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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
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parameters was proposed.

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
(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);

constants, equation

Pri, modified Prandtl number by
Frederking, equation (36);

q. heat flux;

T latent heat of vaporization ;

R, radius of cylinder;

Sp, dimensionless superheating,
Sp = Cp AT, /r.Pr,;

T. temperature ;

T. saturation temperature ;

AT, temperature difference between
heated wall and saturated liquid;

Uy tangential component of velocity ;

U, representative velocity., equation
(4);

X, dimensionless number, equation
(34);

¥, radial co-ordinate;

Y. dimensionless number, equation
(35).

Greek symbols

B,. B,. B;. numerical constants, equations
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7+ 72-7, numerical constants, equations
(11)H13);

d, thickness of vapour film;

n, dimensionless radial coordinate,
equation (3);

A thermal conductivity;

IR viscosity ;

v, kinematic viscosity;

P density ;

Q. angular position measured from
the bottom of the cylinder;

v, symbol of a function, equation
(18).

Subscripts

W, heated surface wall ;

P, vapour-liquid interface;

L liquid;

v, 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 15 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 [1] 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 vapour-liquid inter-

face as a parameter. But this equation fails to
correlate some experimental results for carbon

dioxide [5] and helium [3] from thin wire.
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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-
posihg 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 temperature
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-theoretical correlating equation
of film boiling heat transfer from a horizontal
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, R, 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, &o).
develops along the cylinder surface. ¢ is an
angular co-ordinate measured from the bottom
of the cylinder.

ot
NS

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,
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referring to Fig. 1
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Reducing the co-ordinate, the velocity and
the temperature to non-dimensionsional forms,
we have
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(3.4, (5
Then equations (1) and (2) become as follows.
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where B4, f;, B3, v1. 72 and y; are all numerical
constants characteristic of the dimensionless
velocity and temperature profiles, namely F(y)
and G{n). They are defined by the following
identities,

= [P dn. g, = [ Fonn

Bs = g F(n) G(n) dn

= F'(1),

(8).09).(10)

1 = F0), 73 = G'(0).

(11).(12).(13)
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Integrating the equation (7) quite formally

and then substituting it into the equation (6).
we obtain

@ ?
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the equation (14) becomes
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Differentiation of the equation (17) with respect
to @ gives,

3635 + 8% — B=0.

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

(4 [ (sin o)t d<p>‘
N "
0= 3 (sin @)} B*.

(20)

(21)
B can be determined by the equations (15) and
(19),

72) Pr¥ }

(22)
(23)

— Pu"i’D 21813’32 — B3yaly: —
T 2g(p; — p) /332 Pr?

ﬁZ Ty )
Pr* = Pr (1
183 va sal

K. NISHIKAWA, T. ITO. T. KUROKI and K. MATSUMOTO

The heat flux can be calculated as follows.

, [eT Ar}: at
= —i =) = - LG
q 4 ((\,\‘)W 5 (O)
A AT,
- _ T34 wl. (24)
)
Therefore the local Nusselt number. Nup(e).
and the average Nusselt number. Nu,, become
as follows,
qD (3D
N
upleo) = 7 A,}:m 5
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—_— 1
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0
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X [Grl) Pr*z ' (28)
Pr¥ — [2?3ﬂ1/ﬂ3(3’1 - 'Yz)]

1 do
P= —fr) = (-806.

3. CORRELATION OF FILM BOILING HEAT
TRANSFER
3.1 Selection of the dimensionless parameter for
correlation

If the actual functional forms of F(y) and
G(n) are assumed, By, 8,05 7.7, and 73 in
the equation (28) can be calculated 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.

(29)
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Table 1. Combinations of velocity and
temperature profile

Fin) 2

2
G('?) /] 27[ 1
] case (D case @
(1 — ) case @  case @

The velocity profile of (y — 5?) corresponds
to zero vapour velocity at the vapour-liquid
interface, namely stagnant liquid, and that
of (27 — n?) to zero shearing stress at the
interface, namely freely movable liquid with
vapour. On the other hand, the temperature
distribution of {1 — 5) 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 (D) to @), 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
13mm 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 equation (28)

Numerical constants

Case

ky ks ks
) 0433 0400 200
@ 0567 213 267
€] 0641 133 333
@ 0819 800 500
_— Pr*? \#t
Nlla = itt (Gr‘)m}‘;)

T
Cp AT,

Pr*sPr(1+k3
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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 = Cp, AT, /r Pr, being
the abscissa and a modified Nusselt number
Nup/(Grp Pr)* the ordinate.
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Fi1G. 2. Comparison of analytical results with experimental
data (water, 1 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 fit the
case () calculation best where the zero vapour
velocity condition is postulated. The correlating

equation of case (3 can be represented as
foltows,

—— pPrer |3

Pr* = Pr [1 4+ 3331

Cp, A'Fsa]

which will be referred to as a basis of discussion
hereafter.

(31)
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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,,
is taken as the ordinate and the dimensionless
parameter Gry, - Pr*2/(Pr* + 1-33) appearing in
the right-hand side of the equation (30) as the
abscissa. Properties of vapour were evaluated
at the film temperature, (T, + T;)/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,
1s 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.
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F1G. 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
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F16G. 4. Correlation of film boiling heat transfer.



POOL FILM BOILING HEAT TRANSFER

Table 3. The keys in Fig. 4 and the related conditions of experiments

PO F® AN B> e x+ x pimE OOOD ©OCO® - - 11U QOO

Reduced  Cylinder

Boiling liquid  Pressure pressure  diameter

Temperature difference
between the heated
surface and the
satulated liquid

(ata) {mm) (deg)
1-00 043 00055 100-600
Heli 100 043 0013 100-600
clium 1-00 043 00215 100-600
100 043 0051 100-600
1-00 0029 0010 100-600
Nit 1-00 0029 0031 100-600
1trogen 1-00 0029 0100 100-800
1-03 0030 89 200-800
103 0020 0635 100-300
Oxygen 1-03 0020 175 100-300
1-03 0020 191 100-300
75 10 02 100-800
60 0-80 005 250-650
.60 080 02 150-850
Carbon dioxide 73 097 o1 40-60
63 0-34 01 100400
59 079 01 65-520
1-03 00046 0107 1000
Wat 1-03 0-0046 0'50 800-1000
ater 103 00046 100 500-800
1-03 00046 130 200-500
1-03 0030 4718 300-500
. 1-03 0-030 605 130-530
n-pentane 1-03 0030 894 130-530
1-03 0-030 130 100-400
Hexane 1-03 0033 130 200-400
1-03 0016 894 140-540
Ethyl alcohol 103 0016 130 200-400
Carbon 1:03 0022 1-0 450-850
tetrachloride 1-03 0022 894 450-850
103 0019 635 80-160
Iso-propanol 103 0019 171 80-150
103 0019 481 90-150
345 088 01 50-110
Freon 13 299 076 o1 120-290
Freon 22 40-49 079097 005 40-400
4049  0-79-097 02 30-400
103 0030 47 170
1-03 0-030 80 100-170
Freon 113 103 0030 481 100-160
103 0030 476 150-250

Heat-transfer
coeflicient

{kcal/mZhdeg)

2500
1200-1500
650-800
100

240
150-1170
110~130

9001000
1900-2200
1000-1200

1900
1600
1400-1800

600-1500

600-700

400-500
200

210-240

190-220

150-200
200

200-240

170-190
220

230-370
100

200-220
170
170

1100
1100

1500-1900
800-900

150

120

120
130-260

References
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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 liquid
are included. In spite of the wide range of
system parameters the correlation is fairly
good. The solid straight line labelled with “a”
in Fig. 4 corresponds to the equation (30).

For the value of abscissa less than about 103
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 labelled 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,
k2

— P +
NUD = 182 [GrDFrj‘Mrl_ﬁ] .

A curve can be drawn which fairs approxi-
mately all the experimental data. This curve

(32)

marked by “¢” is represented as follows,
Y =022+ 015X + 00058 X? (33)
Pr*?
= L — 4
X = logio [Gr" Pr 1 1433] (34)
Y = log,o [Nup]. (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 still
possess some meaning for the correlation of
film boiling data where the concept of boundary
layer seems to be inapplicable. This is a promis-
ing clue for the analysis of film boiling in which
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a thin wire or a large superheating is con-
sidered.

On the other hand the Frederking’s method
of correlation [3],

_ PrEd/(Pr + 1<143)]
Nty vs. Pre“/(Pry +
upVvs. Gry [ Prij(Pr + 1143)

Pr§ = Pr (1 + 25 {36)

CpuATsm)
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 [1] to a wider range of the
diameter of cylinder by introducing the critical
wave length of Taylor instability. However. it
was found by authors’ examination that their
method failed to correlate the data of film
boiling of carbon dioxide [5] and helium [3]
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
SATURES LORS D’UNE EBULLITION EN RESERVOIR AVEC FILM

Résumé—I1 a été proposé de nombreuses formules de transfert thermique se rapportant au transfert
thermique a convection naturelle lors de I’ébullition en film. Cependant aucune d’elles n’unifie les résultats
utilisables pour une large variété de liquide bouillant, de diamétre du cylindre, de degré de surchauffe et
de pression du systéme.

On applique la méthode intégrale de la couche limite pour résoudre I'équation de quantité de mouvement
et celle d’énergie pour ce probléme, en tenant compte de la force d’inertie dans la premiére et du terme de
convection dans la seconde et on déduit de cette analyse deux paramétres adimensionnels.

En employant ces paramétres, on propose une équation semi-théorique assez précise pour la pratique

dans un large domaine de variation des paramétres,

WARMEUBERGANG BEI FILMSIEDEN IM BEHALTER, VON EINEM WAAGRECHTEN
ROHR AN FLUSSIGKEITEN IM SATTIGUNGSZUSTAND

Zusammenfassung—Fiir den Wirmeiibergang 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, um die Krifte- und Energiegleichungen fiir
dieses Problem zu 16sen. Dabei wurde fiir die erste Beziehung die Massentriigheit, 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 Grossen als geniigend genau erwies.

NEPEHOC TEIJIA OT TOPU3OHTAJBHOIO M IMHAPA K HACHBITIEHHON
MUAKOCTH [TPU MJIEHOYHOM KUITENNU B BOJbLIIIOM OBBEME

AunoTammA—IIpe/oMeno MHOro THIOB 3aBUCMMOCTEl, XapaKTepNU3YIONMX TEII00OMeH Npu
[JICHOYHOM KUMEeHMM B YCIOBMAX cBOOOAHOU KOHBeKuuM. OgHAKO HU OHA N3 DTUX 3aBUCH-
MocTell HefpUroAHa A 0006IeHNA UMEIOMUXCH JaHHBIX B INMPOKOM NHANAB0HE U3MeEHEHHH
JAMAMETPOB LMIMHAPOB U JNABJIEHUA B CHCTEMEe KHMIIAIWX HILIKOCTCN PA3IMYHOTO pona.
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JuA peleHna ypaBHeHUI HOTPAHUYHOIO €104 B BTOI 3ajaue NPUMEHHIICH NHTel PATbHbIIl
MeTOJ, Npu 9eM B YPABHEHUHU IBUKEHMA VUYUTHIBAJIACE CHIIA UHEPLMH, & B YPABHEHUM dDHEPI UK
KOHBeKTUBHBI uen. U3 sToro anannsa BLIBe/leHBl fespasMepHble napaMerpnl. B pesyasTate
HCIIOJIB30BAHUA dTUX TIAPAMeTPOB NpeJITIoNKEeNo No1yaMnupnyieckoe ofodiaiomiee ypasHenue,

JOCTATOYHO TOYHOE JJA MPAKTHUECKUX Ilefell B IIMPOKOM HUamasoclie ItapaMeTpoB.



