
INVESTIGATION OF VARIABLE THERMOPHYSICAL 
PROPERTY PROBLEM CONCERNING POOL FILM 

BOILING FROM VERTICAL PLATE WITH PRESCRIBED 
UNIFORM TEMPERATURE 

KANEYASU NISHIKAWA,* TAKEHIRO Irot and KENICHI MATSUMOTO$ 

(Received 30 March 1976) 

Abstract-By the development of laminar two-phase boundary-layer analysis on pool film boiling heat 
transfer, system parameters and their fundamental effect on heat transfer have been disclosed. However 
theoretically obtained characteristics of heat transfer do not fairly compare with the experimental data, 
because the relevant thermophysical properties vary significantly across the vapor film, and the nature 
of flow process is often turbulent and of non-boundary layer. 

In this investigation an analysis was made on pool film boiling heat transfer from vertical plate of 
uniform temperature to saturated or subcooled liquid, taking into account temperature variation of all 
properties, and the significance of variable properties in pool film boiling was examined. By getting 
solutions for water at the pressure of 1.50, 100 and 200 [bar], effect of variable properties on heat transfer 
and distribution of velocity and temperature were clarified. The heat-transfer results were compared with 

the available data of pool film boiling from horizontal cylinder. 

NOMENCLATURE 

WI = mass, [L] = length, [T] = time, [f?] = tem- 

perature, [F] = [MLTm2] = force, 
[Q] = rML2T-21 = energy; 

A, 
B, 
B,. 
BL> 
CP, 

dimensionless valuk; equation (40); 
dimensionless value, equation (41); 
constant, equation (24) [L5’4T-‘]; 
constant, equation (25) [L514T-‘]; 
specific heat at constant pressure 
[QM-W-J; 

Ct.9 

CL? 
c, 
D, 
f3 

9, 

GY, 
K 
1, 
Nu, 
mu, 
RUO, 

Pr, 
R, 
SC, 
S 
5’ 

constant, equation (22) [Ld314]; 
constant, equation (23) [L-3’4]; 
dimensionless value, equation (42); 
dimensionless value, equation (43); 
dimensionless velocity function, equations 
(20) and (21); 

acceleration due to gravity [LT- ‘1; 
Grashof number. equation (57); 
dimensionless value, equation (47); 
latent heat of vaporization [Q/M]; 
local Nusselt number, equation (55); 
average Nusselt number, equation (54); 
average Nusselt number for cylinder, 
equation (59); 
Prandtl number; 
dimensionless value, equation (46); 
dimensionless subcooling, equation (45); 
dimensionless superheating, equation (44); 
temperature [6]; 
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AT,, temperature difference between heating 
surface and saturated liquid [@I; 

ATL, temperature difference between saturated 

liquid and bulk liquid [e]; 

u, velocity of x component [LT-‘1; 

0, velocity of y component [LT-‘1; 

W, mass flux density [MLW2T-‘1; 

& co-ordinate along the heating surface [L]; 

Y, co-ordinate normal to the heating surface 

v-1. 

Greek symbols 

Q, heat-transfer coefficient [QL-2T-‘0-1]; 

6, thickness of vapor film [L]; 

?? dimensionless similarity variable, equations 

(18) and (19); 

0, dimensionless temperature, equations (26) 

and (27); 

I, thermal conductivity [QL-‘T-‘6-‘1; 

H viscosity [FTL- ‘1; 

V, kinematic viscosity [ L2 T- ‘1; 

PT density [MLe3]; 

J/. stream function, equations (20) and (21) 
[L2T-‘1. 

Subscripts 

con, properties at the saturation temperature; 

f> properties at the film temperature; 

:, 
vapor-liquid interface; 
liquid ; 

-% saturated vapor or liquid; 
u, vapor; 
var, variable properties : 
w, heating surface ; 
a), bulk liquid. 
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1. INTRODUCTION 

IN FILM boiling, the heating surface being covered with 
continuous vapor film, the vapor film shares the 
principal thermal resistance for heat tlow. Because of 
the poor thermal conductivity of the vapor, the tem- 
perature difference between the heating surface and 
bulk liquid is larger than that in the regime of nucleate 
boiling. The significant temperature-dependence of 
thermophysical properties (hereafter the term “prop- 
erty”is used for “thermophysical property” throughout 
this paper) near the saturation temperature must be 
taken into account in any correlation or theoretical 
analysis of film boiling heat transfer. Recently many 
high power density thermal devices may, although 
mostly in case of accidents. operate in film boiling 
mode. For liquefied gases and cryogens any solid sur- 
face even at room temperature may offer sufficiently 
high temperature difference for the occurrence of film 
boiling. Therefore there is a very urgent need to clarify 
the mechanisms of film boiling heat transfer. 

(a) 

FIG. I. Physical model and co-ordinate system for (a) plane 
vertical plate, and (b) horizontal cylinder. 

Theoretical analysis of film boiling heat transfer was 
first proposed by Bromley [l] in 1950. which was based 
on Nusselt’s theory concerning the laminar film con- 
densation. Afterwards some analyses using the concept 
of the two-phase boundary layer were reported by 
Koh [2], Sparrow and Cess [3], and Nishikawa and 
Ito [4] with some success. However. these theories do 
not adequately account for experimental data in some 
cases. One of the reasons for the discrepancy might be 
due to the disregard of the temperature-dependence 
of properties of vapor and liquid. 

(b) 

On the other hand, McFadden and Grosh [5] 
presented an analysis of saturated film boiling, taking 
account the temperature-dependence only of density 
and specific heat, and concluded that there was a con- 
siderable difference between the analyses of variable 
properties and that of constant properties, but. because 
of the assumption of the vanishing tangential velocity 
of fluid at the vapor-liquid interface and of the dis- 
regard of the temperature-dependence of viscosity and 
thermal conductivity, it is open to question whether 
they could truly assess the effect of variable properties. 

surface is kept at a uniform temperature, T,, is sub 
merged vertically in a stagnant boiling liquid whose 
temperature is lower than the saturation temperature, 
T,, by the degree of subcooling, ATL. The heat-transfer 
results to be obtained for the vertical plate will be 
transformed to those for the cylinder by the relation 
shown in Section 3.3. Several assumptions are made 
for the derivation of the fundamental equations of 
conservation law; (1) the vapor-liquid interface is 
smooth and held at the saturation temperature, (2) the 
vapor film surrounding the heated plate and the liquid 
adjacent to it are assumed to have the nature of the 
boundary layer, (3) the radiative heat transfer is not 
taken into account. or it, if significant, may be added 
to the convective component considered here by some 
appropriate method. 

3. ANALYSIS 

In film boiling, as mentioned above, the temperature 
difference across the vapor film is inevitably so large 
that the temperature-dependence of properties in the 
vapor film must be very severe. This situation may be 
easily understood if one thinks about the large tem- 
perature difference itself and the general steep tem- 
perature variation of properties of vapor in the prox- 
imity of saturation temperature. 

3.1. Fundamental equations 
By the physical model and the co-ordinates described 

above, the fundamental equations of heat transfer for 
vapor and liquid boundary layer are written as follows. 

In this paper. all relevant properties-density, 
specific heat, viscosity and thermal conductivity-were 
regarded as temperature-dependent. and the film boil- 
ing heat transfer to saturated or subcooled liquid was 
analyzed and it was concluded that the effect of variable 
properties was really remarkable. 

2. PHYSICAL MODEL AND CO-ORDINATES SYSTEM 

The physical model and the co-ordinate system for 
the plane vertical heated plate and heated horizontal 
cylinder are shown in Fig. 1. The heated plate whose 

(6) 
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These must be compatible with the following relations By the above transformation. equations (1) through 
at the vapor-liquid interface. (6) are reduced to the following system of ordinary, 

(h)i = (uL)i 

W, ’ 

i 1 - 0:. 
W.Ls 

+ 3Pr,, 5 ..f,e; = 0 (31) 
CPM 

(T,)i = (C)i = T,. (11) 

These equations set up the conditions of continuity of 
mass flux, tangential velocity. surface force, heat flux Also. the equations (7)-( 11) of compatibility at the 
and thermodynamical equilibrium at the interface. vapor-liquid interface are transformed into the follow- 
Other conventional boundary conditions can be ing ones. 
written as follows. 

y = 0; u, = u, = 0, T, = T, (12) 
(.fL)z = A( (34) 

y+co; UL + 0. TL+ T,. (13) 
(fdi = B(.f;)i (35) 

(K)i = CW’), (36) 

3.2. Similarity transjormation Sp = - 3(j;./e;Ji - D(O>!B;Ji SC (37) 
At first stream functions t+kV and $,, satisfying the 

equations (14) through (17) are introduced. 
(0c)i = 0 (38) 

^ (eLIi = 1 (39) 

(14) A = KR (40) 

pus ati, 
D”= --- 

pc dx 
(15) 

B=K2 

C=K3R 

(41) 

(42) 

PLS WL uJ_=---- 
PL SJ 

(16) 
D = l/KR (43) 

S, 5 cp,, Ax./lPr,, (44) 

PLs%L 
L’LZ -- 

pL l=x 
(17) 

Also q is defined as a new independent similarity 
variable, and it is assumed that the dimensionless 
velocity function f and dimensionless temperature 0 
can be written as functions of 11 only. 

1 BPdPLLc - PLJ 1’4 
CL = 

4d.5 I 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

S, = cpr, ATt/lPrh (45) 

R = {(PPMP&~;~ 2 (46) 

K = 

[ 

{(PLcr - P)iP)l% 

- ((PLCC -PYP)Ls I 

1’4 
(47) 

The transformed boundary conditions can be written 
as follows. 

.L@) = 0 (48) 

J:(o) = 0 (49) 

e,,(o) = 1 (50) 

(51) 

lim fIL i= 0. (521 
#IL-T 

S, and S, are dimensionless superheating and sub- 
cooling scaled by latent heat of vaporization, R the 
ratio of fluidity of vapor and liquid and K the ratio 
of buoyant forces which exist in vapor and liquid. 
Therefore. the formal system parameters for the present 
problem are Prrr, PrLE, S,. $. R and K. 

3.3. Heat transfer 

The local and average Nusselt number are found 
from 8, as follows. 

NU 
---= 
(Gr/4)“4 
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mu = +Nu (54) 

(56) 

The average Nusselt number for a horizontal cylinder 
of uniform surface temperature is related approxi- 
mately to that of a vertical plate of uniform surface 
temperature by the so-called Hermann’s transfor- 
mation [4]. 

3 mu 1 mur, --= -- 
4 X3’4 1.03 V 

mu, r 7. 
“S 

(58) 

(59) 

The relation in terms of heat-transfer coefficient 
becomes 

;tti 114 _ 1 
- _&#“4, 

1.03 

3.4. Method of calculation 
The problem is to find the sojution for the system 

of ordinary differential equations (30)-(33) which satisfy 
the compatibility and boundary conditions (48)-(52) 
for given six parameters. Pr,.,, Prb,, S,, SC. R and K. 
Equations were solved numerically and the calculations 
were performed by FACOM 230-60 digital computer 
of Kyushu University. 

(0) I I 
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\” 
8 
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2 

I I I I I I 

0 100 2oa 300 400 XM 600 700 

T, C 

4. RESULTS AND DlSCUSSlONS 

In order to examine the effect of variable properties 
systematically when the system pressure, degree of 
superheating and that of subcooling were varied, solu- 
tions were obtained for water at four different pressure 
levels of I. 50. 100 and 200 [bar]. Water is one of the 
substances for which table and chart of properties are 
fully established for a wide range of pressure and tem- 
perature. This is the reason that calculations were 
performed on water, irrespective of rather rare appli- 
cations where the film boiling to water is of importance. 
Properties used in the calculations are shown in Fig. 2 
[6] at each level of pressures only for the steam in 
which the properties vary with temperature more re- 
markably than those in water. The relevant properties 
in equations (30)-(33) are density, specific heat, vis- 
cosity and thermal conductivity. Some or all of these 
are regarded as temperaturedependent when solutions 
with variable property are to be obtained, while in 
calculation with constant property these were evaluated 
at the saturation or the film temperature (arithmetic 
mean between the wall and saturation temperature). 

4.1. Heat-transfer coeficient 
The results of calculation regarding heat-transfer 

coefficient are summarized in Fig. 3, the abscissa being 
the degree of superheating the ordinate the heat- 
transfer coefficient and parameter the degree of sub- 
cooling for each level of pressures. In the labels for 
ordinate, r is the local heat-transfer coefficient for 
vertical plate, 2 the average heat-transfer coefficient 
for vertical plate and hD the average heat-transfer 
coefficient for horizontal cylinder of diameter D, while 

6r 

s- 

02 
(dJ 

“0 100 2CU MO 400 Jo0 600 700 

T, C 

0 

FIG. 2. Properties of steam (a) density. lb) specific heat, Cc) viscosity. and (d) thermal conductivity 
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P=lbar 

--- Constant property 

- Varcablti property 

AT,, K 

FIG. 3(a). Heat-transfer co&icient (P = f [bar)). 

(b) 

-- Constant pruperty 
- Variable woperty 

1 
I 
\ 
\ 

I I I 

200 400 boo B 

AT,, K 

FIG. 3(b). Heat-transfer coefficient (P = 50 [bar]). FIG. 3(d). Heat-transfer coefficient tP = 200 [bar]). 

axlf4, (3/4)Ex1’4 and hDW4/1.03 have the same value 
for given macro-parameters, and do not depend on 
the height x or the diameter D by virtue of the 
similarity transformation and the Hermann’s transfor- 
mation introduced for cylinder [4]. All the constant 
property solutions were obtained with properties evalu- 
ated at saturation temperature except for Fig 8 where 
they were assigned at the film temperature. 

At the pressure of 1 [bar] the heat-transfer coefficient 
for saturated liquid (ATL = 0 [K]) is always larger for 
variable property treatment than for that of constant 
property. The difference between the two becomes 
larger with increase of the degree of superheating. For 
the degree of sub~oo~ng of 20 and 40 [IQ up to a 
certain degree of superheating there exists a region 

\ 
\ 
\ 

0 100 203 300 400 

AT, K 

FIG. 3(c). Heat-transfer coefficient tP = 100 [bar]). 
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where solution with variable property gives the smaller 
heat-transfer coefficient. However it remains to be 
examined whether or not a stable film boiling can exist 
in such a region of superheating if the minimum heat 
flux is taken into account. At the pressures of 50, 100 
and 200 [bar] the heat-transfer coefficient for variable 
property is always smaller than one for constant 
property. As the level of system pressure becomes 
higher, thedifference between these two treatments gets 
greater, until results for variable property at 200 [bar] 
do not reach even to 50 CC] of ones for constant 
property. On the other hand, the heat-transfer coef- 
ficient gets larger with the pressure level. if the degree 
of superheating and subcooling are fixed. 

In Fig. 4, the effects of variable properties are 
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FIG. 3. Solutions with full variable property com- 
pared to those with constant property at the 

saturation iemperature. 

examined. The ordinate indicates the ratio of the heat- 
transfer coefficient of variable property, z,,,, to one of 
constant property, acon. The figure may give the appear- 
ance that the effects of the degree of subcooling 
become less important as the pressure level increases. 
But this is due to the way of selection of the ordinate 
and it is by no means realistic that the effect of degree 
of subcooling gets weaker at high pressure levels, as is 
seen clearly in Fig. 3. In such a plot as Fig. 4 one 
can see the relative importance between the effect of 
vaiiable property and that of the degree of subcooling. 
The effect of the degree of subcooling revealed in Fig. 4 
coincides with the fact in Fig. 3 that the effect of the 
degree of subcooling is pronounced at low pressures. 
As the degree of superheating gets higher, the difference 
of heat-transfer coefficient between these two treat- 
ments should become greater, and the values of the 
ordinate in Fig. 4 should be widely different from unity. 
Indeed, as seen in the figure. these expectations are 
fulfilled except at the pressure of 50 [bar]. However 
at the pressure of 50 [bar] rvar;rcon seems to approach 
unity asymptotically as the degree of superheating 
increases. This corresponds to the fact in Fig. 3(b) that 
the distances between two curves swell in the middle 
range of the degree of superheating. The reason for it, 
by referring to Fig. 6 explained later, may be that at 
the pressure of about 50 [bar] the effects of variable 
property ofeach properties have a tendency to counter- 
vail each other as the degree of superheating increases. 
At the same time solutions for the pressure of 50 [bar] 
may be reasonable. considering the fact that zrar/clcon 
at the pressure of 1 [bar] is larger than unity and 
increases with the degree of superheating, while u,,,/~,,, 
at the pressure of 100 and 200 [bar] is smaller than 
unity and decreases with the degree of superheating. 
Between 1 and 50 [bar] there must exist a pressure 
where rvar equals rcon, that is to say, the effects of 

variable property of each properties can countervail 
each other. Of course the pressure itself should depend 
on the degree of superheating and subcooling. 

4.2. Influence of‘temperature-dependence ojeach 
individual property 

It is difficult to know the influence of temperature- 
dependence of each property from solutions mentioned 
above. Therefore calculations were performed under 
the condition where some particular properties were 
temperature-dependent. and others constant at some 
specified temperature. 

For this purpose calculations were performed on 
the following cases where (1) the properties of vapor 
were variable and those of liquid constant at the satu- 
ration temperature, (2) a particular one of properties 
of vapor was variable and the others constant at the 
saturation temperature for saturation boiling, (3) vis- 
cosity and thermal conductivity were constant at the 
film temperature CT,+ K)i2 and others variable for 
saturation boiling. 

I5 

IO 

I 
\o 
% 

0.5 

0 

PropertIes of llqutd an, conrant at 
saturatton tamp 

> 

50 

100 200 300 400 500 600 

AT,, K 

FIG. 5. Solutions with variable property only of 
vapor compared to those with constant property at 

the saturation temperature. 

Figure 5 presents the results of calculation for the 
case of (l), the degree of subcooling being 20 [K]. The 
figuredoes not indicate any remarkable difference from 
the results when all properties are variable, i.e. Fig. 4 
for ATL = 20 [K]. It may be concluded that the effect 
of variable property of liquid is less important com- 
pared with that of vapor. Results for the case of (2) 
are shown in Fig. 6. In the figure, the curve 1 corre- 
sponds to that in Fig. 4 for AT‘ = 0 [K]. The curve 2 
with variable density is always on the side of 
rvar/~,,, < 1. Therefore the effect of promotion of heat 
transfer caused by the increase of body force due to 
the reduced density cannot overcome the effect of 
deterioration of heat transfer’ caused by the increase 
of thickness of vapor film. On the other hand. in the 
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FIG. 6. Individual effect of each properties of vapor. 

range of present interest, specific heat is a decreasing 
function of temperature (negative gradient becomes 
steeper as pressure increases) in the temperature near 
saturation for pressures other than 1 [bar], while in 
the higher temperature region it is slightly increasing 
function of temperature for low pressure. and assumes 
nearly horizontal slope for high pressure. Therefore, 
in curve 3 with variable specific heat a,,, is always 
smaller than aEon and the tendency gets more em- 
phasized as the pressure increases. Viscosity is an in- 
creasing function of temperature except at high pressure 
and temperature near saturation. Curve 4 with variable 
viscosity lies in the side of a,arja,on < 1. Thermal con- 
ductivity shows almost the same temperature-depen- 
dence as specific heat qualitatively and has a strong 
tendency to be an increasing function of temperature. 
while only at the temperature near saturation and at 
the high pressure it has negative slope for tempera- 
ture. As a result of it, curve 5 expressing the effect of 
variable thermal conductivity behaves as avar/a,,, > 1 
at the low pressures, and as ayar/acon < 1 at the high 
pressures though the effect is lessened as the degree of 

superheating increases. 
For the case of (3) heat-transfer coefficient divided 

by that of constant property is shown in Fig. I. The 
curves are much the same as those in Fig. 4 for 
AT, = 0 [K], although the former gives avar/a,,, more 
closer to unity than the latter. This means that the 
effects of variable viscosity and thermal conductivity, 
if they are evaluated at the film temperature, are less 
important than those of variable density and specific 
heat. By the way. McFadden and Grosh [S] analyzed 
the film boiling heat transfer from isothermal vertical 
plate to saturated water and recognized that there is 

I ! I I I I 

P*iQO bar P*ZOO bar 
AT,=0 K AT~.o K 

4 

Pt’cqmrly Ihol ---- - 
IS varmble 

I. Al I 
_ ZDenslry 

3.SprClflC ImaI ‘\ 
4.vlscoslty ‘L_ 
5.Thsrmol ceoduct~v~ty --L, 

---__ 

loo 200 300 co xx, 3ca 400 

AT, , K 

01 ’ I I I I 

loo 200 300 400 500 

AX, K 

FIG. 7. Solutions with partial variable property 
(density and specific heat are variable and viscosity 
and thermal conductivity constant at the film 
temperature) compared to those with constant 

property at the saturation temperature. 

a remarkable difference between solutions with con- 
stant property and those with variable property at the 
pressure near critical. In their analysis only density and 
specific heat were treated as temperature-dependent, 
but viscosity and thermal conductivity as constant at 
film temperature as the case of (3) mentioned above. 
However an irrational assumption that the tangential 
velocity u at the vapor-liquid interface is zero were 
introduced. 

4.3. Comparison ofsolution withfill aariable propert) 
and that with constant property at thejilm 
temperature* 

The concept of the film or reference temperature is 
very useful mean in practice for fluid with moderate 
variation of relevant properties with temperature. Solu- 
tion with full variable property was compared to that 
with constant property at the film temperature in 
Fig. 8. ‘The former divided by the latter is taken as 
the ordinate. It is evident that the solution with con- 
stant property at the film temperature fails to predict 
the heat-transfer coefficient at high pressures. 

4.4. Velocity and temperature profile 
Figure 9 shows the velocity and temperature profile 

in the boundary layer for the pressure of 1 and 200 [bar] 
and the degree of superheating of about 400 [K]. The 
abscissa expresses qc and qL which are dimensionless 
_r co-ordinate normal to the vertical plate, and the 

*Calculations in this section were performed by the 
suggestion made by Professor Katto of Tokyo University 
for which the authors are grateful. 
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AT, > K 
FIG. 8. Solutions with variable property compared to those 

with constant property at the film temperature. 

ordinate the first derivative of the dimensionless vel- 

ocity function fd, f’ and temperature T. f’ and t7 are 
proportional to tangential velocity u and y co-ordinates 
respectively with almost the same constants of pro- 
portionality for any same pressure, whether or not the 
properties are temperature-dependent. Irrespective of 
pressure, the effect of variable property thickens the 
vapor film and increases the maximum tangential 
velocity in the vapor film. For the case of variable 
property at the pressure of 1 [bar], the temperature 
profile in the vapor film allows the relation of 
d2T/?y2 < 0. It does not mean a negative right side of 

0 

e’ 

P=lbor 
LIT,=44SK 

Ax =4OK 
I.Cmstant pro#rry 
EVanabb wmuW 
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o- 
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FIG. 9(a). Velocity and temperature profiles (P = 1 [bar]). 

the energy equation [equation (3)] and does not 
represent an exothermic term, but that (Z/C;y)i.(CT, ?_v) 
is of course positive in conjunction with the variation 
of thermal conductivity with temperature. At the 
pressure of 200 [bar] the thickness of temperature 
boundary layer in liquid for variable property is thinner 
than for constant property. This appears to contradict 
the fact that Prandtl number of water is an increasing 
function of temperature in this range of temperature. 
The thermophysical parameters contained in the energy 
equations of liquid are (yl.)L;(/L)LS, cpL’cpLj and PrLs. 

As PrLs is common in both treatments, the other two 
are thought to have produced such effect. On the 
other hand the tangential velocity at the vapor-liquid 
interface seems larger for variable property than for 
constant property. Therefore the assumption of vanish- 
ing tangential velocity at the vapor-liquid interface 
for variable property treatment is more unreasonable 
than for constant property treatment. 

4.5. Comparison with acailable data 

Figure 10 shows comparison between calculated 
results with full variable property (P = 1 [bar]) and 
authors’ experimental data [7.8] of film boiling from 
horizontal cylinder to water at the atmospheric 
pressure. The experimental data plotted in Fig. 10 are 
for horizontal cylinders of 6 to 16 [mm] in diameter. 
In the figure, Bromley’s experimental data [1] with a 
cylinder of 8.9 [mm] in diameter at the atmospheric 
pressure are also plotted. As it is clear from the figure, 
data of saturation boiling for cylinders *ith 6 and 8.9 
[mm] in diameter are in good agreement with the 

u 

c’ 

P=2OObor 
AT, 40 K 
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% 0 I.0 20 3.0 40 

(bt 
I);o)L), 

FIG. 9(b). Velocity and temperature profiles (P = 200 [bar]). 
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FIG. 10. Comparison between solutions with full variable property and 
experimental data of horizontal cylinder at atmospheric pressure. 

theoretical solutions of variable property. Experimental 
data with cylinder of diameters other than those men- 
tioned above surpass more or less the theoretical 
results. The larger the degree of superheating and the 
diameter of cylinder are, the more the generated vapor 
is accumulated at the upper portion of the cylinder. 
Departure of bubbles from there then becomes more 
violent and disturbance should be produced at the 
vapor-liquid interface. The increased heat-transfer 
coefficient might be due to these processes [8]. The 
discrepancy between the theory and the data in this 
respect corresponds to the limitation put from the 
assumption of the laminar boundary-layer treatment. 
While a good agreement obtained for cylinders of 
medium size diameter may prove that the proposed 
analysis of variable property problem is reasonable. 
Besides, it will be highly necessary to compare the 
analysis with experimental data at high pressure level 
where the effect of variable property is significant. 

6. CONCLUSION 

In film boiling, for high degree of superheating exists 
inevitably and therefore, the temperature of the vapor 
film is much higher than saturation temperature. Con- 
ventionally what is called the film temperature has 
been used as the temperature giving the properties. 
But this is an expediency, for there are no other 
reasonable measures. Especially when the dependence 
of the property on temperature is extremely severe, as 
in the critical region, it will be proper to analyze heat 
transfer as a problem of variable property. 

In this research an analysis of film boiling was made 
as a variable property problem on the basis of the 
two-phase boundary-layer theory, and the effect of the 
variable property was examined in the wide range of 

the pressure and the degree of superheating and of 
subcooling for water. Though the effect of variable 
property manifests various kinds of features according 
to the value of these parameters, they are well under- 
stood from the nature of the variation of the properties 
with temperature. The calculations in this research 
were limited to water. The present method of solution 
must be worked out on many other liquids and the 
result obtained must be compared to available data to 
examine the validity of it. 

Lastly, it should be mentioned that this research was 
financed partially by the General Research A (842025) 
of the Ministry of the Education of Japan in the fiscal 
year 1973. 
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ETUDE D’UN PROBLEME D’EBULLITION EN FILM 
D’UN LIQUIDE. A PROPRIEYES THERMOPHYSIQUES VARIABLES. 

SUR UNE PLAQUE VERTICALE A TEMPERATURE CONSTANTE 

R&urn&-Sur la base d’une analyse du type couche limite laminaire biphaslque appliquee au transfert 
de chaleur par tbullition en film dans un liquide au repos. on a degagt les parametres fondamentaux 
du systtme et leur influence sur le transfert de chaleur. Cependant les caractkristiques du transfert de 
chaleur obtenues par voie thtorique ne s’accordent pas tout & fait avec les donnies exptrimentales, car 
les proprietts thermophysiques appropriCes varient de faGon apprCciable h travers le film de vapeur et 
l’&oulement. de nature souvent turbulente. n’est plus du type couche-limite. 

Dans cette etude est analysC le transfert thermique par tbullition en film sur une plaque verticale h 
temptrature uniforme, dans un liquide au repos, saturi ou sous-refroidi. On a tenu compte de l’influence 
de la temptrature sur toutes les proprittts thermophysiques et l’importance des propri&s variables dans 
l’ebullition en film a ttC examinCe. L’obtention de solutions pour l’eau a des pressions de 1. 50. 100 
et 200 bars a permisd’&laircir I’effet des proprittts variables sur le transfert thermique. sur les distributions 
de vitesse et de temptrature. Les resultats de transfert thermique on 6t0 cornparts aux donnies 

exp&imentales disponibles pour l’&bullition en film autour d’un cylindre horizontal. 

UNTERSUCHUNG DES EINFLUSSES VERANDERLICHER 
THERMOPHYSIKALISCHER STOFFWERTE AUF DAS BEHjiLTERFILMSIEDEN 

AN EINER VERTIKALEN PLATTE MIT VORGESCHRIEBENER 
GLEICHFORMIGER TEMPERATUR 

Zuenmmeafassung-Bei der Entwicklung der laminaren Zweiphasen-Grenzschicht-Theorie fiir den 
Wlrmeiibergang beim BehBIterfilmsieden konnten Systemparameter und ihr grundsatdicher EinfluD auf 
den Wlrmeiibergang aufgedeckt werden. Das theoretisch ermittelte Wirmeiibergangsverhalten stimmt 
jedoch nicht gut mit den Versuchswerten iiberein; dies liegt daran. da0 wichtige thermophysikalische 
Stoffwerte sich betrLhtlich innerhalb des Dampffilmes indcm und die Stramung hiufig turbulent und 
keine GrenzschichtstrGmung mehr ist. 

Es wurde der Wtieiibergang beim Behiiltefilmsieden an einer vertikalen Platte gleichfiirmiger 
Temperatur an eine geslttigte oder unterkiihlte Fliissigkeit untersucht. Dabei wurde die Temperatur- 
abhangigkeit aller Stoffwerte mit beriicksichtigt und untersucht, wie stark sich diese Abh&!igkeit auf 
das Behtilterfihnsieden auswirkt. Es wurden Liisungen fiir Wasser bei D&ken von 1,50, 100 und 200 bar 
erhalten, die den EinRuD der verlnderlichen Stoffwerte auf den Wiirmeiibergang, die Geschwindigkeit- 
und die Temperaturverteilung verdeutlichen. Die Ergebnisse fiir den Wtieiibergang wurden mit 

vorhandenen Daten fiir das Behilterfilmsieden an einem horizontalen Zylinder verglichen. 

MCCJIEfiOBAHME l-IPOUECCA I-IJ-IEHOYHOl-0 KMIlEHMIl B 6OIIbIiIOM OG’bEME 
HA BEPTMKAJIbHOfi IlnACTMHE C 3AAAHHOfi IlOCI-OfiHHOti TEMIlEPATY POti 

I-IPM IlEPEMEHHbIX TEI-InO@M3tiqECKMX XAPAKTEPMCTMKAX 

‘4lmTalum-- Ilp~ Hcnonb306anHH annapaTa aHanH3a naMHHapHor0 nByx@a3Horo norpaHHrHor0 
CJIOX &-0l OnHCaHHIl Tennoo6MeHa flpH IlfleHO’IHOM KHneHHH B 6OflblUOM o6aeMe nOJIy’,eHbl napa- 
MeTpbI cwTeh4bl H BbmBneHo Hx wH0~~0e BnHmfHe Ha npouecc rennoo6MeHa. OnHaico, nonyserrHbie 
TeopcrH~ecKHe 3HaqeHHB xapamepHcTi4K nepenoca Tenna HenocTaToqHo xopouro cornacymcn c 
3KcnepHMeHTubHblwi naHHbiMH, T. K. no Tonutwe nneiiiw napa npoHcxonHT 3HaYHTenbHoe ti3h4e- 
tieHHe Tenno&H3w9ccrcHx caoticre. a TeqeHHe qacT0 HocHT Typ6yneHTHbltl xapaKTep, He noxommii Ha 
TeveHHeBnorpaHHqHoMcnoe.Bpa~TenpoeenenaHanH3nepeHocarennanpHnneHorHoMKHneHHH 
nrHm0cm, nacbru4eHHoil HnH nepeoxnaweHHoB B 6onbluoM oI%eMe, Ha BepTuKanbHoil nnacrHHe 
llOCTOBHiiO8 TeMlTepaTypbl Cy’ieTOM H3MCHeHHII BCeXTennO~H3H’ieCKHXXapBKTepHCTHK C H3MeHeHHeM 
TeMrfepaTypbr. i’i3y’WWCb anHnHHe nepeMeHHocTH CB0tiCTB EHRKOCTH Ha npouecc nnefioworo 
KHlleHHR B 60JlbUlOM o6aeMe. Ha npHMepe BOlIbI npH PaBneHHIlx 1, 50, 100 H 200 6ap BbuicHeHo 
BnlWiHe nepeMeHHbrx CB~RCTB Ha nepeH0c Tenna H Ha pacnp0cTpaHenHe CK~POCTH H rermepraypbr. 
ilpoee~xo cpameme Aamwx no rennoobhfesy c memumwn B nmepaqpe LlaHHbIMH no 

nJIeRO’lHOMy KHlleHHi0 B 6onbmoM o6bewe Ha rOpH30HTabHOM UHJlHHnpe. 


