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Abstract-The stability of vapor film in pool film boiling on a horizontal surface is considered by taking 
account of the effect of change in local heat transfer rate due to the perturbation of vapor film thickness. 
It is shown that a vapor film below a certain critical thickness becomes stable over all disturbances with 
any wavelength. Assuming that the average film thickness during the actual film boiling is proportional to 
the foregoing critical film thickness, the heat transfer coefficient can be derived. The predicted heat transfer 
coefficient agrees well with the recent film boiling data obtained by Shoji in a range of unprecedentedly 

low surface superheats using a very large surface. 

1. INTRODUCTION 

IN RECENT studies on boiling heat transfer, the prob- 
lem of minimum heat flux point has attracted increas- 
ing interest from both practical and theoretical view- 
points. Zuber [l], using the results of Taylor Instability 

analysis at the liquid-vapor interface, argued that a 
steady supply of vapor was needed to maintain the 
standing wave at the interface against collapsing, and 
he derived the following expression for the minimum 
heat flux during film boiling from a horizontal sur- 

face 

Berenson [2], assuming potential flow, inquired fur- 
ther into the instability problem and came to the con- 
clusion that the effect of vapor velocity and film thick- 
ness on the liquid-vapor boundary behavior could be 
neglected near the minimum heat flux point, with 
affirmation of equation (1) but changing the right- 
hand side to 0.09. Then, from analysis of flow and heat 
transfer in the thin vapor film that existed between 
departing bubbles, he obtained the heat transfer 
coefficient near the minimum in pool film boiling from 
a horizontal surface as follows : 

h = 0.425 
4%w(Pl -A) 

/@TJ(o/g(p, -PJ) 
(2) 

Lienhard and Wong [3] argued that the dominant 
unstable wavelength during film boiling above a flat 
plate was inapplicable to the case of boiling on a 
horizontal cylinder, and then developed new 
expressions for this case, by accounting for the effect 
of surface tension in the transverse direction. Dhir 
and Lienhard [4] made numerical evaluations of the 
dispersion relation for both plane and cylindrical, 

Taylor-unstable interfaces, considering both surface 
tension and fluid viscosity. 

Spiegler et al. [5], on the other hand, proposed a 
new idea that the minimum of film boiling should be 
determined not by the hydrodynamic instability but 
on the basis of the maximum superheat temperature 
of the liquid which could be calculated satisfactorily 
from the Van der Waals equation. Despite the recent 

accumulation of experimental data of the minimum 
in film boiling, the controversy between the foregoing 

two views of its mechanism, i.e. the heat flux domi- 
nating view and the temperature dominating one, 

seems rather diverging than converging. A com- 
prehensive review of the recent advances in both 

experimental and theoretical aspects is given by 

Nishio [6]. 
Very recently Shoji and Kaneko [7] performed an 

experiment on pool film boiling for water at atmo- 
spheric pressure by varying the diameter of the hori- 
zontal heating surface over a wide range between 10 
and 150 mm. In the case of a large test surface, when 

the temperature of the surface was gradually 
decreased from the film boiling state at high superheat 
temperature difference, the heat transfer state did 
indeed sometimes show a kind of instability near to 

where the minimum used to be encountered ; however, 
once the surface temperature passed through that 
region, a very stable film boiling was observed to 
be re-established and it was maintained down to a 
superheat temperature difference as small as 15K. 
The results for the surface of 150 mm in diameter are 

reproduced from Shoji’s experimental data in Fig. 1. 
Shoji’s experiment stimulates much interest in that the 
minimum heat flux point was not determined uniquely 
for the idealistic case of an infinitely wide, horizontal 
surface, and further that stable film boiling was 
realized in a far lower heat-flux and superheat- 
temperature region than expected so far. 

The purpose of this paper is to provide Shoji’s 
experimental realization of film boiling in the low 
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a amplitude of disturbance X horizontal axis fixed on the heating 

g acceleration of gravity surface 
h heat transfer coefficient Y vertical distance from the heating 
k wave number of disturbance, surface. 

2n/Z 

k, critical wave number Greek symbols 
L latent heat of vaporization 6 vapor film thickness 

PI pressure on the liquid side of the liquid- 6 o mean vapor film thickness 
vapor interface 6, uppermost, stable film thickness 

PY pressure in the vapor film ~3,,,,~, least uppermost, stable film thickness 

4 heat flux K” thermal diffusivity of vapor 

&in minimum film boiling heat flux I wavelength 
s growth coefficient of disturbance 4 critical wavelength 

t time 4 thermal conductivity of vapor 
AT temperature difference between heating pV viscosity of vapor 

surface and saturated liquid PI density of liquid 
U,, U,!,, mean vapor flow velocity induced PY density of vapor 

by disturbance o- surface tension. 

superheat temperature region with theoretical jus- 
tification. In doing so, a new aspect of the mechanism 
of film boiling heat transfer is discovered, which is 
expected to contribute to correct understanding of 
the phenomena of the minimum of film boiling. The 
specific feature of the present theory is that the effect 
of change in local heat transfer rate due to small 
disturbances of vapor film thickness is taken into 
account. This effect proves to stabilize the vapor film. 

2. THEORY 

Stationa~ film boiling is assumed to be taking place 
above an infinitely wide, horizontal surface of a con- 
stant temperature (Fig. 2). The distance y is measured 
upward from the surface, and the x-axis is fixed on 
the surface. A two-dimensional state in the x-y plane 
is assumed. Keeping in mind the very calm film boiling 
with rare departure of bubbles that was observed by 

Shoji ‘s data for D = 150 mm 
Film boilina 
With instability 
Nucleate boilinq 

10 100 

Superheat temperature difference AT, K 

FIG. I. Shoji’s film boiling data [?I in a very low superheat temperature region, compared with the present 
theory. 
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Y 
Liquid-vapor interface 

/ 

Heating surface 

FIG. 2. Two-dimensional model for film boiling on a horizontal surface. 

Shoji and Kaneko [7] in the low superheat tem- 
perature region, and assuming an appropriate sub- 
cooling of the liquid, let us suppose that thermal as 
well as dynamic equilibrium holds when the vapor 
film has a uniform thickness of 6,. 

1 1 

Aq s-a, 
-= 
4 1 

60 

The interface is assumed to be-disturbed by waves 
in the form 

6 =So+asinkx~e”‘=6,+asin2n~~e”. (3) 
The corresponding volume rate of evaporation (con- 
densation) per unit time and unit area is 

Here, the amplitude a of the disturbance is assumed 
to be so small that terms higher than the second power 

_=_-_ 

of a/6, can be neglected in the following analysis. 
Moreover, we assume the condition 6, << 1, which will 
be well justified for an actual case of water afterwards. 

” = _._~~~~~~J~ sinkx.e”‘, 

This disturbance induces flow from the region 
where the film thickness is decreasing toward where it Integrating this from x = -n/4 to x gives the fol- 

is increasing. The mean velocity of the induced flow lowing mean velocity of the flow induced in the film 

is obtained by the time rate of change of the inte- by the thermal inequilibrium : 

gration of the film volume from x = -n/4, where film X 
deformation is symmetric, to x = x : u:,=_’ _- 

s 

4 a 
6 -,I,4 LP, 60 

sin kx - es’ dx 

ia x um = - s at s 6 dx 
_A/4 

4 a Lp, 6;k cos kx-e”‘. (5) 

1 x 
= -- 

s 6 -rr,Zk 
as sin kx * es’ dx The flow in the film may be approximated by the 

plane Poiseuille flow : 

as 
- -cos kx-es’ 

=6k u=6(Um+U$ l-5 
( > 

= {~+O(~)i)fcoskre”. (4) Then, the pressure gradient in the vapor film becomes 

In addition to this, the deviation of the film thick- apv -= u,i-u; 

ness from So invalidates the thermal equilibrium, 
ax - 12/&T. 

resulting in evaporation or condensation depending 
on whether the film thickness is smaller or larger than 

Substituting U,,, and Uk from equations (4) and (5) 

6,. Here, we can assume linear temperature dis- 
into the above equation yields 

tribution in the vapor film, since the time constant for apV a 4 
thermal conduction in the film, 6$rcV, turns out to be 

-= 
ax - 12~“~ s+ Lp,6, cos kx*e”. 

several orders of magnitude smaller than that of the 
( > 

disturbance, I/]s(, as will become clear afterwards. Thus we arrive at the following expression for the 
Therefore, the deviation Aq from the equilibrium heat pressure distribution in the vapor film, where the pres- 
flux q is given by sure at x = 0 is taken as a standard 
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s x 3P” 
P” = -dx= -12p,& 

0 ax 0 

4 x sf- ( > LPdO 
sin kx * c”. (6) 

The pressure on the liquid side of the liquid-vapor 
interface is, by neglecting the kinetic energy of the 
liquid and taking only the contribution from gravity 
into account 

p, = - p,ga sin kx * e”‘. (7) 

Here, the pressure zero is intentionally taken at x = 0, 
where the film thickness is kept constant at its mean 
value 6, and further the curvature of the liquid-vapor 
interface vanishes. The balance of pressures across the 
liquid-vapor interface taking account of the effect of 
surface tension is expressed by 

PI--PY = O&T. 

Substituting equations (3), (6) and (7) 

x sin kx * e” = -auk’ sin kx . e”‘. 

This reduces to 

. (8) 

Equation (8) can be interpreted as follows. First, in 
the case q + 0, or, supposing a non~ondensable gas 
film So thick rather than a vapor film, a disturbance 
will grow or damp depending on whether its wave 
number k is smaller or larger than the well-known, 
critical wave number k, = ,/(p,g/a), since the right- 
hand side of equation (S), accordingly the growth co- 
efficient 3, changes its sign at k,. (For water at lOO”C, 
kc = 399 mm ’ and the corresponding wavelength 
,& = 15.7mm.) For a disturbance with a wavelength 
smaller than &, the surface tension surpasses the grav- 
ity effect and makes the liquid-vapor interface return 
flat. For a disturbance with a longer wavelength than 
,I,., on the other hand, the gravity effect predominates 
and amplifies the disturbance. Whether a disturbance 
grows or damps, the time constant of its change, l/\sI, 
is determined by the agency of viscosity and it is 
inversely proportional to the third power of the film 
thickness, thus increasing very sharply with decrease 
in the film thickness. For instance, supposing water 
at 100°C and taking k = kc/J2 the time constant l/s 
amounts to 3.15 s for ii, = 0.05 mm, while it is 0.394s 
for So = 0.1 mm. 

When the second term an the left-hand side of equa- 
tion (8) is considered, s is shifted in the minus direction 
that much, even if the right-hand side has a plus sign. 
When the heat transfer effect is involved, the evap- 
oration and condensation caused by the disturbance 

acts in a way to stabilize the vapor film. Furthermore, 
a thin enough vapor film is always stable, because 
with decreasing So the right-hand side of equation (8) 
decreases in proportion to the third power of 6, while 
the second term on the left-hand side increases in 
inverse proportion to 6,. Letting s = 0 in equation (8) 
and solving for 6,) gives the uppermost, stable film 
thickness for a disturbance with wave number k : 

6. = ‘_ ..4__12p, ‘:4 
‘ k” LP, (pdk)-ok (9) 

Putting k = kc/n = (l/n),/(p,s/o) yields 

Therefore, the least uppermost, stable film thickness 
occurs at n = 42, and it amounts to 

6 Cmln = 2 x 3 

= 2.63 {$ $;i)““. (10) 

For instance, equation (10) gives 6,,i, = 0.232mm 
for q = lo4 W m-*. From Shoji’s experimental data in 
Fig. 1, on the other hand, the mean film thickness is 
estimated to be 0.1 mm for the same heat flux. 

At this juncture, let us suppose that in actual film 
boiling the effective vapor film thickness averaged 
over the period of bubble departure is C times a,,,. 
Then, the heat transfer coefficient is expressed as 
h = 1,/(C6,,,,). By introducing equation (lo), this 
can be rewritten as 

This equation implies q cc AT415, which tendency is 
clearly demonstrated by Shoji’s data in Fig. 1. Fur- 
thermore, putting C = 0.45 results in the numerical 
value of 0.85 for the right-hand side of equation (11). 
The heat transfer relation predicted by assuming this 
numerical constant is plotted by a solid line in Fig. 1. 
The prediction is quantitatively in good agreement 
with the experimental data. The numerical constant 
C may be determined in relation to the thickness of 
the film that will be left immediately after the bubble 
departure, but C = 0.45 seems to be in a reasonable 
range. 

In passing, Berenson’s equation (2) is rewritten in 
the following form similar to equation (11) : 

Thus, the critical wavelength divided by 2n appears 
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as a length parameter in the corresponding heat flux 

factor. Despite this difference, equations (11) and (12) 
show fair agreement around the minimum heat flux 
point observed previously, as seen in Fig. 1. 

3. CONCLUDING REMARKS 

Although the vapor film in film boiling has always 
been considered to be essentially unstable because of 
Taylor Instability, it proves to have a trend to stability 
when the heat transfer effect is taken into account. As 

a result, a vapor film below ?&, in thickness becomes 
stable for all disturbances with any wave number. 
Shoji’s film boiling data in the low superheat region 
obtained for the test surface of 150mm in diameter 
can be well explained by assuming that the effective 
film thickness averaged over the period of bubble 
departure is about half of 6,,,,. 

A new view of the phenomena of the minimum of 
film boiling is expected to result from the present 
viewpoint that the vapor film is stable in its nature. 
In developing the new view, the following facts are 
noteworthy. Shoji and Kaneko [7] experienced some 
cases where the film boiling state transferred from a 
high superheat region to the low superheat region very 
smoothly without showing any singularity near where 
the minimum used to be encountered. Corresponding 
to this fact, equation (1 1), in agreement with equation 

(12) in the minimum heat flux region, has possibility of 

its application being extended to the higher superheat 
range. 
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SUR LA STABILITE DUN FILM DE VAPEUR DANS L’EBULLITION EN RESERVOIR 

R&rn&La stabilite du film de vapeur sur une surface horizontale dans l’ebullition en reservoir, est 
consideree en prenant en compte l’effet du changement de transfert local de chaleur dn a la perturbation 
de l’bpaisseur du film de vapeur. On montre qu’un film de vapeur, au dessous d’une certaine epaisseur 
critique, est stable pour toute perturbation de longueur d’onde quelconque. On peut calculer le coefficient 
de transfert en supposant que l’epaisseur moyenne du film pendant l’ebullition est proportionnelle a 
l’epaisseur critique. Le coefficient ainsi determine s’accorde bien avec les donnees experimentales obtenues 

recemment dans un domaine de surchauffe faible pour des surfaces tres ttendues. 

ZUR STABILITAT DES DAMPFFILMES BEIM BEHALTERSIEDEN 

Zusammenfassung-Die Stabilitat des Dampffilmes beim Behalterfilmsieden an einer horizontalen Ober- 
flache wird durch Beriicksichtigung des Einflusses des unterschiedlichen lokalen Warmeiibergangs aufgrund 
der Veranderung der Dampffilmdicke betrachtet. Es wird gezeiat. daB ein Damnffilm unterhalb einer 
gewissen kritischen Dicke gegentiber beliebigen Storungen stabi iit.‘Unter der Ann’ahme, daD die mittlere 
Filmdicke wahrend des Filmsiedens proportional zu dieser kritischen Filmdicke ist, kann der Warme- 
iibergangskoeffizient berechnet werden. Die berechneten Warmeiibergangskoeffizienten stimmen gut 
mit neueren Messungen beim Filmsieden iiberein, welche von Shoji in einem Bereich von bisher noch nicht 

untersuchten kleinen Wandtiberhitzungen an einer sehr groDen Oberfllche durchgefiihrt wurden. 
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OE YCTOL%GiBOCTH l-IJlEHKkl llAPA llPkl lUIEH04HOM KMl-IEHMki B 
EOJIbIIIOM OELEME 

~oTalpm-PaccMaTpweaeTcn ycToiiwBocTb nneHm napa npH nneHowioh4 mnemw B 6OJIbLLIOM 
06l&MC Ha rOpH30HTaJtbHO~ nOBCpXHOCTE4 C yWTOM B3MeHCHHI UHTCHCBBHOCTH JlOKaJlbHOrO TenJIO- 

o6hneaa B3-3a B03HHKaH)UWX B IlJlCHKe B03MyIUeHWfi.~OKa3aHO,'lTO HBxe OnpCneneHHOii KpeTEi'IeCKOfi 

TOJlI4HHU MeHKa napa CTaHOBliTCIl yCTOihBOk npH BO3MyluCHHKX nm6o8 LWiHbl BOnHbI.~pe!WOna- 

ran,~~o ocpemeHHaa Tonluma nneHm B peanbHblx ycnoeanx nneHowor0 mneHm nponopuioeanbsa 

BbUUCyKa3aHHOti @Z KpHTWieCKOii TOJWHHe, MOXHO OnpCACnHTb KO3t,@HUHCHT TenJIOO6MeHa. PaCC'iH- 

TaHHblfi ~03@m5iem Tennoo6rdeHa xopomo cornacyeTcn c DaHHbIhw LUoiinnw no nneHogHoMy 

KHneHHm Biwana30He KpaiiHe Manbtx neperpesoe,KoTopble 6bme nonyveabrnm nosepxHocm c 0veHb 

6onbmoiinnomanbm. 


