2,05  183.2 65 480 5.01 483 b
57 2.30 2045 801 627 5.01 k6.3 4149
su8 2.5 294 955 780 5.01 6.1 40.3
549 237 209.5 702 528 7.00 593 85.5
550 2.65 237.5 880 705  7.00 5.3 5.2
551 ‘2,89.‘” 266.0 _‘ 051 875 7.00 554 LB.6
552 2.79 253.5 840 665  9.50 67.0 62.2
553 3.03  279.5 93 766 9.50 69.7 640

55 3.35  306.0 1137 959  9.50 67.3.  59.5



Nos : .

540
542

543
S5hdy

545

546
547
548

549

550

551
552
553

554

m)a

- | D%ty
hco[é2k3eejyv

0.65 -
0.62°
0.60.
0.80 .
07 -
0.70
0.8 .
0.75 -
0,69‘,
0.79
0.83
0.72

e

1

F,:

:3' 5
.30
o 28

' ohé

.36 -

31
k5

36
«29
39

- +39

30

| sl
~ TABLE 15 (Cont.)

h

c

At

0.87
0.80
0.74
0.96
0.92
0.89
1.67

154

16
2.0k .
1.86
1.7
2328

. 2 037 .

2:08 -

UCRI~1894

doe(@pOen | "o

2.42:
2.42°

241
2.97.:
2.85
2.8
) B,ile
2.98

2.82

S 3.11
3.42
3.05.

190

230
260

190 -

220

270

250

280
240
290
320
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‘UBLE 16
Expermental and Calculated Data on t.he Fllm B0111ng of Car'bon Tetra—

£,

ety
7;0*

chloride at ngh Flows from a0 638-Inch Outsme Dla.meter Tube T

)
Ron  Volts fmps b1 Bt U n h;é?&
No. - ‘ F . °F. ft ‘-Btu K
 sec Tor)ea. £6) (°F)
558 1.47  183.0 561 389 o - 29.8 ;‘:’25;1”
559 _1.36  229.5° 817 643 0 . 28.6- 246
560 2.2 2720 109 921 0 - - 27.0. 20.7
5617 1.84 225.0 631 458 2.8 40,3 . 37.1
562 2.00 2550  78L . 607 248 37.6  33.3
563 2,21  285.5 »981 806 2.8 35.0 28.9
564, 2,13 270.5 72 598 5.01 Lhib, . hO.L
565 231 297.00 9 79 5.0 . L2937
566 - 2.50 323.5 1076 899  5.01 = Ll.8. 347
567 2.6 3.5 853 677 7.00° 54,9 . 50.0
568 . 2.60 348.,0 1015 88  7.00 52.0 k5.5
569 2,93 389.0. 1222 1043 7.00 52,6 43.8
570 2.78 362.5 @71 694 9.50 N3 6.2
571 2.9, 393.0 105, &5  9.50 6L 58.1
572 3.17 418,00 1173 993 9.50 65.6  57.4
573 3.08 409.0 - 997 817  13.37 75.8 696
S7%  3.29  435.5 1092 911 13.37 77.3 . 70.1

575 3.63 467.0 1249 1066 13.37 78.1 69.0
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TABIE 16 (Cont.)

558 0O o o 1.07
559  n , . 0.96
560 m - - 0.77.
561 1.893 1.06 - JTh 1.6 3.8 170
562 " 0.9k .59 130 3.57 210
563 m 0.8l R 1,11 | 3.25 260
564  3.830 0.77 o |  1.51 . 282 180
565  n- 0.7 .36 1.4k 3.02 250
566 : 0467 .28 1.31 276 2%
567 5357 0.8, i 1.96 331 240
56 " 075 W3k L 3.7 280
569 L 0.70° .28 | i,éi ., 2,96 320
70 7.270 0.95 .5 2,56 3.78 250
570 on 0.80 .38 2.17 3.27 280
72 0 Bk 2. 338 340
573 10.227  0.83 39 2,66 | 3.42 290
57, 0 0.82 .37 2.62 3.4 310

575 . 079 .33 2.52 342 350
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TABIE 17
‘Experimental and Calculat,ed Data on the' Film Bo:.llng ‘of n-Hexane "'__;f‘rom é".;"’.
0.387 Inch Outside Diameter Tube

(e

Rin  Volts Amps &y At U h heo
o R Il
68 2,15 1115 581 42k 0 _‘i43.3 41.3
469 246 138.0 766 608 . 0 3.2 39
470 2,80 1580 907 - W8 0 k5.9 K13,
LTL 2,80 1565 729 569 2.46 . 62,0 . 58.2
M2 321 186.0 912 751 246 €39 58.6.
A3 3.65 2110 1069, 907 2.46 8.3 61k
L7 3.20 181.0 - 682 523 5.03 . 894 85,9
475 3.60 205.0 799 639 5.03 93.3 - 89.0
476 4,09 233.0 930 768 . 5.03 100.3 %8
M7 3.68 209.0 729 569 . 7.6 1094 1056
478 416 235.0  8u 682 . 7.56 1159 . 111.2
L79 L_,vo 2%3.5 982 18 7.56 12 115.9.
L8O 4,08 2345 761 598 1001 . 129.3 u 12552'
LEL 4.5  263.0 887 72 10.01 1334 128.3
”yaéz 497  288.5 1013 86 10,01 - 136.1 129.8
M3 467 268.0 914 749 12.37 134.5 . 129.1
48, 5,10  301.0 1053 885  12.37 13944 132.7

L85  5.63  327.5 1166 996  12.37 148.9 141.0



51~ ,' UCRL-189%4
TABLE 17 (Cont.)

|pPatu - Ve DAt ]L”’ ;’DAt
h,, F h P o8y
°°L:2k3eem| | °°L39(el-e)g > "N e %‘%

468 0 186 | 0.69
ey o . N . 0.66

%;éz

.No.

L7001l o 0.58
W1 2401 0.59 .29 © o 0.89 2,21 200
K72 2411 0.54 2 0.8, 2.10 230

473 2411
L7 LOSLE 062 .28 138 2,32 200
56 26 13k 231 220

22 0.80 - 2.01 240

K75 LJ9kL
K76 .9k
W17 7421 0.8 .26 1.67 235 220

25 133 2,37 240

W8 7421 0.60 .25 165 2.34 - 230
479 7.&2i . 058 .23 - 1.59 | v;2.29 © 240
480 9.825  0.63 .36 197 0 T2ue 2o
LBl 9.825  0.59 24 L85 233 240
482 é,ééé .58 .21 1.75 2,23 250
483 12,126 053 .19 1.8, 2.09 240
L84 12.126 0,50 .17 o175 1.99 250
L85 12.126 0.50 27 1 : 2,01 260
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. Experimental and Calculated Data on the Film Boiling.of n-Hexane from a

0.496 Inch Outside Diameter Tube

Run Volts Amps ty at U h heo

No. °F © °F ft : Btu -
) sec - (br)(sq T£)C°F)
486 175 1550 550 390 0 410 38.8
487 2,07 1850 W0 540 0 41,8 38.6
- 488 2,40 2L4.0 83 6727 0 | -u5;o 4.0
489 199 1B 53 38 2.6 558 53.2
490  2.21  192.0 633 473 2.46 55.7  52.5
491 2,51 226.5 T 586 2.46 60.2 56 .3
192 2.30 201.0 538 . 377 5.00 773 (]
493 2,65 230.5 640 478 5,00 80.6 77.5
CL9L 291 2610 736 5T 5,00 8.5 796
195 2,55 2210 52 371 7.5 95.8 B
k96 281 2495 619 457 7.51 96.7 93.6
497 3.0 282,5 720 557 7.51 199.2 95
498 2.8 2515 615 453 10,01 99.1 96,0
499 31 2.5 705 Sk2 2001 1026 9.9
500  3.40 314.0 797 633  10.01 106.3 102.4
501 3,10 285.0 680 517 12,37 . . 107.8 1043
502 3.40 3L 766 602 12.37 112.0 10749

503 2.72 345.0 865 699 12.37 115.8 110.9
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TABIE 18 (Cont )

o 1/ g e

Le6 v 0 1. S 0um

w7 v o 0.7

Les v 1 066 |

489 2.130 0.66 .38 0.97 L 2.38 '170
490 " .63 3h 0.91 | 234 '190
491 v D64 .33 . 0.93 2,43 210
192 L4332 .66 34 136 N 238 170
W3 0 31 134 | 241 190
WL 0.8l 29 132 246 220
495 6.509  0.67 3 1m 242 170
Wb v 0.85 31 165 " 2.41 190
K97 v 063 .28 161 239 20
198 8.678 0.58 25 170 - 2.15 190
499 W 0,57 .2 . 1.68 227 210
500 0.%6 22 165 218 . 230
sl 10.730 o.sh .22 1.9 2.08 210
s02 0.5k 21 178 2.08 220

503 v 0.5 .20 1.73 | 2,07 230
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- TABIE 19
Ebcpe.rimental and Calculated. Data on the Film Boiling of n-Hexane from a

- 0.638 II’ICh Out side Diémeter-‘Tuﬁé' P

At U " h " hee

ﬁﬁ olte AR o £t ___ Btw
. sec: ~(hr)(sq $£)(°F) .
S0, 1.52  187.0 462 303 o WLk 3905
505  1.78  220.5 565 406 0 L2.86 Lo
506 1.9  249.0 678 518 o L2 39.4
507 1.8 209.0 4L 292 2.5 55.3 531
' 508 1.91 238.0 532 373 2.54 56,0 534
509 2.1 264.0 610 450 2.5, - 56.7 53,7
510 1.95 24,0.5 486 326 5,00 70.0 67.6
511 2,17 2705 563 403 5,00 7.0 682
512 2,39 302.5 651 490 5,00 T 68
513 2,29 28,0 518 358  7.53 88.9 | 86.3
51, 2.7  313.0 594 433 7.53 87.7 8.7
515 2,66  341.0 664 502 7.53 88.6 85.3
516 2.58 324,,0 561 400 10,01 102.7 99,9
 517 2,73 3545 630 468 10,01 101.6 | -9e;a ’
518 2,95 3845 705 54 10.01 103.0 994k
519 2.3 353.5 5?01 K28 1237 1108 107.8
520 2.96 3845 657 494 12,37 113.2 109.9

521  3.12 4L16.0 738 573 12.37 111.6 ©107.7



Noo,

500
505
506
507
508
509
510
511
512
513
514,
515
516
517
518
519
520
521

|DRatn
hco [U?_ e e .Q?'

/h

27

~55~
TABIE 19 (Cont.)

DAt
QQE&:E)B%'

0.78
0.77
0.72
0.99
Lou
1.02
1.32
131
1.27
1.68
1.61
1.59
1.93
1.82
1.85
2,00
2,03
1.90

UCRL-1894

2030

2.63
2.67
2.36
2.42
2.41
2.49
2.45
2.47
2.56
2.45
2.51

2.7
2.48

2.40

Atk
eDv }127“

110
160 .
180
140
170
190
160
180
200
180
190
200

190

220
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Results

The measured heat transfer coefficients ‘have been plotted in Figs. 3

through 6. From equations (15) and (16) it would be predicted that

If hey x Dl/ b were plotted against for any given liquid (at same

U
VeD
At) that a single curve would result. Fig. 7 indicates that this is
approximately correct. Indeed it appears that benzene, ethyl alcohol

and n-hexane are nearly oh the same curve. Fig. 8 which is a plot of

DZM'P v 1/4 ' gD ' 3D 112 2
e ——— V8o + _,_,;____Q____o
co U2k3€€ﬁt'1 ? 1+U2 - Uk (’29'2.

indicates that in absolute magnitude the ';axperilnentél data about 20
to 40% above the theoretical and that indeed they lie on an appi'oxi.mate
étraight'line as given by equation (l);)o |

The deviation of the experimental data from the theory may be
‘explained'as f’oilowso Heét transferred above ©' was neglect.edg
although small it is appr'e‘ciableo Indeed ‘thé higher the velocity
(low F) the better is the agreement Ybetween‘theory and experiment,
as would be expected. It is fortunate that the low vélocity limit
éorresponds to the natural con‘;rection equation (15). This should
| | be expected though. The aséumption that %g: = %‘g 1n the velocity drag
term undoubtedly introduced some error also ;
. Figure 9 is a plot of
h 4 Datu or h r
coV PN co VkZe8gnCp

o It will be noted that for J.<1 that the quantity above

VS,
VS vaD
is essentially constant at 0,62.
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Figure 10is a plot of hcoV DA E)\E = VS, %o It is to be noted that

for —@>2 that this group has the value of ~2.7 as given in equatlon (16)

. Conclusions

A sound theory has been advanced which explains almost quantitatiVely
. the observed heat transfer coefficients in forced convection film boiling
for upward flow over a horizontal tube, The equations may be simplified

as follows:

for ,%5’ <1.0
L oAt P — | 4roat ' :
-0, 62\[ L - 0,62\/ B (26,15)
k2(€e - ©)Pg N Cp k3 (8 - O)ee 2 ’
and h = by, + 2o - e
or the same as for natural convection. '
for V’gﬁ”"o
DAL '
hy, = 2.-71f TS S o  (28,16)
and h = heo + & by (29,19)

where Af -)SEL 0.4 M'C] : N (25)

For intermediate values one may use Figs. 8 or 9.
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. .. . Nomenclature .

Definition

thickness of vapor film -

heat transfer area

specific heat at constant pressure

outside diameter of .tube -

.- friction. loss, also see Table 1. .

acceleration of gravity

gravitational constant = 4.17 x 108

£ilm coefficientnofvheat transfer

£ilm cég:f;ciéh£ of heat transfer if there
were no radiation |
radiation coefficient of heat transfér;

see equation (20)
thermal conductivity

subscript denoting liquid
length of tube
pressure

pressure at 6 = 90°

" Prandtl ﬁumber = E%B

heat flow

temperature
absolute temperature

temperature difference between tube surface

~ and liquid at its boiling point

UCRL-189%

.

Suggested_ﬁniﬁs

t
££2
Btu

1b °F
ft

(££)(1b force)

1b mass.

-élb mass}%ftg

. (1b force(hr

Btu

(hry (££2) (°F)

Btu

Thr) (262 (°F)

‘Btu

() (ee2) (°F)

Btu _
F/ft)

ft

1b force
ft<

Btu
hr
ep

°R

oF
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o

_emissivity of hot tube

~69= UCRL~1894

Nomenclature (Concluded)

“

Definition : Suggested Units
temperature ‘inside the tube | °F“
boiling point of the liquid - e
temperatgre of the outside of the tube - op
velocity of the liquid . S £t
velocity of the vapor in the film B B o A

o : . hr

weight evaporated up to any angle @ : ' 1b mass

’weight'evaporatéd on entire tube R 1lb mass
. hr

" height above datum plane ' . ft

absorptivity of the cold liquid

angle measured from bottom of the tube
separation point; see after eq. (8) and Table 1

latent heat of vaporization ‘ Btu

.effective-difference in heat content between

vapor at its averagé temperature and the iiquid‘ T . Bbu .
o . 1b mass
at its boiling point, see eq. (25)

viscosity of vapor ' ‘1b mass
(hr) (ft)

density of vapor | 1b
Tt

density of liquid - 1b
: T3

Stefan-Boltzman Constant
Btu

8

0.1713 x 10~ (br) (££2) (°RY)
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