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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

c, specific heat of constant pressure ;

L, latent heat of evaporation of liquid ;

D, pressure ;

q, heat flow;

r, co-ordinate parallel to heating surface ;

R, radius of liquid-vapor interface of
bubble;

R,, radius of bubble;

S, area of liquid—vapor interface of
bubble;

L, time ;

T, temperature;

Ty, maximum temperature of heating
material ;

T, maximum temperature of surrounding
liquid;

T;,  saturation temperature of liquid;

u, v, components of velocity of liquid (Fig.
1);

vV, volume of bubble;

z, co-ordinate perpendicular to heating
surface.

Greek symbols
o, thermal diffusivity ;

4, thickness of liquid layer;
A, thermal conductivity ;

v, kinematic viscosity ;
P, density ;
o, contact angle of bubble.
Subscripts
a, liquid-vapor interface except that of
liquid film;
b, liquid-vapor interface of liquid film ;

dJ, vapor in bubble;
h, heating material ;
A 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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with the heating surface, acting as the major
heat transfer mechanism in nucleate boiling
process [1-6].

Mesler et al. [1, 2] 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 reattainment 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
evaporating thin layer inside the bubble on the
heating surface. Torikai et al. [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. [S] 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, of which 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 liguid
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
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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 fluid-dynamical
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 spacial varia-
tion of properties is much smaller in the r-
direction than in the z-direction to be neglected.
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THE LIQUID FILM OF NUCLEATE BOILING

Then, the equations of continuity and motion
with respect to the surrounding liquid become

10Gru) v
ST+ =0 (L1)
2
L U RS B N F)
ot or oz p, dr 0z?

where p and v are the density and the kinematic
viscosity of liquid, respectively and are assumed
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 & 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,

06 9o oT
- )
oT oT
() Eem) o

where L and A are the latent heat of evaporation
of liguid and 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
using the thickness of the layer &(r, t) and the
moving speed of the boundary of two layer-
regions R(t) (*R,);
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u = Ru*, v = Ru*.

In the nondimensionalized system, equations
(1.1)«1.3) become

z = Jy, (1.4

10ru* 6 ou* 10v*

A AL T LA 15
r or 5y6y+(56y (1.5)

R ou RS 6u*+§|:6ru*2 J oru*?
Rac Rs'3y "l o 375
Rou*v* R dp (RN v, 0%u* 16
6 dy pR? dr 8/ RR dy? (16)
f sut_s_ (6_2)
v¥ — dur - = 5H /)y (L7)
where
. dR s
Rz_d—t.) 5=a—t, 5=5,
uf = (u*),-,
Ty — T
== o _myre )

L

and Ty 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

1

86 36’

E—z%j(u* ~ut)dy + k—zju*(u* ~ ut)dy
e O 2y
R )R ™

b
1
Wjo, .,
;g{b_r(m )dy
0 0
) 1 dp
— u*— (ru* -
“ 0r(m )}dy + pR? dr}
_u [y _ o
-w[), - (F)] o

By the same manipulation to equation (1.7),
we obtain

1
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Elimination of  from equation (1.9) and (1.10)
leads to
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Since the equation of motion of liquid is a
differential equation of the first order with
respect to r, the equation for § demands only
one boundary condition with respect to r.
With the boundary condition of 6 =0 at
r = ro, the formal solution of equation (1.11)
gives the thickness profile é(r) as

(é)z_iex ﬁiﬁd rfﬁ
R) SRR vamr a,

L4 ro

X exp(j ? dr) dr.

ro

(1.10)

(1.11)

N |

(1.12)

At the point ro, where & = 0 and u = 0, liquid
and vapor are in a hydrostatical equilibrium
so that contact angle of liquid—vapor interface
against the heating surface can be kept constant
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@o. Accordingly, the heat balance at r = r,
provides the relation between the heat flux at
r = ry, say §o, and the change of r; in time,

dr
= ip,L tan o —.
do = p n @o dat

From the above relation with the initial con-
dition of ry, = ryq at time origin t = 0, we obtain
t

2
quo dt.  (L13)
1}

ro =Tpo +
If we use the area-mean of heat flux as §,, the
heat flux may be roughly estimated as
do ~ p,LR,, so that the second term of equation
(1.13) is of the order of (p,/p)R to be neglected
compared with R. Thus, it leads to ry, < 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

o~ ylak)

Rewriting equation (1.14) as

(1.14)

(PIRZ) 7R ~ p, ? nR?

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 ~ R,, we obtain the
relation that R/R = 2t, with which equation
{1.14) becomes

8 ~ J(vt).

In the case of saturated water of v; = 0002 cm?/s,
the thickness of the film at ¢t = 2 ms is thus
estimated to be about 10 pym.

As to the signs of a, and c,, the following
consideration leads to the relation a,c, > 0.
It can be assumed for the liquid motion in the

(1.15)



THE LIQUID FILM OF NUCLEATE BOILING

film that (Gu*/dy), > (0u*/dy),, that is, ¢,, < 0
and that "u*/oy*" 20 (n =12 3,. If the
velocity profile in the film is expressed by a
polynomial function of

u* = Z aiyi (ai ;’; 0)5

i=1

a,, is then given by

a —1 ﬂ aa 1 1 1 <0
mT 2 Fili+1j+1 i+j+1 :

i

Though the contribution of the film to the
bubble growth rate provides a relation between
R and 8, 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
greatinfluence upon the growth process of bubble
in its early stage.

2. Thermally dominated layer

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

oT _ oT
oz = M7

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

—+u—+v (1.16)

50_72_125 oT*
R o  Ré’ 6y
LR [a(m* T & 6(ru*T*)]+ Ru*T*)
ri or 57 dy 5 dy
2 2%
R* o, &°T (1.17)

~FRR &7
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Integration of equation (1.17) with respect to

y from 0 to 1 using equation (1.5) gives

R(SZ‘SR j(T* TYdy + %qju*(T* THdy
1o
%j{—g;(ru*'l'*)
]
- T*%(ru*)}dy

1
+£ l?f:d +
RlJRa @
L]
o aT*) _(aT*‘)]
" RR [(63»' v Ny Jod (L18)
Accordingly, equations (1.10) and (1.18) yield

N e (5) =
de\R2 \R?) = ““RR
where

1 1 1
a, = %[g u* dyg T*dy — gu"‘T* dy]

(1.19)

1 1

1
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]

0 0
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0
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‘R oy 0 oy /,
1
aT .
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0

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

(é 2_ i exp { — ’fj—gdr r—cf
R) “RRZP a, a,

ro ro

T*)d}].

r

x exp(S z—‘f dr> dr

o

(1.20)

Since ry < R as mentioned previously, equation
(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
o o
R T V\RR/

Concerning the signs of a, and ¢, the plausible
relations of temperature profile of the liquid in
the layer that (3T*/0y), < (0T*/dy), and (0"T*/
") <0(n=1,23,...)lead to the result that
a, > 0,c, > 0and a.c, > 0, in the same way as
that for velocity profile.

The thermally dominated layer, contrasted
with the fluid-dynamically dominated one, may
have much contribution to the bubble growth,
so that R and J 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

. 1/eT* S
R — ol B it
pV*R = —po,H gé ( 3 ) d (nRz)’
S (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
() Al 2) o)
&y ), TH 4 *\R °R?
aT* o\ [ { o
] —{ (T*—T*d}.
(&)~ (F [t - o

{1.23)
Letting the maximum of § be & and setting
6 =25 0%

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

(1.21)

s o

A Py .
a, (‘R) + Beaﬁ - Eﬁce =0, (124)
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where

1

a, = XR[ae(é*z)' + bea-“] [a* S(T*

TS

e

b, = V*
1
_ aT* oT* -
€= K l:( oy )o B (‘5;)1] [6 X(T
S»
4 S
- T% dy] d (ﬁ”-ﬁ)‘

Since T* > TFand(0Y*/dy)o > (0T*/0y),,as
mentioned above, we obtain that ¢, > 0. The
value of b, 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 (8/R). This is
valid for the case of @, = 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

5

9 P
R p

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.

@

(1.25)

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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T, and pressure p,, (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, [ and g, respectively.

From assumption (4), the heat flow ¢ 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
g, and that through the other part of liquid-
vapor interface of bubble ¢,, that is,
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T,
CIb=J < )ﬂa ) ds,,
" 22)
-1 oT, ds >
qa laR Ro a

a

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

d
a (pg V)a
(2.3

dT
(ng) + p Ve~

g=1L d

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 field 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 (x,;t/6%> < 1) and in the final stage
of it (a;t/6% > 1). According to Appendix, the
heat flows can be given by

q=14q,+ q (2.1) 4 — s, T TLd il <1
. : . \/ (dney) * ) (t — D) o
Denoting the interfacial surface areas of the 4 = 2.4)
liquid film and of the other part as S, and S,, A (T _ 1) LA
respectively, we can express the flows as N FH
A A NN L I T, - Ty ayt
A1+ 32 g
N [ *t7 \/ (a, ] S |-t &= <!
]
q, = j) y) ( -1 (25)
1/ (at) oyt
SEI[HZ\/éh] dSy(Ty — T) 5’2—>1

Sp
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where

22

t —1)f =lim(t — 1)} T —
t—1) zlil(l)( )% exp ( dt = r))
and T, and T, are the maximum temperatures
of liquid and of the heating material, respectively.

Since Ty, ~ Ty at the initial bubble growth
and for usual heating materials A,/4, \/(x,/o) < 1,
equations (2.4) and (2.5) give

B S

4. S,

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

t
A S\ [(T.-T,
- 142 \g |22 = 1y,
q \/(4mx,)< + S)S“S(t o

Expanding the quantities of bubble shape R,
and Z, and those of vapor inside the bubble p,,
p, and T, with respect to time ¢ as

2.6)

2.7)

Ro=R, + Rit + Ryt* + ...,
T,=T,+ Tit + Tt* + ..., etc,

we can obtain T, as a function of (T,,_,, ..., T,
R,....R.Z,,...,2Z,)fromequations (2.3) and
(2.7) with the state equation of ideal gas and the
relation of saturation [assumption (2)], and R,
and Z, as functions of (7,,, ..., T,, R,_, .. . , R,,
Z._1...,2Z,) form equations of motion in the
Ry~ 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 + §,/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
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compared with that of the whole liquid sur-
rounding the bubble. Concerning the former, if
we take the initial bubble growth rate (Ry),—,
= R, increased by (1 + S,/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,/S,).

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

jﬁ [1 + ﬁﬂfﬁ"ﬁ]—l dSy(Ty — T,)

0 Ap O
B _ 5
9a A ’
ST, — T,
(TICZ, t) Sa( L g)

(2.8)

which means that g, > g, in the final stage of
bubble growth, so that

2 A o) ]!
qquz‘[-gllil-i-—/l—:\/&hjl dSy(Ty — T)).

Sp

(2.9)

For A,/4, " \/(roy)/8 > 1, the total heat flow into
the bubble is then given by

A
qzﬁémmn—n)

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

2.9y

14 .
d’;"t — p,iRER,V*, (2.10)
we obtain, from equation (2.9)',
1 2 S
h b (Ty — T). (211)

Ry=——F—c—m—
0 pyL /(mot) aREV*
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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

Ro = 10) 7 \/(a,,) T2 o

(2.12)
where
H = ¢(Ty — Ty/L
and
28, _ 21 — cos @) ,(0).
ZREV* (1 +cosg)@ —cosg) 2P

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

2
R, = d».,(q»)%%w(a,t) (2.13)

where

2
(1 + cos @) (2 — cos @)

¢a((p) =

For the nucleate boiling of saturated water,
the values of &, and &, in equations (2.12) and
(2.13) do not change considerably within the
range of contact angle (90° > ¢ > 60°), being
kept the order of unity (¢, ~ &, ~ 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
A2y \J(04/04) (= 10) than in the case without the
film. &, = .,/3 by Plesset-Zwick’s equation,
while @, = /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.
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It is possible to verify equation (2.12) by
examining the effect of heating materials upon
the process of bubble growth. The value of
Ay/~Joy, 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 times 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 éffect, 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

Ty — T,

S»

(2.14)

Since at the period it may be assumed that
RoR, ~ constant, equations (1.20) and (1.25)

yield
J) r
5=Ar,t~”\/<—)R, 2.15
eo% )Re @19

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

sing
pr Ty — r r
= 2 " 2
1 J: ‘o, A Ro\/<R )d (R0>

4 .
~ 5 Gin w)*Ro%—' (Tq — Ty.

g

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

Ry = \/[ (0) ]jn”‘H\/ i,

(2.16)
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where

2(sin @)*

Dy(p) = (1 + cos 0 (2 = cos @)

The value of 4 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

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

P r
dx A~ |[—|h
P <Ro>

Equation (2.14) with equation (2.17) leads to

4 e (g> L]
34AH p,) B
From the typically observed result, Ro/R, =
05 ms™! for Ty — Ty = 3°C and h = 0:04 cm,
which leads to 4 ~ 40. Using this value of
A ~ 40 and the value of H (107! ~ 107?) for
usual nucleate boiling of saturated water, that is,
AH =~ 1, which leads to ./(n/3  ®,/AH) ~ 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
(Ty — Tg). 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

2.17)

Ry ~ R,. (218)
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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 T 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 /(1) - py/p,
regardless of the presence of liquid film, though
it is proportional to superheat H[=¢(T; — T)/L]
for bubbles without film and to \/H 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/a;)
H- A/, in which thermal properties of the
heating material are participated.

By lack of experimental information about
such an effect of superheat or heater material, it
is difficult actually to confirm the characteristic
ififluence 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.
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APPENDIX

First, we consider the heat flow through the liquid film g,.
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-
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gators. Since the heat flow 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

oT, 87T, 0T, &1,
R T
where the liquid motion in the film is neglected with assump-~
tion. {5). Let the surface temperatures of the liquid film and
of the heater be T; and T, respectively, and denote the
temperature of the heating material far from the surface
as Tg. The surface temperature of the film 7} can be regarded
roughly equal to that of vapor inside the bubble T, The
heating material is sufficiently thick that Ty can remain
constant in no response to the change in T,

Concerning the temperature of the heating material,
introduction of

bp=T,— Ty (A2)
reduces equation (A1) to
% = o, (;22—62" (A3)
with the boundary conditions
z=0 :80,8=Tf) — Ty=00
z= —o0: H{—c0,t} =0
The solution of equation (A.3) is easily found to be
2/ J(Sant) ¢
Bi{z, 1) = :/% (0} e dy + %J%
o 2/JT4an(t— 1)) ’
x E e"dnpdr. (A4

- 60

As for the temperature of liquid in the film, defining 8,
and 8, to satisfy the following boundary conditions,

z=t): 8, =T() 8,=0
(A.5)
z2=0 : 6,=0 8, = T,
we can rewrite equation (A.1) as
a8, %0, a6, %8,
I S = (A-6)

of which solutions are

z = 2 . nn(d ~ 2)
8z, = T,(0) [5 - Z —sin—— —exp(wnznzoc;t/é)]
n=1

_ f}!g z 2 | nnld - 2)
dr | nnsm 8
n=1

X exp { —n*nloft — r)/&}]dr (A7)
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Z Zsin™ exp( —n?alut/d) :l

‘ dT, |6 — z 2 nnz
- j?[ i
[

x exp { —n?mla(t — 1)/6} dt  (ASB)
where the change in the thickness of the film is neglected
compared with that in temperature with respect to time.

The gradients of temperature in the heating material

and in the liquid film are given by equations (A.4), (A.7) and
(A.8) as follows.

z? ( z?
Ol exp <‘ m) * j NCTET)
0

de,, z?
X d;rexp [— ZaT(t—_‘[)]dr (A9)
nn(é — z)

oT, 1,0 =
—=—"—1142
% 5 + cO8 3

n=1

8:(z,1) = W(O)[

aT, 1
z L J(nt)

exp(— nznzot,t/é):|

t
1dT,

0] 6_
—”[1+22cos£7%—z)

5 dr -
x exp { —n*nla(t — r)/&}:ld'c

T.(0
‘:S( ) [1 +2 Z cos n—?exp(—nznza,t/é)]

jldT
+

|:1 +2 Z cos%exp {—n*n’a(t — 1)/6} dr.

a=1 (A.10)

éd
Upon using the theta functions

So(x, ) =1+ 2 ¥ (—1)"exp(in*nt) cos 2nnx
n=1

Syx,0) = 1 + 2 Y exp (innt) cos 2nnx,

equation (A.10) can be rewritten as

T 1 z .o ( Y in aft — 1)
EZS[S (25 5)“(0)+§5 3"( 5 )d’
)

z oyt dT, . oft — 1)
_33(5, “ )w«» S "5 (25 M )a]
o
(A.11)

which yields the temperature gradient at the surface of the
heater and at the film surface,
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o\ 1
(E)o =5[8 <0 m(s )T(O) -9, (0 m‘s ) T,(0)
! d7, -
+j{30 (0, inml(t(52 1:))_(17_ 9, <0 in (t(;z 1))
0
),
x4 (4t
l}) (0 in 5>T(0) 90<0 in 6) T.(0)
aft — 7)\dT, Loaft — 1)
+j'{9 <0 = )dr 30(0,17‘t 5 )

x i—T}dz] (A13)

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

(A.12)

An (0T,,> =4 (67‘,) Al4
)~ "% ), (A14)
leads to
1 1 AT, - T,,,)
Ji ah)[Jt(T”() T +§ Je—0n  dr T]

A
=5[90 (0 it ) T(0) - (0 in 2 ) T.0)
.zx(t N\dT, aft — 1)
et sl
1]

X 9& 1 dt] (A.15)
dr J ’ '

from which the surface temperature of the heater 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

q,. To make more perspective insight into the heat-flux,

we consider the process of bubble growth in the initial stage
(/8% < 1) and in the final (x;t/6% > 1).

For /3% < 1, using Jaccobi’s imaginary transformation

1 x 1 (1 X
ws,,(? - ﬁ)exp {m(z - T)} (n=0,3),

we can obtain
oyt 8 ex z?
62) = St P ( 4ot )

in oyt z
S (26 >~83<ﬁ,m

‘gn(x’ )=
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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

( an) ( o )
I Ah— 1=k A
b=

equation (A.15) can be rewritten as

t l

M | T~ Ty 4 - T,
— b~ dr d A.16
Jahj(t—t)* \/cx; (z gdn A9
]
where
3 7
t— ) =lim(t - texp |~ o)
(¢ = 0 = lim(e = p( peera T))
Thus, we obtain
Ty — T,
T,=T+—f (A1)
ey
/)
For ot/82 » 1,
ot
80(0 mé ) ~ 8, (0 méz) 1
aft — ) ot — 1)
3o (0 in s )z 3, (0, i
(r—1)

s
~ {\/ [met(e — 71}

1 (t —0)

Since dT,/dt and dT,/dt are monotonously decreasing
functions of time, for sufficiently larger values of time,

\ aft — 9\ dT, 4T,
593 (0 1, A 52 ) dr d ~ J\‘a"‘"‘ dr = w(t) - W(O)
L] o

and

t

1 dT,
Je =1 dr
2

dTw dT, . _ T - T0)
\/to dr Jt

Then, equation (A.15) becomes
Ay

I
J m,.t)( ~ T =3

T
which yields the surface temperature of the heater
Ty - T,

L+ ——
‘ 1+ & \/(’Wht)
Ay O

(A.18)
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For further larger values of time,

é
1., N ")

I,=T,+(Ty — 7

The same manipulation gives the temperature gradient at
the film surface

1

b [R-T,  w
— &
\/{41:0:,} (t— 1)t &
o7,
il R A.19
(@z),, T,- T, ot 1 ( )
é &2 ’

which are rewritten by equations (A.17) and (A.18) as

1 B e\ (Ta—T,.  wt
¢(4na,){1+ \/(u,)} j(:—z)a‘ dr <l
0
1

EZ‘ a= 1 l,\/(mz,t -t
5<1+i;. 3 (I, ~ Ta)

ot
=51

(A.20)

Accordingly, we obtain the heat flow through the liquid film

t
A A (eI T -Ty ot
[t G [estoen e
Sy 0
A Ay J(r )\ at
L (”17. - (Ty ~ T)dS, 7oL
Sp
{A.21}

Next, we consider the heat flux through the liquid-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 liquid
side and taking the assumption of local spherical symmetry,
we obtain the energy equation of liquid

_3_ [(Ro + }’)Z%E]
y

Ry + y)* 0y
(A22)

aTi 67}+057}_ o
a oy oy

where R, is the moving speed of the interface and v is the
y-component of velocity which is roughly proportional to
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Ro[Ro/(Ro + )] For the region of y < R,, the above
equation can be approximated by

%? =0 %2;?’ (A22)
for which the boundary conditions are expressed as
y=o0: T(c0,t) = T,
y=0: TOH=T,

where T, is the temperature of liquid at infinity y = oo. The
thickness of temperature boundary layer in the surrounding
liquid is about ,/(%¢), 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 T,
can be regarded to be weakly dependent on time. Setting

0=T - T, (A.23)
and solving the above equation, we obtain
2 —a
0y, = j;t €~ " dn 6,(0)
yivAa
t
2 [ dé,
+ i} _"zd d N A24
Vv nj dz ¢ e ( )

o yivI4ait = 1))

where 6, = T, — T,. The temperature gradient is then

o, 1 . y? 1
y ~ Jn) ( 4ot — r‘))(z — ot

o]

y2
AN - : A
X exp < 7 1'_)>(19 T, dt (A.25)
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Thus, the heat flow through the interface g, becomes

r

A 7; -1
= | i e s

Sa 0

(A.26)

For larger values of ¢, if the change in (T, — Tp) can be
neglected compared with that in (£ — 7)}, the same manipu-
lation as for equation (A.18) yields

o= j,i, (T, — T)dS.. (A27)
(moyt)

Sa

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

~

t
._.__l' E,:__’I}: dr i‘t <1
@) ) (¢ —0f 82
0
4 =1 (2.4)
A t
ST, = T) e
J(mt) &

I Y EAY T,— Ty, o
A+ 2 M) s i <t
Jtmy | +/1,,\/ <a, S TRt P A

0
9 = -1

A Ay (o) oyt
j:s (l + I;, 5 dSy(Ty — T) 3 > 1,
Sb

(25)

where (t — 7)* has the meaning defined previously.

FILM LIQUIDE AU COURS D'UNE EBULLITION NUCLEEE

Résumé—Fn examinant prés de la surface chauffante, le mouvement du liquide entourant une bulle et
accompagnant la croissance de celle-ci, on en conclut que durant I’ébullition nucléée une fine couche
liquide est formée thermiquement et dynamiquement A la base de la bulle sur la surface chauffante. Cette
couche a une épaisseur inversement proportionnelle & la racine carrée du nombre de Reynolds, basé¢ sur
le rayon et la vitesse de croissance de la bulle, oy, au produit du rayon de la bulle et du rapport de densité

de la vapeur et du liquide.

Au premier état de croissance de la bulle, le film liquide influence le processus seulement par la croissance
corrélative de I'aire de I’interface liquide-vapeur. A un stade plus avancé, une bulle avec un film liquide
croit 4 la méme vitesse que celle sans film, bien que la surchauffe du liquide ait moins d’influence sur cette

derniére.

Avec un film plus fin, la vitesse de croissance est affectée par les propriétés thermiques du chauffoir,
étant trop élevée pour étre réalisé lors de ’ébullition nucléée usuelle de I'eau.

UBER DEN FLUSSIGKEITSFILM BEIM BLASENSIEDEN

Zusammenfassung—Auf Grund der Untersuchung der Fliissigkeitsbewegung in der Umgebung einer
Blase dicht an der Heizfliche wird gezeigt, dass sich beim Blasensieden fliissigkeitsdynamisch oder
thermisch eine diinne Fliissigkeitsschicht an der Blasenunterseite auf der Heizfliche 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 mal dem Dichteverhiltnis
von Dampf zu Fliissigkeit.

Im Anfangsstadium des Blasenwachsens hat der Fliissigkeitsfilm nur durch die damit verbundene
Zunahme der Dampf-Fliissigkeits-Grenzfliache Einfluss auf den Prozess. In fortgeschrittenem Stadium
wichst eine Blase mit Fliissigkeitsfilm mit dhnlicher Geschwindigkeit wie eine ohne Film, obwohl die
Fliissigkeitsiiberhitzung weniger Einfluss hat. Bei wesentlich diinnerem Film ist die Wachstums-
geschwindigkeit von thermischen Eigenschaften der Heizung bestimmt; sie ist dann zu gross, um sich bei

normalem Blasensieden von Wasser realisieren zu lassen.

O HUJKON MJEHKE IIPU NY3bIPLKOBOM KUIIEHNUU

Annoranua—ccnenyerca JBUMKEeHHe FKUJKOCTH BOKpPYr NMy3sipfA, ofpasyiouerocs BOINzu
MOBEPXHOCTY HArpesa, COMPOBOMKAAWIEr0 BCKUIAHWE U POCT Iy3BIPAr NPH HTOM [JOKA3HI-
BaeTcA, 4r0 00pa3oBaHKE TOHKOIO CJOA KUJKOCTH Y OCHOBAHMA IY3HIPSA HA IOBEPXHOCTH
HATpeBa IPH IYy3HPHKOBOM KUIEHUM HMeeT THAPOAMHAMHUYECKHI M TENIIOBOM XapaKTep,
4TO TOJIIMHA CJI0A 0GpATHO NPONMOPLMOHAJIbHA KOPHIO KBajparHoMy uuciaa PeiiHoabaca,
OTHECEHHOT0 K PafUyCy NYy3hpA U CKOPOCTH er0 POCTA WM K PAJUYCY ITYSHPH, YMHOMKEHHOMY
Ha OTHOLIEHME NJIOTHOCTH 1apa K IVIOTHOCTH JKUKOCTH.

B caMoM Hauaze pocTa NY3HIPA MIEHKA KUAKOCTH BIUAET HA IPOLECC TOJNBKO Yepes
yBeJM4eHVe TOBEPXHOCTH Pasfella MMAKOCTb — Tap. B panbHelilleM Ny3Hph ¢ NIEHKON
HIIKOCTH PACTET CO CKOPOCTBIO, GIM3KOIM K CKOPOCTH POCTA NPH OTCYTCTBUM TJIEHKK, XOTH
TIeperpeB KUIKOCTH OKa3bIBAeT MeHbiliee BiMAHNE B nepBom cay4ae. Ilpu ropasmo Goxee
TOHKUX TIJIEHKAX HA CKOPOCTH POCTA BIMAIOT TEIJIORHE CBOIICTBA HArpeBaTels, IpPHYEM 9TA
CKOPOCTb HACTOJIBKO BEJMKA, YTOOBL BTO BIMAHNE MOMKHO OBLIO 3aMETHUTH NPH OGHYHOM

Ny3EPHKOBOM KHUIEHUM BOJHI.
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