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Abstract-- Relating to nucleate boiling, mechanism of mi~o-liq~d-Iayer formation between a solid surface 
and a growing bubble is investigated. In order to approach the essential nature of the subject, a flattened 
air bubble is generated in a narrow space between a pair of parallel disks fihed with a liquid, and the behavior 
of the liquid-layer formed on the solid surface is observed by optical means. 

According to the experimental results, the formation of micro-liquid-layer is nearly regarded as a local 
phenomenon related to the flow of liquid near the front meniscus of bubble; and an empirical equation is 
derived in respect of the profile of micro-liquid-layer. 

Theoretical analysis is attempted to study the flow of liquid-layer in which surface tension plays an 
important role. It provides a theoretical ground for the empirical equation aforementioned. Experimental 
data of micro-liquid-layer obtained in nucleate boiling of water in a narrow space between a pair of 
parallel disks are also used to examine the reliability of the empirical equation. 

Surnaming the study, it is concluded that a liquid-layer put between a bubble and a solid surface is 
subject to positional change of pressure due to the effect of surface tension, thereby the liquid-layer is 
driven to Bow against viscous force, leaving a micro-liquid-layer with thickness of the order of microns 

behind. 

C, 
f& 

K, 
k 
m, 
n, 
P1 
r, 

t, 
Y, 

UO, 
u, 

NOMENCLATUBE 

a numerical constant ; 
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half of normal distance between a pair 
of parallel discs ; 

v 
, 

thickness of liquid-layer (height of 
liquid-layer measured from a solid sur- Greek 
face) ; L 
a numerical constant ; 
a numerical constant ; % 
a numerical constant ; 
a numerical constant ; P* 
pressure in air chamber (gauge pressure) ; p, 
radial coordinate (distance measured 
from the center of a disc) ; 
time ; 6 
vertical coordinate (distance measured 
from a disc surface) ; 

horizontal component of velocity of 
liquid ; 

_budy. 

symbols 
dimensionless thickness of liquid-layer, 
defined in equation (7); 
dimensionless radial coordinate, defined 
in equation (7); 
viscosity of liquid ; 
curvature of gas-liquid interface @ is 
negative when the center of curvature 
is in the side of liquid); 
surface tension. 

1. INTRODUCI’ION 
spreading velocity of a bubble ; Nor A few reports have already been published 
horizontal com~nent of velocity of suggesting the existence of ~cro-~q~d-layer 
g-liquid interface ; between a solid surface and a growing bubble in 
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nucleate boiling. Moore and Mesler [l] ob- 
served rapid temperature drop of a heated 
surface subject to boiling, and they presumed 
existence of a micro-liquid-layer and its evapora- 
tion. Then, Rogers and Mesler [2], Hendricks 
and Sharp [3] and Cooper and Lloyd [4] 
supported it through their simultaneous 
measurements of the bubble growth and tem- 
perature drop of heated surface. Meanwhile, 
Sharp [5], Torikai and Yamazaki [6] observed 
the micro-liquid-layer positively by optical 
means, and Hospetti and Mesler [7] attempted 
to observe the characteristics of scale put at 
active nucleation sites in nucleate boiling of 
water saturated with radio-active calcium-sul- 
fate. For a special case of nucleate boiling in a 
narrow space between a pair of parallel disks, 
Katto and Yokoya [8] reported that an isolated 
bubble spread radially in the narrow space 
creating a micro-liquid-layer on the heated 
surface and the evaporation of the liquid-layer 
dominated the bubble growth as well as heat 
transfer. 

Of course, it should be mentioned that the 
role played by such a micro-liquid-layer has not 
yet been clarified for the ordinary nucleate 
boiling. In order to make it clear, it is necessary 
to accumulate positive informations more and 
more ; and this problem will be reserved in the 
present study. It is an actual fact at least, how- 
ever, that there are several undoubted cases in 
which a micro-liquid-layer is created between 
a heated surface and a growing bubble ; and 
accordingly, how the micro-liquid-layer is built 
up is a problem of great importance. As to this 
problem, Torikai [9], Kotake [lo] and Cooper 
[ 1 l] have already presented theoretical analysis 
or tentative presumption. However, they have a 
common idea regarding the phenomenon as 
concerned with the flow of liquid within the 
conventional range of hydrodynamics in spite 
of an individual interpretation put respectively 
in their studies; and noticing that the liquid- 
layer is extraordinarily thin of the order of 
microns, it seems likely doubtful whether such 
a way of attack is reasonable or not. In addition, 

since the pressure should be approximately 
uniform within a micro-liquid-layer exposed to 
a vapor bubble if the effect of surface tension 
is omitted, and since viscosity of vapor is 
negligibly small in general compared with that of 
liquid, it is quite unreasonable to assume either 
the pressure difference within the liquid-layer 
or the shearing stress on the vapor-liquid inter- 
face as a driving force of flow of liquid. 

With such a point of view in mind, and in 
order to clarify straightforwardly the essential 
nature of the phenomenon, the present study 
utilizes radial spreading of a flattened air bubble 
which is produced artificially within a narrow 
space between a pair of parallel discs filled with 
a transparent liquid, and the behavior of the 
micro-liquid-layer thus created on a solid sur- 
face is observed. Theoretical examination is also 
attempted, and the authors intend to clarify 
the principal mechanism with which a micro- 
liquid-layer is formed on a solid surface with a 
growing bubble. 

2. EXPERIMENTAL APPARATUS 

Experimental apparatus is shown schematic- 
ally in Fig. 1. Main vessel 0, in which a trans- 
parent liquid is kept in pool (water and methanol 
is used respectively in the present study), holds 
an optical box @ as well as a disk @ in coaxial 
position. An optical flat of 30 mm dia., which is 
set up at the bottom of the optical box 0, co- 
operates with the disk @ of the same diameter 
as the optical flat in setting up a narrow space 
between them. A line hole of 0.5 mm dia. has 
been bored at the center of upper surface of 
disk @ for air-injection, and a flattened air 
bubble is forced to grow radially in the narrow 
space removing liquid and generating a thin 
liquid-layer on the upper and lower solid 
surfaces respectively. The growth of air bubble 
and the thickness of liquid-layer formed on the 
lower surface of the optical flat are measured 
simultaneously by means of the light-inter- 
ference method as well as high-speed photo- 
graphy. Since the immediate problem is a matter 
of hydrodynamics, heating is not required. 
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Height of the optical box @ measured from nut, so that the parallelness between the optical 
the upper surface of the disk 0, that is, the flat and disk @ also can be easily regulated by 
distance between the two parallel planes of the adjusting the relative inclination of the levelling 
space in which an air bubble grows, can be disk 0. 

I Main vessel 6 Dial gouge II Condensing lens 

2 Optical box 7 Levelling disk 12 Pin-hole 

3 Disk 8 Air chamber I3 Collimating lens 

4 Supporting bor 9 Cock 14 Interference filter 

5 Fine adjustment IO Source of light I5 View adjustment lens 
screw 

FIG. 1. Experimental apparatus. 

adjusted by means of a fine adjustment screw @ 
which is related to the optical box through a 
supporting bar @ ; and the displacement of the 
optical box is measured with sufficient accuracy 
by a dial gauge 0. The afore-mentioned 
equipments of @ and @ are fixed upon a levelling 
disk 0 which is related to the main vessel @ in 
three-legged form through three sets of bolt and 

In the experiment, air which has been stored 
in an air chamber @ of 300 cm3 in volume with a 
desired pressure, p, is supplied by opening a 
cock @ abruptly to make a rapidly growing air 
bubble. As the initial pressure of the air chamber 
is increased, growing velocity of air bubble 
becomes greater of course. 

For a source of light f@, super-high-pressure 
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mercury arc of d.c. type and of 250 W is used not 
only to keep the intensity of light required in the 
high-speed photo~aphy but also to avoid the 
cyclic change of intensity of light The light 
supplied from the source is collected on a pin- 
hole @ of 1 mm in diameter with a condenser 0 
and then collimated with a collimating lens 0. 
Strictly speaking, somewhat expanding rays of 
light are used instead of parallel light in the 
present ex~~ment in order to enlarge the 
measurable field of vision, but it can be verified 
from a theoretical examination that the effect 
arisen from using such rays of light is negligibly 
small in the present system. After passing 
through an interference-filter @ consisted of 
multiple layers of non-metallic material, in 
which the absorption of light is very little, 
mon~romatic light of 5461 A in wave length 
appears and then enters the optical box. 
Interference fringes made on the lower surface of 
the optical flat are photographed by a high-speed 
camera through a view adjustment lens 0. 

As is shown in Fig 1, the turn of pathway of 
light in the optical box is conducted with a pair 
of mirrors silvered at front surface respectively. 
It should be mentioned here that the preliminary 
experiment has shown that the conventional 
method using two glass prisms is unsuitable 
due to the occurrence of great loss in the effective 
intensity of light. CM course, light cannot fall 
on the surface of the optical flat perpendicularly 
in the system of a pair of mirrors, but it does not 
raise a serious problem. The incident angle of 
85” is adopted in the present study, for which 
only a negligibly small error less than O-4 per cent 
appears for the measurement of interference 
fringes. 

If the upper and lower surfaces of the optical 
flat are exactly parallel with each other, the 
light reflected at the upper surface also enters 
the high-speed camera and deteriorates the 
contrast of picture of interference fringes In 
order to avoid this obstruction, the upper 
surface of the optical flat has been designed to 
have a slight inclination of 1.2” as against the 
lower surface (an optical flat with coated upper 

surface for the prevention of the reflection of 
light was tested in the preliminary experiment, 
but its performance was considerably inferior 
than the inclined upper surface). On the other 
hand, the light reflected at the upper surface 
of the disk @ also gives an obstruction to the 
experiment. Since the light falls also on the 
surface of the disk @ with great intensity, it is 
undesirable to make the disk 0 of such material 
of high re~e~bili~ as metal. In the present 
study, a disk made of transparent acrylic resin 
and put with a black rubber plate as a backing, 
is used in order to darken the background of 
field of vision. 

3. EXPERIMENT 

Liquid-layers treated in the present experi- 
ment are extraordinarily thin, so that it is 
necessary to pay attention to many points in 
connection with the formation of liquid-layer 
so as not to induce the disturbance, irregularity, 
nonuniformity and so on. 

Since removing of dusts as well as keeping 
sufficient affinity with the liquid are quite 
important for the surface of the optical flat, 
the surface is washed and cleaned very carefully 
using distilled water and methanol. The surface 
of the disk made of acrylic resin, which faces 
the optical flat, is finished with an emery-paper 
taking care of the roughness as well as the wavi- 
ness. In the present study, normal distance of 
the space in which an air bubble grows is always 
held at 05 mm for the sake of convenience. 

Gushing out of the fine nozzle of 05 mm in 
diameter at the center of the disk made of acrylic 
resin, air has to flow striking against the surface 
of the optical flat within a certain range at least. 
Therefore, the liquid-layer made on the surface 
of the optical flat ought to have special features 
in the neighborhood of the center. This is 
confirmed ex~~entally of course, and the 
pictures of interference fringes taken at the 
stage of full development of air bubble are 
shown in Fig 2 as a couple of examples: the 
case of water in Fig. 2(a) and the case of methanol 
in Fig 2(b). This nasty phenomenon yields, 
however, no obstacle to the aim of the present 



FIG. 2 Interference fringes. (a) Case of water. 

(b) Case of methanol. 

H.M. 



FIG. 3. Successive state of liquid-layer following growth of a flattened bubble. 
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study as will be clarified in the next chapter; 
and likewise, the diameter and roundness at 
the exit of air nozzle does not become dominant 
factors so far as the present study is concerned 
(air nozzles of 0.3, 05, 0.7 and 2-O mm dia with 
and without roundness at their exit have been 
tested respectively in the preliminary experi- 
ments). As for the growth of air bubble, however, 
it is necessary of course to pay attention to keep 
the axially symmetrical flow of air radiating 
from the air nozzle. 

4. EXPERIMENTAL. RESULTS 

4.1 General remarks 

An experimental result with respect to the 
successive state of a liquid-layer (methanol, 
at intervals of 2.84 ms) is shown in Fig. 3 as a 
typical example. After the start of air injection 
through the air nozzle, a flattened air bubble 
spreads over the surface of the optical flat 
generating a round liquid-layer under the 
bubble. From such a high-speed photographic 
record as aforementioned, local spreading 
velocity of a bubble, that is, local moving velocity 
of the front meniscus of bubble, U,, can also be 
determined. Strictly speaking, the front meniscus 
of the bubble is approximately semicircular in 
shape, so that such photographs as Fig. 3 taken 
with parallel rays of light should have some 
ambiguity regarding the border of bubble. 
However, since the thickness of the flattened 
air bubble is only O-5 mm in the present study, 
the error induced to the measurement of U, is 
negligibly small. Local value of U, varies con- 
tinuously as a bubble grows, but the variation of 
U, gives no obstacle to the aim of the present 
study as will be clarified in the next chapter. 

Examining the experimental results such as 
shown in Fig 3, important features can be 
immediately found as to the phenomenon 
concerned. First, the gas-liquid interface near 
the front meniscus of bubble moves rapidly 
with velocity of U,,, whereas the micro-liquid- 
layer which is formed continuously behind the 
moving front meniscus of bubble remains 
stationary (movement of the micro-liquid-layer 
is not observable within a period of measurement 
at least). This suggests that the gas-liquid 
interface may be approximately divided into 
two discrete regions: the moving region near 
the front meniscus of bubble, and the stationary 
region behind the former. The micro-liquid- 
layer in the stationary region increases its 
thickness with the radial distance from- the 
center. In addition, it should be mentioned that 
even if considerable irregularity appears near 
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Although U0 can be made greater by raising 
the initial pressure of the air chamber, p, 
of course, it should be remembered that dis- 
turbance is apt to appear within a liquid-layer 
if U,, is raised excessively. In the present study, 
therefore, measurements are carried out within 
the range of p = 120-18 mmHg (gauge pressure) 
and U0 = 0.75-0.05 m/s. It may not be useless 
to mention here that the growing velocity of 
bubbles in the ordinary nucleate boiling is 
almost in the same order as the aforementioned 

0.6 

value of U,. 

Radius,r, mm Radius, r, mm 

FIG. 4. FIG. 5. 

FIG. 4. Local gradient dh/dr and local spreading velocity of 
bubble U-, in case of water. H = 0.25 mm. 

FIG. 5. Local gradient dhldr and local spreading velocity of 
bubble EI,. in case of methanol. H = 0.25 mm. 
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the center as shown in Fig. 2(a), its effect does 
not extend to the micro-liquid-layer in the 
region far from the center, This suggests that 
the formation of micro-liquid-layer can be 
practically regarded as a local phenomenon 
related to the movement of gas-liquid interface 
near the front meniscus of a growing bubble. 

Secondly, it should be mentioned that in- 
creasing rate of the thickness of micro-liquid- 
layer with the radial distance from the center 
becomes greater as the spreading velocity of 
bubble, UO, increases. This is a remarkable fact 
though it seems to be contrary to the convention- 
al knowledge of hydrodynamics. Figures 4 and 
5 show the experimental results as to the local 
gradient of the surface of liquid-layer, dh/dr 
(h = thickness of liquid layer, and I = radial 
coordinate), as well as the local spreading 
velocity of bubble, U,, at the location of r. 
Figure 4 corresponds to the case of water with 
the initial pressure of air chamber of p = 120 
and 24 mmHg; and Fig. 5 the case of methanol 
with p = 24 and 18 mmHg. 

4.2 Qualitative examination of phenomenon 
In order to bring the experimental results of 

Figs. 4 and 5 into a proper correlation, a simple 
qualitative inquiry will be attempted. Figure S(a) 
shows the ordinary case of radial flow of fluid 
in a narrow space between a pair of parallel 
disks with pressure drop in the direction of flow, 
in which the pressure drop is balanced with 
viscous resistance of fluid. However, in the case 
of inquiry which is shown schematically in 
Fig. 6(b), viscosity of gas is so small compared 
with viscosity of liquid that the pressure within 
a spreading bubble may be regarded as approxi- 
mately uniform. Consequently, if the effect of 
the surface tension is not taken into considera- 
tion, the field of flow may be roughly divided 
into two regions as shown in Fig. 6(b): the 
region A where the pressure is kept at a uniform 
value and the region B where the pressure drop 
exists. Liquid-layer which is exposed to gas is 
generally so thin that the pressure of gas is 
exerted directly on the liquid-layer, that is, the 

pressure within the liquid-layer is kept at a 
uniform value. 

However, the region A must be connected 
with the region B in a continuous manner, hence 
the liquid in the region A ought to flow with a 
considerable velocity in the neighborhood of 
the region B at least (the gas-liquid interface 
is also moving here). In order to create the 
aforementioned flow in liquid resisting the 
viscous force of liquid, there must be variation 
of pressure within the liquid-layer falling in the 
direction of flow, and it should be noted that 
the variation of pressure cannot arise unless 
the surface tension operates on the gas-liquid 
interface. 

--I I 

0 
I 

0 

(0) (b) 

FIG. 6. Radial flow in a space between a pair of parallel disks. 

As to the curvature of gas-liquid interface, 
it may be regarded as approximately zero for the 
stationary part of micro-liquid-layer which is 
extremely thin compared with its extension and 
is substantially in parallel with the solid wall, 
whereas the curvature increases abruptly near 
the front meniscus of bubble. Consequently, 
it may be presumed for the latter region that the 
surface tension gives rise to sufficient pressure 
drop within the liquid-layer by which the liquid 
is driven to flow. Strictly speaking, the curvature 
in the stationary part of micro-liquid-layer does 
not vanish however small it may be, so that the 
stationary layer must have variation of pressure 
due to the surface tension also. However, the 
variation of pressure is extremely small and 
besides, a micro-liquid-layer with thickness of 
the order of microns cannot create a measurable 
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flow owing to the great resistance of viscosity, 
so that the micro-liquid-layer remains sub- 
stantially in a stationary state. It may also be 
clear from the aforementioned that the shearing 
stress of gas stream exerted on the liquid 
surface can be hardly a controlling factor for the 
phenomenon concerned. 

4.3 Correlation of experimental results 
In compliance with the matters mentioned in 

Sections 4.1 and 4.2, it may be assumed that the 
physical quantities which have dominant effects 
on the local gradient, dh/dr, of the surface of 
stationary micro-liquid-layer are the local 
spreading velocity of bubble, U,; the viscosity 
of liquid, ~1; the surface tension, o; the radial 
distance, r; and the normal distance between a 
pair of parallel disks, 2H (half of normal 
distance is represented by H). Although a 
stationary micro-liquid-layer extends its 
domains continuously through an unsteady 
phenomenon, the velocity of liquid ought to be 
very small near the position where the stationary 
liquid-layer is being made freshly, so that the 
effect of the force of inertia may be neglected. 
The effect of gravity also may be neglected. 

Dimensionless correlation of physical quanti- 
ties is accordingly written in the simplest form 
as follows : 

(1) 

where C, m and n are a numerical constant 
respectively. Then, if equation (1) is examined 
carefully with the experimental results given in 
Figs. 4 and 5, it yields C = 0.8, m = 3 and 
n = 1 as the most appropriate value of the 
respective numerical constant. Consequently, 
equation (1) can be quantitatively fixed as 

dh=O.8 Puo *H - - 
dr ( > 

(2) 
fs r 

whose comparison with the experimental results 
is shown in Fig ‘7. Experimental data lie 
scattered to some extent in Fig 7, but it is 

10-2, ’ ,’ 1 I II, 
20 30 8 

f/H 

FIG. 7. Correlation of experimental results. 

presumed that the scattering is mostly due to 
the difficulty of the present study submitting to 
not only various disturbances which are some- 
times induced to a micro-liquid-layer but also 
measurement of such local values as dh/dr and 
U,. Here, note that water is nearly 1.7 times in 
viscosity, h and nearly 3.2 times in surface 
tension, a, as great as methanol at the normal 
temperature. 

5. THEORETICAL DISCUSSION 

5.1 Fundamental equations 
A liquid-layer flowing radially along a solid 

plane is shown in Fig. 8, where r represents the 
radial coordinate; y the vertical coordinate ; 
h the thickness of liquid-layer at the location of r ; 

I_ 
I * dr4 

FIG. 8. Radial flow of liquid along a solid plane. 
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and ~1 the horizontal componsat of velocity of 
liquid at any height, y, in the liquid-layer. 
Volumetric flow rate of liquid througb a 
control surface 0 0, which is a cylindrical 

surface, is given by 27rrY where V = 1 u dy. 

(i) Equation ofcontinuity. Difference between 
the mass of liquid flowing into and out of a 
control volume @ @ @ @ should be balanced 
with the change of height of surface of liquid- 
layer, so that the following equation of continuity 
is immediately derived : 

1 a(rv) ah 

--=-at r ar 

where t is the time. 

(3) 

(ii) ~q~utio~ ofmotio~. In compliance with 
Sections 4.2 and 4.3, the gas in contact with the 
surface of liquid-layer is assumed to be kept at a 
uniform pressure, and the force of inertia as 
well as the gravity are neglected. Since the 
liquid-layer is so thin that the pressure originated 
by the surface tension can be assumed to extend 
immediately across a section of y = O-h. Then, 
the change of curvature along the surface of 
liquid originates pressure gradient within the 
liquid-layer, with which the viscous resistance 
pertaining to flow is balanced, leading to 

where ~1 is the coefficient of viscosity of liquid, 
cr the surface tension, and p the curvature of 
liquid surface @ is negative when the center of 
curvature is in the side of liquid). Integrating 
the aforementioned equation with respect to 
y under the boundary conditions that u = 0 
at y = 0 and &@y = 0 at y = h, it yields 

cap f&=--y h-i. 
j1 dr t J 

Substitution of u thus obtained into I/= j a dy 
and integration yield 0 

OaP 3 

v=-j;lzh 
(4) 

which is regarded as the equation of motion 
for the present case. 

(iii) Equation of liquid surface. As shown with 
a broken curve in Fig. 8, the surface of liquid 
layer is assumed to descend by an infinitesimal 
quantity of dh in an infinitesimal interval of dt. 
This normal displacement of liquid surface can 
be observed as a horizontal displacement of 
liquid surface also. In the latter case, if the hori- 
zontal velocity of moving surface of liquid is U, 
horizontal displacement in an interval of dt is 
U dt. The two displacements aforementioned, 
dh and U dt, are not independent of each other 
but related together with the gradient of liquid 
surface, ah/&, by the following geometrical 
relation : 

Udt ah 
_dh=g* 

It should be noticed that equation (5) has no 
relation to equation (3) concerned with the 
conservation of mass. Besides, U is a quantity 
different from the velocity of liquid, u, at the 
liquid surface of y = h, and the two velocities of 
U and uYZ6 do not take the same value in general. 
For instance, if there is no difference between 
the mass of liquid flowing into and out of a 
control volume @ @ 0 Q in Fig 8, the liquid 
surface remains stationary, that is, U = 0 in 
spite of uY Zh > 0. 

If a differential equation, which can be derived 
by eliminating k’ from equations (3) and (4), is 
solved with the proper boundary and initial 
conditions, a solution of h(r, t) may be obtained. 
Then, equation (5) gives U(r, t) immediately, 
and the relation between h and U is obtained 
thereby. However, this way of analysis is very 
di~cult. 

Meanwhile, quite simple features have already 
been observed in the actual phenomenon as 
mentioned in Section 4.1. Therefore, let us 
simplify the analysis taking the empirical features 
of the phenomenon into consideration and 
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examine the theoretical background for the 
existence of an experimental equation (2). 

According to Section 4.1, the gas-liquid 
interface near the front meniscus of bubble 
moves rapidly, while the micro-liquid-layer 
which is formed continuously behind the moving 

part remains stationary. Approximately 
speaking, the rapidly moving interface may be 
assumed to move for the most part with a 
uniform velocity of U,. Between the moving 
region of U = U,-, and the stationary region 
of U = 0, there should be an intermediate 
region where U varies from U, to zero. Although 
this intermediate region is of great importance 
participating to the formation of micro-liquid- 
layer, the extension of the region itself is 
presumed to be very confined It is not necessarily 
useless, therefore, for the study of the local profile 
of micro-liquid-layer to examine the gradient 
of the interface moving with a uniform velocity 
of U = U, near the solid wall. 

Substituting equations (3) and (4) into equa- 
tion (5) and putting U = U. it yields 

which is a differential equation regarding the 
instantaneous profile of the interface moving 
with a uniform velocity of UW 

Equation (6) includes dp/dr and d2p/dr2 
relating to the curvature of liquid-surface, p. 

Since the liquid-surface shown in Fig 8 is a 
surface of revolution, p can be written as 
p = p1 + p2 where p1 is the sectional curvature 
on the plane of paper, and p2 the sectional 
curvature on the plane orthogonal to the plane of 
paper. For a flattened bubble of r in radius held 
between a pair of parallel disks, variations of 
the two sectional curvatures along the interface 
are in the order of p1 + O-l/H (section of front 
meniscus is nearly semicircle with radius of H) 
and pz + &l/r respectively. However, the 
present study is particularly concerned with the 
region of r/H B 1 (see the abscissa of Fig. 7), 
where the variation of p1 is much greater than 
that of pP In addition, it is presumably certain 

that the greater part of the variation of 
p1 + O-l/H concentrates on the part of liquid 
surface near the solid wall. Accordingly, it is 
permissible to assume p = p1 approximately 
neglecting the effect of p2 as compared with that 
of pl. As is well known in mathematics, p1 is 
generally given by 

P1 =$/[l +(gy. 
In the present case, however, the neighborhood 
of the solid wall is dealt with particularly and 
the gradient of liquid surface is not great there, 
so that dh/dr 4 1 may be assumed to give 

p = pi = d2h/dr2. 

Substituting this into equation (6) and adopting 
dimensionless variables of [ and q defined by 

and r = Hq (7) 

it yields 

Instantaneous profile of the moving interface 
near the solid wall, c(q), is to be obtained by 
solving equation (8), It is, however, quite 
impossible because instantaneous boundary 
conditions cannot be known. What we do now 
is to examine tentatively the value of dc/dl 
(gradient of interface) which may be obtained 
immediately from equation (8). Anyhow, equa- 
tion (8) has a complicated form so that an 
approximate simplification will be attempted 
in the analysis. In the first place, let us assume 
that the following relation holds: 

d3c K --- 
3- II 

dtl 5 
(9) 

where K and n are a numerical constant respec- 
tively. Differentiation of equation (9) with 
respect to rj yields 

d4C K d5 -- 
dq4 - -nk’,dtl. (10) 
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Then, substitution of both equations (9) and (10) U = U,. Therefore, if there is a kind of intimate 
into equation (8) leads to relation between the gradient of the stationary 

micro-liquid-layer at the front part and the 
gradient of the interface moving with the 
velocity of U = U, near the solid wall, it is not 

If n = 3 is assumed additionary here, di/dq so strange. The fact, that the theoretical equa- 
reduces to a function of q only, that is tion (12) has a form similar to the experimental 

di K 
equation (2), may be accordingly regarded as a 

G = 7 (11) theoretical support to the experimental result. 

If equation (11) is consistent with the preceding 5.3 Additional remarks 

assumptions, equation (9) with n = 3, it is In principle, complete coincidence of 

obvious that equation (11) is equivalent to equations (2) and (12) should not be expected, 

equation (8). and it is rather reasonable that the two equations 

Since equation (9) has a particular solution differ in the exponent of the dimensionless term 

of [ = .$‘(64K/15) q* when n = 3, there is a of pU,/a. In this connection, a tentative 

case in which equation (9) can be replaced by discussion will be stated below. The intermediate 

d3[/dq3 = K(15/64K)f r,7*‘*‘. On the other hand, region between the stationary interface of U = 0 

d3[/d$ = 2K/q3 is derived from equation (11). and the moving interface of U = U,, where 

Unfortunately, the exponents of q, 2.25 and 3, U varies abruptly, participates really in the 

in the two expressions of d35/dq3 fail to have a formation of micro-liquid-layer. If it is assumed 

complete coincidence, but they are in proximity. for sake of simplicity that the interface in the 

Therefore, if the variational range of q, namely intermediate region moves with an average 

of r/H, is confined within a limited interval, it is velocity of aU, where o! < 1, the analysis in the 

possible to keep an approximate correspondence preceding section can be applied without any 

between equations (9) and (11). In other words, alteration except the replacement of U, by 

there is a case in which equation (8) can be aU in equation (12). The ratio, a, of the average 

roughly replaced by equation (11). If equation velocity to the boundary velocity should natur- 

(11) is reversely transformed with equation (7), ally depend on the state of flow. Remembering 

we obtain that the phenomenon concerned is dominated 
by the dimensionless number of pU,/o, it is 

(12) permissible to assume that a is a function of 
@,-Jr. Accordingly, if a is assumed tentatively 

which is concerned with the instantaneous to be proportional to (~U&~ where k is a 
gradient of an interface moving with a uniform numerical constant, equation (12) gives immedi- 
velocity of U0 near the solid wall. ately 

Equation (2) obtained experimentally in 
Section 4.3 is concerned with the local gradienl (13) 
of the micro-liquid-layer at the stationary 
state of U = 0. However, it should be This may be regarded as an intermediate equa- 
remembered that the place where the stationary tion between equations (2) and (12). 
micro-liquid-layer is being made freshly, is 
moving with the velocity of U = Uc,. In other 6. COMPARISON WITH NUCLEATE BOILING 

words, equation (2) also gives the local gradient BETWEEN A PAIR OF PARALLEL DISCS 

of the stationary micro-liquid-layer at the In the experimental study of Katto and 
front part which is extending with the velocity of Yokoya [8], which has been mentioned in 
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Chapter 1, boiling of water at the atmospheric s/m2, d = 600 x 10d3 kg/m, H = 2 x 10m4 m), 
pressure was dealt with, and an isolated, it gives 
flattened vapor bubble was generated in the dh 
space between a pair of parallel disks of 10 mm ;i;l = 044 x 10-4-J& (16) 

dia. heating the lower disk. Normal distance 
of the space was 0.4 mm, namely 2H = O-4 mm. 

where r is in metres 

Local spreading velocity of bubble, Uot which 
It may be noticed that equation (16) is near 

varied with the location of r, was measured and 
akin to equation (15) derived immediately from 

formularized for the range of r @ H (T = 2.5-5 
the measurement of thickness of micro-liquid- 

mm) as follows : 
layer. In this connection, Table 1 shows a com- 
parison of the value of dh/dr between the two 

u() = 107OOO,,/rm/h = 29.8 Jrm/s (14) kquations (15) and (16) within the range of 

Table 1. C~~p~r~on o~values ofdh/dr 

dh/dr, equation (15) 
d&k, equatiaF (16) 
dh/dr, equation (15) 
dh/dr, equation (16) 

1.58 x 1O-3 144 x 10-3 1.25 x 1o-3 1.11 x lo-’ 
2.29 x 1o-3 2.04 x 10-J 1.74 x 10-s 1.49 x 1o-3 

@69 0.71 0.72 0.75 

where r is in metres. Dist~bution of the thickness 
of the micro-liquid-layer formed by the vapor 
bubble was estimated througb local drying 
velocity of the liquid-layer at any position, 
yielding h = 1.58 x 10e4Jr where h and r are 
in metres. Therefore, the local gradient of 
liquid surface in the present case of boiling 
is given i~ediately as follows : 

dh 
-& = 0.79 x lo-+. (15) 

The local spreading velocity of vapor bubble, 
U,,, increases with r in the present case as shown 
in equation (14) owing to the increment of the 
surface of micro-liquid-layer on which evapora- 
tion takes place supplying the vapor to the 
growing bubble. On the other hand, U, de- 
creases with r for the air bubble which grows 
receiving air from an air chamber as shown in 
Figs. 4 and 5. In any case, however, equation (2) 
should presumably hold so long as the local 
spreading velocity, U,, is used. Substituting U. 
of equation (14) into equation (2), and adopting 
physical properties which correspond, to the 
experimental condition of boiling of water at 
the atmospheric pressure (cl = 0.290 x 10s4 kg 

r = 2.5-53 mm It is seen that equation (15) 
gives smaller values of dh/dr by about 25-30 per 
cent compared with equation (16), but this 
discrepancy may be attributed mainly to the 
underestimation of h in the experiment of 
boiling. In fact, Katto and Yokoya [S] have 
already mentioned the discrepancy of the same 
origin in connection with the ~ompa~son of the 
analytical and observed values of U* The 
underestimation of h may be attributed to the 
error in the measurement of temperature of 
heated surface (the temperature exerts an 
immediate effect on the estimation of h). 

Anyhow, summarizing the aforementioned, it 
may be concluded that equation (2) is consider- 
ably reliable even when it is applied to the 
nucleate boiling in the narrow space. 

7. CONCLUSIONS 
(1) A flattened air bubble has been generated 

artificially by air-injection in a narrow space 
between a pair of parallel disks filled with a 
liquid, and the thickness of the hero-liquid- 
layer formed at the base of the bubble has been 
measured by optical means. 

D 
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(2) The gas-liquid interface can be approxi- 
mately divided into two discrete regions: the 
moving region near the front meniscus of bubble 
and the stationary region. 

(3) The formation of micro-liquid-layer can be 
practically regarded as a local phenomenon 
related to the movement of gas-liquid interface 
near the front mensicus, and local profile of 
micro-liquid-layer is given by the following 
experimental equation within the region of 
r/H a 1: 

(4) The aforementioned equation is not only 
supported by a theoretical analysis, but also 
reliable even when it is applied to the micro- 
liquid-layer observed in an experiment of 
nucleate boiling in a narrow space between a 
pair of parallel disks. 

(5) It is presumed generally that the formation 
of micro-liquid-lays on a solid surface with a 
growing bubble is a phenomenon related to the 
flow of viscous liquid-layer being driven with the 
pressure drop generated from the surface tension 
and the change of curvature of liquid surface. 
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Mlk.4NISME DU PRINCIPE DE LA FORMATION D’UNE MICROCOUCHE LIQUIDE 
SUR UNE SURFACE SOLIDE AVEC UNE BULLE QUI CROItT PENDANT 

L’I?BULLITION NUCLJ?eE 

R&mmk-On ttudie en rapport avec 1’8bullition nucltke le mkcanisme de la formation d’une microcouche 
liquide entre une surface solide et une balle qui croit Afm d’approcher la nature essentielle du sujet, une 
bulle d’air aplatie est produite dans un espace Ctroit compris entre une paire de disques paralkles et 
rempli par un liquide. et le comportement de la couche liquide form& sur la surface solide est observe par 
des moyens optiques 

En accord avec les resultats expirimentaux, la formation de la microcouche liquide est regard& comme 
un phkomke local lie & l’koulement du liquide prb du mCnisque frontal de la bulle; et une kquation 
empirique est obtenue eu kgard au profil de la microcouche liquide. 

Une analyse thkorique est entreprise afin d’btudier l’koulement de la couche liquide dans lequel la 
tension superficielle joue un r61e important Elle fournit une base thtorique pour l’tquation empiriaue 
mention& ci-dessus Les rksultats exptrimentaux de la microcouche liquide obtenus dam l’kbullition 
nucltke de l’eau dans un espace Ctroit compris entre une paire de disques paralkles sent Cgalement 
employ& pour examiner la fiabilitk de l’kquation empirique. 

En rtsum.5, on en con&t qu’une couche liquide placQ entre une bulle et une surface solide est sujette 
& une variation spatiaie de pression due a l’effet de la tension su~~cieIle, et B cause de cela la couche 
liquide est obligke de s’&couler contra la force visqueuse, en laissant derriere ell une microcouche liquide 

d’une Cpaisseur de l’ordre de quelques microns. 
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GRUNDSATZLICHER MECHANISMUS DER MIKRO-FLUSSIGKEITSSCHICHTBILDUNG 
AN EINER FESTEN OBERFLACHE MIT EINER WACHSENDEN BLASE BE1 DER 

BLASE~ERDAMPFUNG 

Zmammenfasamtg-Es wird der Mechanismus der Mikro-Fl~ssigkeitsschichtbildung zwischen einer 
festen Oberfl%che und einer wachsenden Blase bei der Blasenverdampfung untersucht. Urn dem 
wesentlichen Charakter des Themas nahezukommen, wurde zwischen zwei parallelen kreisrunden 
Scheiben in einem engen mit Fliissigkeit gefiillten Spalt eine flachgedrtickte Blase erzeugt und das Verhalten 
der Fliissigkeitsschicht mit optischen Mitteln beobachtet. 

Entsprechend den experimentellen Ergebnissen wird die Bildung der Mikro-Fhissigkeitsschicht nahezu 
als iirtliches Phenomen betrachtet, das in Beziehung znr Fliissigkeitsstriimung in der N2he der Vorderseite 
des Blasenmeniskus steht. Eine empirische Beziehung nnter Berticksichtigung des Pro& der Mikro- 
Fl~~gkeitssc~cht wird abgeleitet. 

Mit einer theoretischen Analyse wird versucht, die Str~mung der Fl~ssigkeits~~cht zu untersuchen, in 
der die Oberflbhenspannung eine wichtige Roile spielt. 

Sie bildet die theoretische Grundlage fm die oben erwiihnte empirische Gleichung. Experimentelle 
Ergebnisse der Mikro-Fliissigkeitsschichtbildung bei der Blasenverdampfung von Wasser in einem engen 
Spalt zwischen zwei Scheiben werden ferner verwendet urn die Zuverlassigkeit der empirischen Gleichung 
zu priifen. 

Zusammenfassend kann man sagen, dass eine zwischen einer Blase und der festen Oberflache befindliche 
Fliissigkeitsschicht der Grund fti die Lageiinderung des Druckes unter dem Einfluss der OberIliichen- 
spannung ist, wobei die Fliissigkeitsschicht gezwungen wird, den ZUgkeitskraften entgegen zu stromen, 
indem sie eine Mikro-Fl~ssi~ei~sc~cht mit einer Dicke in der Gr6~enordnung von Mikrons hinter 

sich hisst. 

MEXAHM3M OBPA3OBAHMfI KIIflKOPO MIIHPOCJIOII ME3fCQY 
TBEPjJOti IIOBEPXHOCTbIO I4 PACTYIIJIIM IIY3bIPbICOM 

IIPII IIY3bIPbKOBOM HElIIEBlilkI 

AmoTs~-klccne~yeTcfi Mexanzf3M 06pa30BaHHfi WSfiKOrO MnKpOCnOFI memay TB@~AO& 

~OBepXHOC~~ M PaCTy~~~ ~y3~pbKOM II&SK ~y3~pbKOBO~ KEiIIeHIIH. &Iff TOl'O, YTO6U 

paCCMOTpeTb ~CT~HHy~ ~p~pO~y IlpeJ&ieTa, coa~aBa~c~ ~~OCKK~ Ily3blpi+K BoaAyxa B 

aanonHeHKottm~~Ko~~broy3~09~enamem~y~~y~~tapannenbKhi~u~acKa~~,~ noBeEe(eHrse 

rrra~Kor0 cJI0fq 06pa3OBaHHOrO Ha TRi!p~O& IlOBepXHOCTH, Ha6JilOJ&aJIOCb C EiO%lO~bI0 

OIITMqeCKHX CpenCTB. 

COlWadHO 3KClIepHMeHTaJIbHbIM pe3yJlbTaTaM 06pa3OBaHKe ltrllAKOr0 MHKpOCJIOfi paCCMaT- 

pwsaeTcfl KaK MeeTHoe fuweHAe, cBn3anHoe c Te9efuieM rna~~ocr~ y nepenHer0 Meltwwa 

ny3b1p~. BaseneHo aMnnpwecKoe ypaBIrenneflns npo@ins rnvr~~oro m~~pocnor5. 

AeJIaeTCfl ItOlIblTKa IIpElMeHHTb TeOpeTWieCKElfi aHaJIli3 AJIFI El3ygeHElH Te'IeHHR ?fU%aKOI'O 

CJIOR,B KOTOpOM BPH(E#'BJ pOJlb Ml'paeT IlOBepXHOCTHOe HaTRmeHlle. OH AaiiT TeOpeTWIeCKyI0 

OCHOBy AJUi B~~eHa~aHHOrO 3~~Up~~eCKOrO ypaBHeHH% 3K~~ep~~eHTa~bH~e J(aHHbie 0 

~~~KOM M~KpO~Oe,~O~yqeHH~e IlpH II~~pbKOBOM K~~eH~~ BOW B y3KOI KpOCTpaHCTBe 

sexzy ABYMR ~apa~~e~bK~M~ ~~cKaM~, ~c~o~b3y~Tc~ TawKe x3IH Kcc~e~oBaK~r~ 2ia&$fz- 

HOCTEElMII%ipBYeCKOrO ypaBHeHUR. 

06o6man Aawnhte nccse~osaunn, GEenan B~IB~A 0 TOM, wo AasneKae xcaAKor0 cnofi, 

3aKJIWStiHHOrO MelKAy IIy3bIpbKOM M TB&pAOfi IlOBepXHOCTblO, ilpeTepIIeBaeT IIO3HIJHOHlibIe 

HaMeHeHKR IIOE BJDlHIHIleM IlOBepXHOCTNOrO HaTFIH(eHHR, TeM CaMbIM 3aCTaBJWW WfiKUi% 

CSOti TeYb ItpOTMB CYIJI BR3KOCTH,OCTaBJIRR llO3ap(H GWIAKIIfi MMKpOCJlOi TOJl~ClHOZt IIOpRJ&Ka 

HeCKOJlbKAX MHKpOHOB. 


