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Abstract-- By examining the motion of liquid surrounding a bubble close to the heating surface accom- 
panying bubble ebullition and growth, it is argued for a liquid thin layer to be formed fluid- 
dynamically or thermally at the base of the bubble on the heating surface during nucleate boiling, of the 
thickness inversely proportional to the square root of Reynolds number based on the bubble radius and 
its growth rate or to the bubble radius times the density ratio of vapor to liquid. 

In the early stage of bubble growth, the liquid film is influential on the process only through the associ- 
ated increase in liquid-vapor interfacial area. In the advanced stage, a bubble with liquid film grows at the 
rate similar to that without film, though the superheat of liquid has less influence upon the former. With a 
highly thinner film, the growth rate is affected by thermal properties of the heater, being too high to be 

realized in usual nucleate boiling of water. 

NOMENCLATURE 

specific heat of constant pressure ; 
latent heat of evaporation of liquid ; 
pressure ; 
heat flow ; 
co-ordinate parallel to heating surface ; 
radius of liquid-vapor interface of 
bubble ; 
radius of bubble ; 
area of liquid-vapor interface of 
bubble ; 
time ; 
temperature ; 
maximum temperature of heating 
material ; 
maximum temperature of surrounding 
liquid ; 
saturation temperature of liquid ; 
components of velocity of liquid (Fig. 

1); 
volume of bubble ; 
co-ordinate perpendicular to heating 
surface. 

6, thickness of liquid layer ; 

5 thermal conductivity ; 

V, kinematic viscosity ; 

P, density ; 

cp, contact angle of bubble. 

Subscripts 

4 liquid-vapor interface except that of 
liquid film ; 

b, liquid-vapor interface of liquid film ; 

99 vapor in bubble ; 

h, heating material ; 

1, liquid. 

INTRODUCTION 

THE HIGH heat transfer rates associated with 
nucleate boiling processes have been attributed 
to the agitation of surrounding liquid by bubble 
formation and its departure from the heating 
surface, the heat flux being transferred once 
to the surrounding liquid before absorbed into 
bubbles. On the contrary, recent investigations 
have provided evidence that an evaporating 
liquid thin layer is formed at the base of bubbles 
during nucleate boiling so that the vapor 
inside the bubble cannot be always contacted 
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Greek symbols 
6 thermal diffusivity ; 



1596 SUSUMU KOTAKE 

with the heating surface, acting as the major 
heat transfer mechanism in nucleate boiling 
process [I-6]. 

Mesler et at. [l, 21 observed local surface 
temperature fluctuations of the heating surface 
by using a high response thermocouple and 
showed rapid cooling periods of short duration 
immediately after the ebullition of new bubbles 
followed by gradual reatt~nment of the initial 
temperature. Sharp [3] demonstrated the exist- 
ence of a liquid film and measured its thickness 
profile by optical techniques of interference 
of monochromatic light and reflection of polar- 
ized light, to account for the existence of an 
eva~rating thin layer inside the bubble on the 
heating surface. Torikai et cal. [4] reported 
photographic observations of nucleate boiling 
process on the surface of a heated glass plate 
to demonstrate the presence of an evaporating 
thin layer. Cooper et al. [5] measured tempera- 
ture fluctuations at several points on the surface 
of a heated glass plate by using small resistance 
thermometers consisting of thin films of metal 
and semiconductor, ofwhich results lend support 
to the liquid film theory of boiling heat transfer. 
Katto et al. [5] investigated photographically 
the contribution of the liquid thin layer to the 
growth rate of bubbles between two flat plates, 
which did not necessarily correspond to the 
bubbles in nucleate boiling process. 

If there exists such an evaporating liquid 
layer at the base of bubbles during nucleate 
boiling, the heat flux from the heating surface 
can be directly transferred into the vapor of 
bubble through the evaporation of the liquid 
film so that properties of the layer might control 
the major process of nucleate boiling. 

The present study is to examine the possibility 
of the existence of an evaporating liquid thin 
layer at the base of bubbles during nucleate 
boiling and to discuss the effect of liquid film 
upon the mechanism of nucleate boiling heat 
transfer. 

1. EXISTENCE OF LIQUID FILM AT THE 
BASE OF BUBBLES 

If a liquid thin layer is to be built up at the 

base of bubbles on the heating surface during 
nucleate boiling, the process of the layer for- 
mation should be controlled by the motion of 
surrounding liquid associated with bubble 
growth and departure. First, we examine from 
the fluid-dynamical point of view the possibility 
of the formation of such a liquid thin layer and 
of its existence through the process of bubble 
growth. In addition to such a fluiddynamical 
condition, the existence of the layer through 
the period of bubble growth may be dominated 
by the thermal process of evaporation. Secondly, 
we discuss the liquid film at the base of 
bubbles under such a thermally dominated 
process. 

1. Fluid-dynamically dominated layer 
The growth of a bubble generated on the 

heating surface makes its surrounding liquid 
act into motion to move in parallel with the 
heating surface in the vicinity of it. Let r and z 
be co-ordinates parallel and perpendicular 
to the heating surface, respectively (Fig. 1). 
It will be assumed that the associated liquid 
motion possesses cylindrical symmetry with 
respect to the z-axis and that the spatial varia- 
tion of properties is much smaller in the I- 
direction than in the z-direction to be neglected. 

FIG. 1. Bubble with liquid film. 
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Then, the equations of continuity and motion z = 6y, u = 1zu*, V = Ru*. (1.4) 
with respect to the surrounding liquid become In the nondimensionalized system, equations 

(1.1) 
(l.lH1.3) become 

au au au 1 dp +v azu i ad 
--$+u-&+v--$=-- 

PI dr ’ az2 
(1.2) -- r ar 

_!Zyau*+‘!CO 
6 ay 6 ay 

(1.5) 

where p and v are the density and the kinematic 
R au R 6 au* 

viscosity of liquid, respectively and are assumed 1 
to be constant. 

We consider a liquid layer of thickness 6, 
in which equation (1.2) is valid, in the two regions 
of surrounding liquid ; that is, the region inside 
the bubble (0 < r < R) and the region of outer 
part of bubble (R < r). The thickness 6 in the 
former region means the thickness of a liquid 
film at the base of bubbles on the heating surface 
and that in the latter the thickness of boundary 
layer of liquid motion close to the heating 
surface. The position of the boundary of two 
regions, say R, can be assumed to be roughly 
equal to the projected point of bubble radius onto 
the heating surface, say R,. At the liquid-vapor 
interface in the inside region, the heat flux from 
the heating surface through the layer makes 
liquid evaporate with the relation, 

R auv+ R dp 

+=F= --- 

R 2 
p,&’ dr + s Ezay2 0 

vz a2U* (1.6) 

where 

dZ, &as 
at’ 

6’ = as 
ar’ 

UT = (u*),=l 

H= CI(TH - T,) 
L 

T = (TH - T,) T*, (1.8) 

and TH and T, are the maximum temperature 
of the heating material and the saturation 
temperature of liquid, respectively. 

Integration of equation (1.6) with respect to 
y from 0 to 1 and using equation (1.5) yields 

where L and J are the latent heat of evaporation 
of liquid a.nd the thermal conductivity, respec- 
tively. In addition to this, the continuity of 
momentum fluxes at the liquid-vapor interface 
gives the relationships of pressures and shearing 
stresses of liquid and vapor, though they are 
not necessary explicitly in the following dis- 
cussion. 

Let the co-ordinate z and the velocity 
components (u, v) be nondimensionalized by (1.9) 
using the thickness of the layer 6(r, t) and the 
moving speed of the boundary of two layer- 
regions A(t) ( z R,) ; 

By the same manipulation to equation (1.7) 
we obtain 

F 
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Elimination of 8 from equation (1.9) and (1.10) 
leads to 

(1.11) 

a, = t[( u* dy12 - i @*I2 dyl 

b, = :j!:~(Nl)dy jUldy -i~(~~*2)d~ 

Since the equation of motion of liquid is a 
differential equation of the first order with 
respect to r, the equation for 6 demands only 
one boundary condition with respect to r. 
With the boundary condition of 6 = 0 at 
I = ro, the forma1 solution of equation (1.11) 
gives the thickness profile 6(r) as 

x exp (1.12) 

PO 

At the point r. where 6 = 0 and u = 0, liquid 
and vapor are in a hydrostatical equilib~um 
so that contact angle of liquid-vapor interface 
against the heating surface can be kept constant 

r;p,. Accordingly, the heat balance at r = r. 
provides the relation between the heat flux at 
r = ro, say do, and the change of r. in time, 

dro 

From the above relation with the initial con- 
dition of r. = roe at time origin t = 0, we obtain 

2 t 
r. = roe -t 

s P& tan q0 o 

0, dt. (1.13) 

If we use the area-mean of heat flux as do, the 
heat flux may be roughly estimated as 
do = ~~~~o, so that the second term of equation 
(1.13) is of the order of (p&JR to be neglected 
compared with R. Thus, it leads to r. < R. 
This means, from equation (1.12), that the liquid 
thin layer can always exist at the base of bubbles 
on the heating surface so long as a,c, > 0, 
without regard to the value of b, and that the 
thickness of the layer can be expressed as 

6 VI 
-N -* 

R J( 1 R1Z 
(1.14) 

Rewriting equation (1.14) as 

tells evidently its meaning that the momentum 
Flux of liquid in the film should be balanced 
instantaneously with the viscous stress acting 
on the heating surface. When the bubble radius 
is proportional to the square root of time and 
it can be assumed that R x Ro, we obtain the 
relation that R/R = 2t, with which equation 
(1.14) becomes 

6 Iv J(vrt). (1.15) 

In the case of saturated water of v, = 0+)02 cm2/s, 
the thickness of the film at t = 2 ms is thus 
estimated to be about 10 pm. 

As to the signs of a,,, and c,, the following 
consideration leads to the relation a,,,~,,, > 0. 
It can be assumed for the liquid motion in the 
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film that (au*/dy), > @*/a~)~, that is, c, < 0 
and that d”u*/dy*” 2 0 (n = 1, 2, 3,. . .). If the 
velocity profile in the film is expressed by a 
polynomial function of 

Integration of equation (1.17) with respect to 
y from 0 to 1 using equation (1.5) gives 

1 

,““, (T 2’ s * - T:)dy + $ u*(T* - T;) dy 

0 0 

0 0 

u* = E a&+ tai > Oh 
i= 1 

a,,, is then given by 

B 1 
a, = - 

2 
c 

1 1 1 
aiaj ( ---~ ) 

i+lj+l i+j+l 
< 0. 

4j 

Though the contribution of the film to the 
bubble growth rate provides a relation between 
R and 6, we have no further consideration about 
the fluid-dynamically dominated liquid film. 
The fluid-dynamical behavior of the liquid 
film can be characterized conspicuously in the 
early stage of bubble growth when the liquid 
in the layer is of intense motion. As shown later, 
however, the layer is not considered to have 
great influence upon thegrowth process ofbubble 
in its early stage. 

Next, we consider the existence of liquid thin 
layer under the thermally dominated condition 
such that the evaporation of liquid at the inter- 
face controls the process. It can be assumed that 
the variation in temperature of liquid in the 
vicinity of the heating surface is much smaller in 
the r-direction than in the z-direction. The 
energy equation is then 

g+ug+g= 
a2T 

4 2. aZ 
(1.16) 

Equation (1.16) with equations (1.4) and (1.8) 
becomes 

R aT* Rb aT* 
---7 
A at RC?ay 

- T:$ru*) 
> 

dy 

Accordingly, equations (1.10) and (1.18) yield 

where 

b, = :ijs(ru*)dy 1 T*dy - js(ru*T*)dy] 

0 0 

1 s * - ia; dy 2 

0 

The solution of equation (1.19) for a, # 0 is 

(~~=~e~p(-~~d~~~~ 

10 *D 
I 

1 + R @*T*) 

6 aY 
R2 at aaT* ‘4 I-n 

b 
x exp (S > -“dr dr. 

a, 
(1.20) 

r0 

Since r, < R as mentioned previously, equation 
= jTj$ayz (1.1’) 

(1.20) shows the existence of the liquid film at 
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the base of bubbles as long as a,c, > 0, of which 
thickness is 

6 El J( > -- hl ---_ 

R RR 
(1.21) 

Concerning the signs of a, and c,, the plausible 
relations of temperature profile of the liquid in 
the layer that (8T*/+), < (aT*/d~)~ and (PT*/ 
ay”) < 0 (n = 1, 2, 3, .) lead to the result that 
a, > 0, c, > 0 and a,c, > 0, in the same way as 
that for velocity profile. 

The thermally dominated layer, contrasted 
with the ~uid-dynamically dominated one, may 
have much contribution to the bubble growth, 
so that R and 6 have the following relation of 
evaporation. If we assume that R is nearly equal 
to R, and that the bubble growth is attributed 
mainly to the evaporation of liquid in the layer, 
we obtain the relation of bubble growth 

p,v*d = -pl~l~~~(~~), d(&), 

(1.22) 

where S, is the area of liquid-vapor interface of 
the layer and V* is a dimensionless quantity 
defined by equation (2.10). The temperature 
gradient at the liquid-vapor interface is given 
by equation (1.19) as 

(1.23) 

Letting the maximum of 6 be 6 and setting 

6 = s.C?*, 

we obtain the relation of 6 from equation (1.22) 
as 

+)j pBj_2L_~ 
eplR RR e 

=o , (1.24) 

where 

1 

ii, = R ae(d*2), + beP2 
S[ l[ s 6* (T* 

Sb 0 

- T:)dylid(~) 

Since T* > TT and(dY*/ay), > (iYT*/iYy)l, as 
mentioned above, we obtain that Ee > 0. The 
value of 6, is always positive and a, is of a small 
value in the case of less intense motion of liquid. 
Thus, it is known that equation (1.24) has always 
a positive root with respect to (&‘R). This is 
valid for the case of si, = 0, that is, for no motion 
of liquid in the layer. The thickness of the layer 
from equations (1.21) and (1.24) is given by 

F pg - *y ---. 
R PI 

(1.25) 

Now, it is concluded that the liquid motion 
accompanying bubble growth and departure 
can be associated with the formation of a liquid 
thin layer at the base of bubbles on the heating 
surface, as long as the surface is wetted by liquid, 
and that such a liquid layer can also exist in the 
case of thermally dominated process of evapora- 
tion. 

2. NUCLEATE BOILING WITH LIQUID FILM 

Under the presence of liquid thin layer at the 
base of bubbles on the heating surface, we 
consider the mechanism of nucleate boiling 
process. For simplicity, we take the following 
assumptions; (1) the shape of bubbles is a part 
of the sphere of radius R, with the center Z. 
over the heating surface, (2) the vapor inside the 
bubble is of the saturated state at temperature 
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TB and pressure pg, (3) the effects of the accelera- 
tion of gravity and the viscosity except in the 
vicinity of the heating surface are neglected, and 
(4) the growth of bubbles is attributed to the 
evaporation of liquid both at the liquid film and 
at the other part of liquid-vapor interface. 

The motion of liquid in the thin layer should 
be taken into consideration when the layer is 
examined about its existence under a fluid- 
dynamically controlled process such as in the 
initial period of bubble growth accompanying 
strong motion of liquid. However, through the 
almost whole period of bubble growth except in 
the initial stage, it can be assumed that (5) the 
motion of liquid in the layer is neglected. 

The characteristic features of the mechanism 
of nucleate boiling with the presence of liquid 
film at the base of bubbles different from those 
without the film can be attributed to the assump- 
tion (4) of mass conservation. The equation of 
motion of liquid and of bubble are identical 
with those under no presence of liquid film [7]. 
We examine the mechanism of nucleate boiling 
under the existence of such a liquid film and its 
contribution to the boiling process. Hereafter, 
quantities of heating material, liquid and vapor 
are denoted by subscripts h, I and 4, respectively. 

From assumption (4) the heat flow 4 trans- 
ferred into the bubble through the liquid--vapor 
interface can be expressed as the summation of 
the flow through the interface of the liquid film 
qb and that through the other part of liquid- 
vapor interface of bubble qa, that is, 

4 = 4. + qb. (2.1) 

Denoting the interfacial surface areas of the 
liquid film and of the other part as Sb and S,, 
respectively, we can express the flows as 

qb = 

(2.2) 
4. = 

S. 

On the other hand, the energy relation of 
vapor inside the bubble of volume V gives 

(2.3) 

where the change in the interfacial energy is 
neglected. 

These heat flows expressed in equation (2.2) 
can be determined by temperature distributions 
of liquid inside the liquid film and in the vicinity 
of the other part of the interface. The tempera- 
ture profile in the former region is obtainable by 
solving the temperature held in the film as well 
as in the heating material (Appendix), while that 
in the latter is given by the same way as used by 
Plesset or Forster. 

To see how these characteristics are im- 
portant, it is useful to bring into perspective the 
nature of the process in the initial stage of 
bubble growth (c(,t/~?~ Q 1) and in the final stage 
of it (aIt/62 % 1). According to Appendix, the 
heat flows can be given by 

4. = 
$B 1 

(2.4) 

(2.5) 
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where 

(t - z)* = lim (t - r)+ exp 
Z-r0 (-&&) 

and T, and TH are the maximum temperatures 
of liquid and of the heating material, respectively. 

Since T, w TH at the initial bubble growth 
and for usual heating materials 1,/A,, ,/(a,&) $ 1, 
equations (2.4) and (2.5) give 

qb Sb 
-w- 

411 Sa’ (2.6) 

It is thus noted that the increment in the heat 
flow transferred into the bubble due to the liquid 
film can be regarded to be roughly equal to the 
amount of the associated increase in the inter- 
facial area, so that the total heat flow can be 
given by 

compared with that of the whole liquid sur- 
rounding the bubble. Concerning the former, if 
we take the initial bubble growth rate (R,),=, 
= R, increased by (1 + Sb/S,), keeping the 
apparent contact angle of bubble constant, it 
can be easily seen that the process of bubble 
growth under the presence of the layer could be 
described in the same nondimensionalized ex- 
pression as the process without the layer; in 
other words, the processes of bubble growth 
and departure from the heating surface under 
the existence of the film are identical with those 
without the film, only the rate of bubble growth 
being increased by the amount (1 + S&j,). 

Next, we consider the process at the time 
close to the final stage of bubble growth. The 
ratio of the heat flows through interfaces is 
given by equations (2.4) and (2.5) as 

(2.7) 

Expanding the quantities of bubble shape R, (2.8) 
and Z, and those of vapor inside the bubble ps, 
ps and Tg with respect to time t as 

which means that qb $ q, in the final stage of 
bubble growth, so that 

R, = R, + R,t + R,t2 + . , 

Tg = T, ‘+ T,t + T2t2 + . . . , etc., 

we can obtain Tn as a function of (T. _ 1, . , T,, 

R,, . . , R,, Z,, . . . , Z,) from equations (2.3) and 
(2.7) with the state equation of ideal gas and the 
relation of saturation [assumption (211, and R, 
and Z, as functions of (T,, . . . , T,, R, _ 1, . . , R,, 
Z,_ 1, , Z,) form equations of motion in the 
R,- and z-directions with respect to the bubble 
[7]. The characteristic features of the process 
associated with the liquid film are the increment 
in the heat flow transferred into the bubble by 
the amount (1 + Sb/S,) and the modification of 
the equation of motion in the z-direction of 
liquid close to the heating surface. The latter 
may have less influence upon the resulted 
process of bubble growth because of less inertia 
of liquid in the vicinity of the heating surface 

(2.9) 

For A,/&, . ,/(mht)/d b 1, the total heat flow into 
the bubble is then given by 

Representing the change in the mass of vapor 
inside the bubble in the form that 

(2.10) 

we obtain, from equation (2.9)‘, 

-----(TH - T,). (2.11) 
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When the apparent contact angle of bubble has 
little change in value with respect to time and 
the vapor temperature approaches the satura- 
tion temperature of liquid, equation (2.11) is 
reduced to 

where 

H = c,(Ta - T,)IL 

and 

2Sb 2(1 - cos 9) 

m=(l +coscp)(2-cosrp) = @,((P). 

For the process in which only qa is taken into 
account, the same manipulation leads to the 
result 

R o = %(cp) 1 p H&v) J g 
(2.13) 

where 

2 

@&) = (1 + cos cp) (2 - cos cp) 

For the nucleate boiling of saturated water, 
the values of @a and Gb in equations (2.12) and 
(2.13) do not change considerably within the 
range of contact angle (90” > cp > 60”), being 
kept the order of unity (@. x Q,, x 1). Owing to 
equations (2.12) and (2.13~, it is seen that the 
liquid film at the base of the bubble could make 
bubbles grow faster by the amount of about 
rZ Jl, J(aJa,,) (a 10) than in the case without the 
film. G,, = J3 by Plesset-Zwick’s equation, 
while @a = 7r/2 for Forster-Zuber’s result. With 
these values, equation (2.13) is observed acci- 
dentally to be consistent with the experimental 
results of bubble growth of nucleate boiling on 
a heating surface. Consequently, the bubble 
growth rate under the presence of the liquid film 
given by equation (2.12) may be about ten times 
higher than the value by equation (2.13) to be 
less realized in usual cases of saturated water. 

It is possible to verify equation (2.12) by 
examining the effect of heating materials upon 
the process of bubble growth. The value of 
L J Jab for copper is about five times that for 
chromium, so that according to equation (2.12) 
bubbles on a heating surface of copper grow 
five tunes faster than those on a chromium 
heater. Such a material effect on the process, 
however, is attributed mainly to the difference 
of properties of heating materials very close to 
the heating surface. For lack of experimental 
information about the growth process account- 
ing for such a material effect, further discussions 
on it must be abstained. 

Next, we discuss the process at the inter- 
mediate period of bubble growth between the 
above two stages, in which the heat flow given 
by equation (2.9) can be approximated not by 
equation (2.9)’ but by 

J TH - T 
q= A,----- 

6 
’ dSb. 

Sb 

(2.14) 

Since at the period it may be assumed that 
R,k, x constant, equations (1.20) and (1.25) 
yield 

6 = A@, t)Z (2.15) 

where A(r, t) is a weakly dependent function of r 
and t. Thus, equation (2.14) becomes 

SinQ 

4 = 
J 
0 

z $ (sin (p)*R, F i ( TH - T,). 
B 

Solving equation (2.3) with the above heat flow 
leads to 

Ro = ,/[i@dd&]-$--H Ja,t, 

(2.16) 
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where 

@b&P) = (1 + 
2(sin cp)* 

---. 
cos cp)Z (2 - cos $9) 

The value of A can be estimated according to 
the result of Katto’s observation [6] of the 
growth process of two-dimension-like bubbles 
between flat plates, which was purely attribut- 
able to the evaporation of liquid film. For a two- 
dimension-like bubble growth, equation (1.24) 
is modified to 

F Pe h - 
R,-ZG 

where h is the height of the bubble, so that 
equation (2.15) can be reduced to 

(2.17) 

Equation (2.14) with equation (2.17) leads to 

R ';Ro. (2.18) 

From the typically observed result, A,/R, = 
0.5 ms- ’ for TH - T, = 3°C and h = 0.04 cm, 
which leads to A x 40. Using this value of 
A~4OandthevalueofH(wlO-’ N lo-‘)for 
usual nucleate boiling of saturated water, that is, 
AH w 1, which leads to ,/(x/3. @,,/AH) x 1, 
we can recognize equation (2.16) roughly con- 
sistent with the observed growth curves. 

Upon comparing equation (2.16) with equa- 
tion (2.13), one of the most conspicuous differ- 
ence consists in the contribution of superheat 
(TH - T,). According to equation (2.13) for the 
process without the liquid film, the bubble 
radius is proportional to the first power of 
superheat, while it grows in proportion to the 
square root of superheat in equation (2.16). Such 
a trend is always found regardless of the assump- 
tion of thickness profile of the liquid film, when- 
ever the maximum of the film thickness is 
proportional to the bubble radius. It is, how- 
ever, not easy to derive detailed information 
about the effect of superheat on the bubble 

growth of usual nucleate boiling within a 
narrow range of superheat. The bubble growth 
rate given by equation (2.13) may be over- 
estimated because of the assumption of liquid 
temperature keeping the value of TH through 
the whole range of bubble growth. The accord- 
ance of equation (2.13) with the experimental 
results may be attributed to the compensation 
for the overestimation by the contribution of 
the liquid film, that is, by equation (2.16). 

Consequently, it can be noted, for usual 
nucleate boiling of saturated water, that the 
liquid film at the base of bubbles has not so great 
influence upon the bubble growth in its final 
stage as to show the material effect of the 
heater, and that in earlier stages it acts as making 
up for the decrease in the heat flux through the 
interface. It is not a so easily realized situation 
except at the time close to the final stage of 
bubble growth that the heat flux through the 
interface of the liquid film highly overwhelms 
that through the other part of interface. 

CONCLUSION 

By examining the motion Jf liquid surround- 
ing a bubble in the vicinity of the heating 
surface accompanying bubble ebullition and 
growth, it is argued for a liquid thin layer to be 
formed fluid-dynamically at the base of the 
bubble on the heating surface during nucleate 
boiling. The thickness of the associated liquid 
film is inversely proportional to the square root 
of Reynolds number based on the bubble radius 
and its growth rate. In the process thermally 
controlled by evaporation of the film, it is pro- 
portional to the bubble radius times the density 
ratio of vapor and liquid. 

At initial bubble growth, the liquid film is 
influential on the mechanism of nucleate boiling 
only through the associated increase in the 
liquid-vapor interface area of bubble; that is, it 
has no effect on the process of bubble growth 
expressed in dimensionless quantities based on 
the initial bubble growth rate increased by the 
amount of increment in the interfacial area of 
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bubble. In advanced stages of bubble growth, 
the bubble radius is proportional to &x&) * pJpe 
regardless of the presence of liquid film, though 
it is proportional to superheat H[= cI(TH - Ts)%] 
for bubbles without film and to JH for those 
with film. At the time close to the final stage of 
bubble growth with further thinner films, the 
bubble radius becomes proportional to &x&& 
H.&/Al in which thermal properties of the 
heating material are participated. 

gators. Since the heat Sow parallel to the heating surface 
may be negligibly small compared with that perpendicular 
to the surface, the energy equations in the liquid film and in 
the heating material are 

By lack of experimental information about 
such an effect of superheat or heater material, it 
is difftcult actually to confirm the characteristic 
influence of the liquid film upon the mechanism 
of nucleate boiling. For saturated water, the 
liquid film is not usually found to show the 
material effect of the heater upon bubble growth 
but seems to act as only a compensator for the 
decrease in the heat flux through the liquid- 
vapor interface except that of liquid film. 

where the liquid motion in the tilm is neglected with assump- 
tion. (5). Let the surface temperatures of the liquid film and 
of the heater be Td and T,, respectively, and denote the 
temperature of the heating material far from the surface 
as TB. The surface temperature of the film T, can be regarded 
roughly equal to that of vapor inside the bubble Tr The 
heating material is sufficiently thick that T, can remain 
constant in no response to the change in T, 

Concerning the temperature of the heating material, 
introduction of 

It, = Th - TH (A.21 

reduces equation (A.l) to 

(A.3) 

with the boundary conditions 

a=0 : %(0, i) = T,(t) - T, s e,,,(t) 

z= --oD: %(-co,t)=O. 

The solution of equation (A.3) is easily found to be 
1. 

2. 

3. 

4. 

5. 

6. 

7. 
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APPENDIX 

First, we consider the heat flow through the liquid film qti 
To obtain the temperature distribution in the liquid film, 
the temperature field in the heating material should be 
taken into account, because of appreciable changes in the 
latter, which are experimentally observed by several investi- 

GJ(4W) I 

%,(z, t) = 2- B,(O) J Jn --cD 

e-ed,+$Oz J -.....E 
~/./[4UhV - e1 

X 
s 

e-e* dn dr. tA.4) 

-m 

As for the temperature of liquid in the film, detining Bt 
and e2 to satisfy the following boundary conditions, 

2 = s(t): 8, = T,(t) 8, = 0 

z=o : %,=O 
(A.5) 

%a = T,(t), 

we can rewrite equation (A.l) as 

de, 88, ae2 a2e2 
at=al-p x=tl'p 

of which solutions are 

04.6) 

B&f) = T,(O) 5 - m 2 nn(6 - z) [C - sm ____- exp ( - n2&z,t/6) 
nn 6 1 “i-1 

x exp : -nn2n2a,(t - ~)/a) 1 dr (A.7 
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cl 0 “=I 

x exp { - tP?a,(t - z)/S) dr (A.8) x2 ds 

where the change in the thickness of the film is neglected 
11 

compared with that in temperature with respect to time. 
The gradients of temperature in the heating material 

el.=i~~~O,i~~~~(O)-~~~~~~~~(O) 

(A.12) 

and in the liquid film are given by equations (A.4), (A.7) and 
(A.8) as follows. + jjG,(O,i7r~~)~ - S,(O,i*y) 

(A.13) 

x %exp [- &]dr (A.9) 

cos 7 exp ( - n*?a,(t - r)/S} ds. 

“=I (A.lO) 

Upon using the theta functions 

9,(x, t) = 1 + 2 2 (- 1)” exp (in’nt) cos 2nnx 
“=I 

m 
9,(x, t) = 1 + 2 1 exp (idrrt) cos 2nnx, 

n=, 

equation (A.lO) can be rewritten as 

which yields the temperature gradient at the surface of the 
heater and at the film surface, 

Substitution of equations (A.9) and (A.12) into the con- 
tinuity relation of heat flux at the heater surface (z = 0) 

leads to 

d(T, - 

dr 

TH)~, I 
=~[9,jO,in~)~(O)-9,(n,i.~)T~(O) 

(A. 14) 

dTw\ 
x TldT 1 , (A.15) 

from which the surface temperature of the heater T,(t) is 
obtainable. Equation (A.13) with this value of T, gives the 
temperature gradient at the film surface, that is, the heat 
flow through the liquid-vapor interface. of the liquid film 
qb To make more perspective insight into the heat-flux, 
we consider the process of bubble growth in the initial stage 
(a,@’ 4 1) and in the final (art/s2 9 1). 

For art/s2 4 1, using Jaccobi’s imaginary transformation 

we can obtain 



THE LIQUID FILM OF NUCLEATE BOILING 1607 

which reduces equation (A. 11) to be of the same form as 
equation (A.9). When we represent the continuity relation of 
heat flux at the heater surface in the sense of 

equation (A.15) can be rewritten as 

where 

Thus, we obtain 

T,=T,+ 
73 - TB -. 

(A.16) 

(A.17) 

For a,r/6’ $ 1, 

Cl (t -+ 0). 

Since dT,/dt and dT,idt are monotonously decreasmg 
functions of time, for suffciently larger values of time, 

and 

Then, equation (A. 15) becomes 

-+T, - TH) = ;(q - T,), 
J(W) 

which yields the surface temperature of the heater 

(A.18) 

For further larger values of time, 

The same manipulation gives the temperature gradient at 
the film surface 

aIt 
(A.19) 

2% 1, 

which are rewritten by equations (A.17) and (AX) as 

(A.20) 

Accordingly, we obtain the heat flow through the liquid film 

(A.21) 

Next, we consider the heat flux through the liq~d-vapor 
interface except that of the liquid film. Though, as to the 
temperature field of liquid surrounding a spherical bubble, 
Plesset, Forster et al. conducted detailed studies, here we 
treat the temperature field in the vicinity of growing bubbles 
in a following brief manner. Introducing the co-ordinate y 
with the origin at the interface directing towards the iiquid 
side and taking the assumption of local spherical symmetry, 
we obtain the energy equation of liquid 

(A.22) 

where & is the moving speed of the interface and D is the 
y-component of velocity which is roughly proportional to 
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&[R&, + y)]‘. For the region of y Q R,, the above 
equation can be. approximated by 

(A.22) 

for which the boundary conditions are expressed as 

y= Co: 7;(m,r) = TL 

y=o: m, d = T,, 

where TL is the temperature of liquid at infinity y = co. The 
thickness of temperature boundary layer in the surrounding 
liquid is about ,/(a$), that is, of the order of micron, while 
the boundary layer of temperature immediately before the 
bubble ebullition is of the thickness of millimeter, so that TL 
can be regarded to be weakly dependent on time. Setting 

e=7;-T, 

and solving the above equation, we obtain 

(A.23) 

m 

8(Y, t) = $ 
x s e - I2 dtle&O) 

where Be = T, - Tk The temperature gradient is then 

Thus, the heat flow through the interface 4. becomes 

% = 
(A.26) 

For larger values of t, if the change in (T, - T,+) can be 
neglected compared with that in (t - t)‘. the same manipu- 
lation as for equation (A.18) yields 

(A.27) 

If the uniformness of the quantities at the interface is 
assumed, the above obtained results of heat flow are re- 
written as 

i 

E r ‘1 

\/(47W) sn s _~~____ dr ait 
T - TL 

(t - r)+ 
F<<l 

0 
4. = (2.4) 

x exp (- 4&L-r,)(q - T,)dr. (A.25) 

- ?-- S,( TL - T,) 
J(w) 

qb = 

(2.5) 

where (t - T)* has the meaning defined previously. 

FILM LIQUIDE AU COURS DUNE EBULLITION NUCLEEE 

R&stun&En examinant p&s de la surface chauffante, le mouvement du liquide entourant une bulle et 
accompagnant la croissance de celle-ci, on en conclut que durant l’ebulhtion nucl%c une fine couche 
liquide est form&e thermiquement et dynamiquement a la base de la bulle sur la surface chauffante. Cette 
couche a une tpaisseur inversement proportionnelle a la racine car& du nombre de Reynolds, base SW 
le rayon et la vitesse de croissance de la bulle, oh au produit du rayon de la bulle et du rapport de densitt 
de la vapeur et du liquide. 

Au premier &at de croissance de la bulle, le film liquide influence le processus seulement par la croissance 
correlative de I’aire de I’interface liquide-vapeur. A un stade plus avance, une bulle avec un film liquide 
croft a la meme vitesx. que celle sans film bien que la surchauffe du liquide ait moins d’influence sur cette 
dernitre. 

Avec un tihn plus fin, la vitesse de croissance est affect% par les proprittes thermiques du chauffoir, 
&ant trop &levee pour etre realist lors de l’tbullition nucltee usuelle de l’eau. 

UBER DEN FLUSSIGKEITSFILM BEIM BLASENSIEDEN 

Zusanunenfassuq- Auf Grund der Untersuchung der Fltissigkeitsbewegung in der Umgebung einer 
Blase dicht an der Heizflbhe wird gezeigt, dass sich beim Blasensieden fltissigkeitsdynamisch oder 
thermisch eine dtinne Fltissigkeitsschicht an der Blasenunterseite auf der Heizflache bildet. Die 
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Schichtdicke ist umgekehrt proportional zur Quadratwurzel aus der Reynolds-Zahl, gebildet mit dem 
Blasenradius und seiner Wachstumsgeschwindigkeit oder zum Blasenradius ma1 dem Dichteverhliltnis 
von Dampf zu Fltissigkeit. 

Im Anfangsstadium des Blasenwachsens hat der Fltissigkeitstihn nur durch die damit verbundene 
Zunahme der Dampf-Fltissigkeits-Grenzflache Einfluss auf den Prozess. In fortgeschrittenem Stadium 
wachst eine Blase mit Fliissigkeitsfilm mit ghnlicher Geschwindigkeit wie eine ohne Film, obwobl die 
Fliissigkeitsiiberhitzung weniger Einfluss hat. Bei wesentlich dtinnerem Film ist die Wachstums- 
geschwindigkeit von thermischen Eigenschaften der Heizung bestimmt; sie ist dann zu gross, urn sich bei 

normalem Blasensieden von Wasser realisieren zu lassen. 

0 XHAHOH IIJIEHKE IIPH HY3bIPbKOBOM HHIIEHBM 

AHHOTaqHsI-I/lCCJreAyeTC~ JJBMHXeHHe HcHfiKOCTI4 BOKpyI' IIy3bIpR, 06pa3yEOQerOCFI B6nH3&i 

nosepxHocTa uarpeba, conpoaomnaloufero BcwnaHMe II pock nysb~pn~ npki 3T0~ aoHa3bI- 

BaeTCFI, qT0 o6pa30BaHMe TOHKOrO CJlO1I H(HAKOCTII y OCHOBBHRR ny3bIpH Ha nOBepXHOCTH 

HarpeBa npH ny3bIpbKOBOM KMneHllB RMeeT I'HfipO~MHaMWIeCKElti HJIM TenJIOBOti XapaKTep, 

YTO TOJIlIJHHa CJlOfl 06paTHO npOnOpI@lOHaJIbHa KOpHIO KBaJJpaTHOMy 9ylCJla PefiHOJIb~Ca, 

OTHeCeHHO~OKpa~llyCyny3bIpFIHCKOpOCTMerOpOCTaI4JlM KpaAMyCylly3bIpFI,yMHOHEeHHOMy 

Ha 0rnonreHne ~JIOTHO~TH napa K IIJIOTHOCTH w~~K~CTH. 

B caMoM Hagane pocTa nyanpcr nneHKa W~AK~~TI~ BmmeT Ha npoqecc TonbKo sepea 

yBeJIHWHHe nOBepXHOCTI4 pa3neJla X(IJAKOCTb- nap. B AaJIbHefiIIIeM IIy3bIpb C IIJIeHKOt 

XEI~AKOCTI~ pacTeT co cKopocTbm, 6~1~3~0fi K c~Op0cT~ pocTa npis ~TC~TCTBPI~ meHKI4, X~TH 

neperpeB H(IIAKOCTM oKa3bIBaeT MeHbmee mmme B IlepBonl cnyqae. UPH ropasno 6onee 

TOHKMX meHKax Ha cKopocTb pocTa BZHHIH)T TennoBbIe cBoiicTna HarpenaTens, npmeM 3Ta 

CKOpOCTb HaCTOJIbKO BeJIHKa, ~ITO6bI 3T0 BJIIlRHIIe MOPKHO 6bIJIO 3aMeTATb npll 06bIqHOM 

lly3bIpbKOBOM KllneHlW BOAbI. 


