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Abstract-Referring to free convective film boiling heat transfer from a horizontal cylinder, many kinds 
of correlations of heat transfer have been proposed. However, none of them correlates the available data 
for a wide range of kind of the boiling liquid, the diameter of the cylinder, the degree of superheat and 
the system pressure. 

The integral method of boundary layer was applied to solve the equation of momentum and that of 
energy for this problem, taking into account of the inertia force in the former and the convective term in 
the latter and two nondimensional parameters were derived from this analysis. By employing these 
parameters, a semi-theoretical correlating equation accurate enough for practice over a wide range of 

parameters was proposed. 
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NOMENCLATURE 

thermal diffusivity ; 
constant, equation (15) ; 
constant, equation (19) ; 
specific heat at constant pressure ; 
diameter of cylinder ; 
velocity profile, equation (4); 
acceleration due to gravity ; 
temperature profile. equation (5); 
Grashof number, equation (26); 
symbol of a function, equation 

(27); 
numerical constants, equation 
(29) ; 
numerical constants, Table 2 ; 
local Nusselt number. equation 

(25); 
average Nusselt number, equation 
(28); 
system pressure ; 
Prandtl number ; 
modified Prandtl number, equa- 
tion (23); 

modified Prandtl number by 
Frederking, equation (36); 
heat flux ; 
latent heat of vaporization ; 
radius of cylinder ; 
dimensionless superheating, 
Sp E Cp,AT,,Jr,Pr,; 
temperature ; 
saturation temperature ; 
temperature difference between 
heated wall and saturated liquid ; 
tangential component of velocity ; 
representative velocity. equation 

(4) ; 
dimensionless number, equation 
(34) ; 
radial co-ordinate ; 
dimensionless number, equation 
(35). 

Greek symbols 

&.&.83. numerical constants. equations 
(Wlo); 

853 
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numerical constants. equations 

(llH13); 
thickness of vapour film ; 
dimensionless radial coordinate. 
equation (3); 
thermal conductivity : 
viscosity ; 
kinematic viscosity; 
density ; 
angular position measured from 
the bottom of the cylinder ; 
symbol of a function, equation 

(18). 

heated surface wall ; 
vapour-liquid interface ; 
liquid ; 
vapour. 

1. INTRODUCTION 

As A HEATED surface is covered with vapour in 
film boiling, this vapour layer becomes the 
principal thermal resistance for heat flow. 
Therefore. it is the most important subject in 
the investigation of film boiling heat transfer to 
understand the heat transfer mechanism through 
this vapour layer. Theoretical treatments of 
film boiling heat transfer proposed by many 
investigators have been based on a model of 
thin vapour film which develops along the 
heated surface and has the characteristics of 
boundary layer. 

Since Bromley [l] proposed a formal deriva- 
tion of an equation for film boiling in 1950. 
several correlations of heat transfer from hori- 
zontal cylinder have been published. For 
example, to make the Bromley’s equation applic- 
able to wide range of diameter of cylinder, Breen 
and Westwater [2] suggested a correlating 
equation which included the critical wave length 
of Taylor instability at the vapourrliquid inter- 
face as a parameter. But this equation fails to 
correlate some experimental results for carbon 
dioxide [S] and helium [3] from thin wire. 

On the other hand. Frederking [3] analysed 
the film boiling heat transfer by the integral 
method which had been developed by Krwzhilin 
[4] for condensing vapour on a vertical plate 
and a horizontal cylinder. Krwzhilin took 
account for the inertia force in the momentum 
equation and the convective effect in the energy 
equation. Frederking derived some possible 
dimensionless parameters of heat transfer and 
correlated some available experimental results 
at that time. And it was shown that a good 
correlation of data was obtained by the above 
parameters for film boiling of helium. oxygen 
and nitrogen. However, it seems that there is 
no logical inevitability in the process of com- 
posing one of the dimensionless parameters. By 
the way authors themselves plotted the experi- 
mental results over a wide range of parameters 
with Frederking’s dimensionless parameters, 
obtaining a favourable correlation. Therefore. 
it is reasonable to conceive that the Frederking’s 
correlation touches the core of the essential 
mechanism of film boiling heat transfer. 

In this study. by using the similar integral 
method that Frederking applied, an analysis 
was developed to solve the fundamental equa- 
tions of momentum and energy transportation. 
in which the velocity and the temperature 
profiles were postulated to be of arbitrary 
functional forms. After the equations were 
solved. several sets of concrete functional forms 
were assigned to the velocity and tem~rature 
profiles. and the corresponding equations of 
correlation were obtained. Then. comparing 
the equations with available data of film 
boiling heat transfer in the region where coinci- 
dence should be expected. a set of nondimen- 
sional parameters to be used in correlation was 
selected. 

The dimensionless parameters thus derived 
were calculated for all the available experimental 
data. Though the data have covered a wide 

range of parameters. a fairly good correlation 
was obtained. 

Finally, an empirical equation which can 
stand for the data points at best was determined 
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and thus a semi-theoreticd correlating equation 
of film boiling heat transfer from a ho~zontal 
cylinder to saturated liquid was proposed. 

2. ANALYSIS 

Film boiling from a horizontal cylinder is 
characterized by the existence of a vapour film 
surrounding the heated surface. Bubbles depart 
from the top part of the cylinder. A heated 
cylinder which has a radius, R1 and whose 
surface is maintained at a uniform temperature, 
T,. is submerged horizontally in a stagnant 
saturated liquid at a temperature. T,, as shown 
in Fig. 1. Vapour film with thickness, 6(q). 
develops along the cylinder surface. cp is an 
angular co-ordinate measured from the bottom 
of the cylinder. 

FIG. 1. Physical model and co-ordinates, 

A few assumptions are made for the derivation 
of the integrated fundamental equations of 
boundary layer ; (1) the vapour-liquid interface 
is smooth. (2) the vapour film has the nature of 
boundary layer and (3) the physical properties 
of vapour are independent of temperature. 

The equations of momentum and energy 
transportation can be represented as follows, 

referring to Fig. 1 

Reducing the co-ordinate, the velocity and 
the temperature to non-dimensionsional forms. 
we have 

(3) (4) (5) 

Then equations (1) and (2) become as follows. 

- ho, - Y2,$ (6) 

= - y3Ar,,,; (7) 

where PI, fiZ, f13, yl, y2 and y3 are ail numerical 
constants characteristic of the dimensionless 
velocity and temperature profiles, namely F(q) 
and G(q). They are defined by the following 
identities, 

PI = .i {F(rl)j’ d?, B2 = .i WNv 

(8). (9) (10) 

y1 E F’(O), y2 = F’(l), y3 3 G’(0). 

(11).(12),(13) 
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Integrating the equation (7) quite formally The heat flux can be calculated as follows. 
and then substituting it into the equation (6). 1:T 
we obtain 4 = _ I,,, .__ 

0 C7.Y * 
= _ A+? G’(Q) 

(24) 

Therefore the local Nusselt number, Nudcp), 
and the average Nusselt number. E,. become 

Assuming that PF2 I 

x 0, GrD Iv* - cG3JjlllR3h --72,] I 
(25) 

Z$$ f 
s 

(16) Gr 
D 

_ ~3~~~.(~~ - ro,) 

0 d . 

the equation (14) becomes 

( 

4 r (sin 9)’ dq g 

‘dv 

Q(p) G _4&__ 

s 

3 (sin cp)’ > (26). (27) 

S3$ = B * G sin cp (17). (18) ‘p -.. 
8 =, = f 

s 
Nu(cp)dq 

0 
n 

- 
B E pz3 28 A2 

6%‘~ - P,.) 
L- + v&y, - y2)A 

R 
(19) = 

Pr*2 
Differentiation of the equation (17) with respect 
to cp gives, 

-~-.__.. 
Pr” - r2Y3Pi/&(Y, - ?/J-j 

(28) 
m 

3d311/6 + S4\1/’ - B = 0. (201 

The solution is obtained easily and the vapour 
film thickness can be calculated, 

B can be determined by the equations (15) and 

’ 
(23) 

__= 1 T dv 1 

I - n i(q?} s ~ = 02306. 

0 

3. CORRELATION OF FILM BOILING HEAT 
TRANSFER 

3.1 Selection of the dimensionless parameter .jbr 
correlation 

If the actual functional forms of F(q) and 
G(q) are assumed, pl,Bz, fi3. yl, y2 and :j3 in 
the equation (28) can be caicuiated by the 
definitions (8)-(13). At this point two velocity 
and two temperature profiles will be postulated. 
Then four possible combinations of velocity 
and temperature profile result. They are listed 
in Table 1. 
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Table 1. &ombinutions of velocity and 
temperature profile 

l-1 case Q case @ 
(1 - # case 0 case @ 

___ .-- .~..~_ 

The velocity profile of (II - q2) corresponds 
to zero vapour velocity at the vapour-liquid 
interface, namely stagnant liquid, and that 
of (29 - q2) to zero shearing stress at the 
interface, namely freely movable liquid with 
vapour. On the other hand, the temperature 
distribution of (1 - u) means that the heat 
transfer from the cylinder is due to only heat 
conduction through the vapour film. When the 
numerical constant was calculated by definitions 
(8)--(13) and was substituted into the equation 
(28) for all cases from @ to 8. the correlating 
equations given in Table 2 are obtained. 

Now above four equations are compared with 
experimental results to select the appropriate 
dimensionless parameters. Authors’ data [5] 
of film boiling from horizontal cylinder of 
13 mm dia. to saturated water at atmospheric 
pressure are chosen for comparison because (1) 
diameter of the cylinder is suitable for the 
assumed laminar boundary-layer treatment, (2) 

Table 2. Examples of the equuti~n (28) 

. - 
Numerical constants 

Case --~ --.----. 

k, k, k, 
-----~.-I-- ___I-.--__ 

$ 0433 0567 0.400 2.13 267 2 00 

0641 1-33 3.33 
0819 8-00 5:oo 

temperature difference between the heated sur- 
face and saturated liquid is comparatively small. 
and (3) the vapour film is considered to be thin 
for reason of large latent heat. The result of 
comparison of four equations with the typical 
data of water is shown in Fig. 2, a non-dimen- 
sional superheating Sp z Cp, ATJr,Pr, being 
the abscissa and a modified Nusselt number 
%d(Gr, Pr)* the ordinate. 

5 

4- 
3 

i 

(Woie?~D - 13mm) 

0 Experimental dato 

;:-I i- 
I- 4 Four cises of the ccmbinoiicm 

04- of velocity ond temperature 
profile fcf Table I ) 

FIG. 2. Comparison of analytical results with experimental 
data (water, I ata). 

Considering the physical situation at the 
vapour-liquid interface, the zero vapour velocity 
condition seems to be more likely than the zero 
shearing stress condition, except for near critical 
liquids. In Fig. 2, experimental results lit the 
case @ calculation best where the zero vapour 
velocity condition is postulated. The correlating 
equation of case Q can be represented as 
follows, 

?%?i, = 0.541 
[ 
Gr, 

Pr*2 4 

Pr* + 1 1.33 (301 

J 

h 
Pr* E Pr 1 f 3.33 rV 

CPU AT,, 
(31) 

which will be referred to as a basis of discussion 
hereafter. 
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3.2 Comparison with experimental results 

Figure 3 is a plot of the typical authors’ data -. 
[5] in which the average Nusselt number Nu, ,oo 
is taken as the ordinate and the dimensionless 
parameter Gr, Pr*‘/(Pr* + 1.33) appearing in 
the right-hand side of the equation (30) as the Equatfon (301 

abscissa. Properties of vapour were evaluated Ip 10~ 
at the film temperature, (T, + Q/2. Paying 
attention to a kind of boiling liquid in the figure. 
a large temperature difference corresponds to a 
small value of abscissa, and a large diameter of 
cylinder to a large value of abscissa. The data 
of water and ethyl alcohol show good agree- 
ment with the analytical result of the equation 
(30). The Nusselt number of n-pentane. however, 
is in slight excess of the analysis for a fixed value 
of abscissa. The latent heat of pentane is much 
smaller than that of water and a relatively large 
amount of vapour might have been generated. 
resulting in an enhanced degree of turbulence 
or disturbance in the vapour film, accordingly 
giving rise to a different mechanism of heat 
transfer from that of laminar boundary layer. 

FIG. 3. Comparison of the equation (30) with some typical 
data. 

This effect of increased film thickness causes 
the deviation from the analytical result, as 
seen in the data of boiling in water from a 
cylinder of 12 mm dia. In the case of boiling 
of carbon dioxide from a thin wire. there is a 
considerable deviation from the analysis. The 
reason for this deviation may be as follows. As 

Pf.2 
GrD ___ 

Pf * t I.33 

FIG. 4. Correlation of hlm boiling heat transfer 
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Table 3. The keys in Fig. 4 and the related conditions ofexperiments 

Temnerature difference 

859 

Boiling liquid Pressure 

(ata) 

Helium 

Nitrogen 

Oxygen 

Carbon dioxide 

Water 

n-pentane 

Hexane 

Ethyl alcohol 

Carbon 
tetrachloride 

Iso-propanol 

Freon 13 

Freon 22 

Freon 113 

l-00 0,43 0.0055 10%600 600&10000 
1.00 0.43 0.013 10&600 3000-5000 
1.00 0.43 0.0215 l&600 25OG4000 
100 0.43 0.051 100-600 100&2000 

100 0.029 0.010 1 O&600 2500 
1.00 @029 0.031 10+600 1200-1500 
1.00 0.029 O-100 100-800 650-800 
1.03 0.030 8.9 20&800 100 

1.03 0.020 0.635 lOG300 240 
l-03 @020 1.75 10&300 150~1170 
1.03 0.020 19.1 100-300 110-130 

15 IO 0.2 100-800 900-loo0 
60 0.80 0.05 25G650 1900-2200 
60 0 80 0.2 150-850 1000-1200 
13 0.97 0.1 40-60 1900 
63 0.84 01 10&400 1600 
59 0.79 o-1 65-520 1400-1800 

1.03 O-0046 0.14.7 1000 600-1500 
1.03 0.0046 050 800-1000 600-700 
1.03 O-0046 100 500-800 4w500 
1.03 00046 13.0 20&500 200 

1.03 0.030 4.78 300-500 210-240 
1.03 O-030 6-05 13&530 190-220 
1.03 0.030 8.94 13&530 15S200 
1.03 0.030 13.0 10@400 200 

l-03 O-033 130 2oo-400 2OG240 

1.03 0.016 8.94 14@540 17Sl90 
l-03 0,016 13.0 2oo-400 220 

1.03 0.022 1-o 450-850 230-370 
1.03 0.022 8.94 45(f850 100 

1.03 0.019 6.35 8&160 200-220 
1.03 0.019 17.1 S&150 170 
1.03 0.019 48.1 90-l 50 170 

34.5 O-88 0.1 50-110 1100 
29.9 0.76 O-l 12&290 1100 

4w9 
4tX-49 

1.03 
1.03 
1.03 
1.03 

0.79097 
0.79-0.97 

0.030 
0.030 
0.030 
0.030 

0.05 40-400 1500-1900 
0.2 3wOO 8OS900 

4.7 170 150 
8.0 10&170 120 

48.1 100-160 120 
4-76 1 SO-250 130-260 

Reduced Cylinder 
pressure diameter 

(mm) 

beiween the heated 
surface and the 
satulated liquid 

(deg) 

Heat-transfer References 
coefficient 

(kcal/m’hdeg) 



X60 K. NISHIKAWA. T. ITO. T. KUROKI and K. MATS~MOTO 

the diameter of the cylinder is not sufficiently 

large compared to the film thickness, we cannot 
assume a boundary-layer treatment for such a 
situation. 

By using the parameters adopted in the 
presentation of Fig. 3, many experimental 
results over a wide range of system parameters 
are plotted in Fig, 4. These plots involve also 
the data in Fig. 3. The explanation of the keys 
in the figure is tabulated in Table 3. The diameter 
of cylinder ranges from about 0.006 to about 
48 mm. the system pressure from atmospheric 
to critical pressure and twelve kinds of Iiquid 
are included. In spite of the wide range of 
system parameters the correlation is fairly 
good. The solid straight line Iabelled with “a” 
in Fig. 4 corresponds to the equation (30). 

For the value of abscissa less than about 105 
the experimental results deviate from the curve 
“a” considerably. This may be attributed to 
the same reason as that discussed above. The 
broken straight line labellcd with “b” is a 
faired one which is drawn so as to fit the data 
having a abscissa less than 10”. It is to be 
written as. 

G, = 1 .g_? 

[ 
Gr, ___EE_ 1 

s 

Pr* + 1.33 
(32) 

A curve can be drawn which fairs approxi- 
mately all the ex~rimental data. This curve 
marked by “c” is represented as follows, 

Y = 0.22 + 0.15 x + OQO58 X2 (33) 

r Pv*J 1 
X 22 log, o 1 Gr,L---- 

Pr* + 1.33 1 
(34) 

Y z log,, [Nu,]. (35) 

Considering the fact that the dimensionless 
parameters adopted as the basis of the correla- 
tion were derived from the laminar boundary- 
layer treatment of the vapour film. it is somewhat 
beyond expectation that these parameters stiff 
possess some meaning for the correlation of 
film boiling data where the concept of boundary 
Iayer seems to be inapp~i~ble. This is a promis- 
ing clue for the analysis of film boiling in which 

a thin wire or a large superheating is con- 
sidered. 

On the other hand the Frederking’s method 
of correlation [33, 

(36) 

can afford as good a correlation as Fig. 4. But 
the authors’ method is said to be superior to 
the Frederking’s in the two points: (1) the 
former has a more clear physical reasoning than 
the latter, and (2) the abscissa in the former is 
simpler than that in the latter. 

Breen and Westwater [2] extended the corre- 
lation of Bromley [l] to a wider range of the 
diameter of cylinder by introducing the critical 
wave length of Taylor instability. However. it 
was found by authors’ examjnation that their 
method failed to correlate the data of film 
boiling of carbon dioxide [S] and helium 133 
from thin wire. An extension of correlation by 

the critical wave length which is determined 
independently of the superheating and the 
geometry of the heat transferring surface might 
result in a limited success. 

4. CONCLUSION 

Film boiling heat transfer from a horizontal 
cylinder to a stagnant saturated liquid was 
analysed by the integral method. A theoretical 
correlating equation (30) was derived in the 
region where the laminar boundary-layer treat- 
ment seemed to be applicable. By making use 
of the same dimensionless parameters as those 
appearing in the equation, a semi-theoretical 
correlating equation (33) was determined, which 
compared favourably with all the data available. 
Film boiling heat transfer of saturated liquid 
from a horizontal cylinder can be predicted with 
sufficient accuracy by this semi-theoretical 
equation. 
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TRANSFERT THERMIQUE PAR UN CYLINDRE HORIZONTAL A DES LIQUIDES 
SATURI% LORS DUNE I?BULLITION EN RI%ERVOIR AVEC FILM 

RCsum611 a BtC propose de nombreuses formules de transfert thermique se rapportant au transfert 
thermique g convection naturelle lors de l’tbullition en film. Cependant aucune d’elles n’unifie les resultats 
utilisables pour une large vari&t de liquide bouillant, de diametre du cylindre, de degr& de surchauffe et 
de pression du systeme. 

On applique la mtthode inttgrale de la couche limite pour rtsoudre l’tquation de quantitt de mouvement 
et celle d’tnergie pour ce probltme, en tenant compte de la force d’inertie dans la premikre et du terme de 
convection dans la seconde et on deduit de cette analyse deux parametres adimensionnels. 

En employant ces paramktres, on propose une bquation semi-thtorique assez precise pour la pratique 
dans un large domaine de variation des paramitres. 

WXRMEtiBERGANG BE1 FILMSIEDEN IM BEHALTER, VON EINEM WAAGRECHTEN 
ROHR AN FLOSSIGKEITEN IM SATTIGUNGSZUSTAND 

Zusammenfassung-Fiir den Wgrmeiibergang beim Filmsieden in freier Konvektion an waagerechten 
Rohren wurden viele verschiedene Korrelationsbeziehungen vorgeschlagen. Doch keine davon liefert 
eine gemeinsame Beziehung fiir die verfiigbaren Daten iiber einen weiten Bereich der Fliissigkeitseigen- 
schaften, des Zylinderdurchmessers, des uberhitzungsgrades und des Druckes im System. 

Es wurde die integrale Grenzschichtbetrachtung angewandt, urn die KrBfte- und Energiegleichungen fiir 
dieses Problem zu liisen. Dabei wurde fiir die erste Beziehung die Massentrlgheit, fiir die zweite der 
konvektive Anteil in Betracht gezogen. Zwei dimensionslose Parameter wurden aus der Analyse gewonnen. 
Mit Hilfe dieser Parameter ergab sich eine halbtheoretische Beziehung, die sich fiir die Praxis iiber einen 

weiten Bereich von GrBssen als geniigend genau erwies. 

HEPEHOC TErIJIIA OT I’OPB30IITAJIbHOI’O L~M<lI?H~PX K HACbl~EHIlOn 
?KCMAHOCTB HPM HflEHO<IHOM ICHIIEIIBM 1% BO~bIIIOM OB’bEME 

AHHoTaqlrJi-IIpenno%eno ~~0r0 TCI~OB aanRcHMocTeti, xaparrTepM:syrolrlnx Tennoo6MeH nplr 
nJIeHOYHOM KHnt?HMH B yCJIOBIlf%X CBO60RHOti KOHBeKqllA. ORHaKO HR OnHa 113 3TMX BBBMCR- 

MOCTeti HenpllrO~HanJIIR oCio6weH&%n MMeIOIIJC1XCFI HaHHbIX RHIHPOKOM flMaIIa3OHe I53MeHeHMH 

;lllaMeTpOB IJMJIHHJJ~OB II J(aBJIeHElH B CHCTCMe KFIIIRUIIX ~HUl.~ltO~Tdi p33JIWlHO~O PO~a. 
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&WI peIIIeHI4n yp3BHeHElI? IIOrpaHWIHOI’~ (‘.IOR IJ 3TOii 33~3Ye IJpi%MeHHAW JlIlT~l~~‘&~bHblii 

MeTOA, IIPII YeM B YPaBHeHkIll ~BEIFKKeHHR ]vYHTbIBNI3Cb CHJIa &iHep~IIPI, 3 II ,V~‘““II”HI4~’ EIHf?r’J-‘I” 

KOHBRKTHBHbIti YzIeH. M3 3TOI’O aHNIJ433 IJbIBe~eIibI 6Wp33MrpHbIe II3p3MeTpLJ. n pfSj’nbT3Tf’ 

HCIIOJIb3OB3.HI4R 3TI4X JIapaMeTpOB II~E!~~OltteIIO JlOZI)‘3MIIPI~I4YWKOe OfiOk&HO~W 4’P”BH”“l”, 

~OCTaTOYHO TOYHOe nJIfI IIp3ItTIIYW~HX J~C’.-IE!I? J? IIII~pOHOM ~II~I3.II330IIP JJapaMt?TpOB. 


