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A bubble growth model for nucleate boiling
in thin, falling, superheated, laminar,
water films
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Abstract—An analytical and experimental investigation into the mechanism for bubble growth in a thin,
falling, superheated, laminar, water film has been conducted. The majority of bubble growth is seen to be
caused by transient heat conduction through the bubble base while the bubble is swept away by the falling film.
The observed bubble heat rates are significantly larger than that which would occur from film surface
evaporization alone. This indicates that the bubble base lies imbedded in the ambient film thickness. The
proposed model is applicable to cases where the wall heat flux results in negligible bubble base mass transfer.
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INTRODUCTION

NUCLEATE boiling in pools is distinctly different from
nucleate boiling in thin, falling liquid films. In nucleate
pool boiling, bubbles grow from cavity sites along the
heated wall [1]. Bubble growth is generally confined to
the thickness of the superheated thermal layer next to
the heated wall [2, 3]. A pool bubble grows both due to
transient conduction from the thermal layer located
above the bubble cap and due to evaporation from the
superheated microlayer at the bubble’s base (Fig. 1).
Once the pool bubble departs from its site, it rises
througha pool of saturated liquid. Verylittle additional
growth occurs in this phase of the bubble’s life.
Bubbles in falling liquid films, on the other hand,
have been observed by high speed photography to
continue to grow rapidly after they have been detached
from their nucleating sites and are swept downstream
by the falling film [4-8]. These bubbles were seen to
detach from their sites at diameters larger than the
ambient film thickness. They also grew to diameters
that were an order of magnitude larger than the film
thickness (Fig. 2). The growth rates of these bubbles
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F1G. 1. Pool boiling bubble.

have been observed to be several times the growth rate
which would result from film surface evaporation
alone. No mathematical attempt has yet been made to
model the mechanism responsible for this heat transfer
phenomenon. Furthermore, the expressions for the
growth rate of bubbles in nucleate pool boiling [9-12]
underestimate the growth rate of bubbles in a falling
superheated liquid film.

A vapor bubble in a falling superheated liquid film
has many stages of growth: a waiting stage, an
unbinding stage, and a freestream growth stage. The
waiting stage is the time between the departure of a
bubble from a given site and the appearance of the next
bubble. In nucleate pool boiling, this stage was found to
vary approximately between 4 and 25 ms, depending on
boiling conditions [2,3]. There is no substantial
growth during this period. The unbinding stage is the
time between the appearance of a bubble at its site and
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FiIG. 2. Thin, falling film boiling.
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k liquid film thermal conductivity
4y instantaneous bubble heat rate
denora Dubble base chord heat rate

R theoretical bubble radius

Re  film Reynolds number, 4I'/u

R., equivalent bubble radius from
experiment

R, initial bubble radius

t time

T temperature

T, saturation temperature

T, heated wall temperature

U, bubble center velocity

NOMENCLATURE
A, bubble base area v velocity of fluid beneath bubble base
g acceleration of gravity Vo velocity of fluid at bubble base
heq latent heat of vaporization Vaur Un—Vo

Vior total bubble volume
x,y,Z,¢ coordinates.

Greek symbols

o fluid thermal diffusivity
r mass flow rate per unit tube periphery
Sy thickness beneath bubble base
O ambient film thickness
A eigenvalue
Py density of gas within bubble
0 T-T,
dynamic viscosity
v kinematic viscosity.

its departure from that site. During this period in
nucleate pool boiling, the bubbleis growing rapidly and
is trying to detach itself from the heated wall. The
majority of a pool bubble’s growth occurs during this
stage [11]. In the boiling of a thin falling film, the
amount of growth during the unbinding stage is small
compared to the freestream growth stage because the
freestream growth period is significantly longer than
the unbinding stage [8]. The period of freestream
growth is the life of the bubble after it departs from its
site until it vents. This freestream growth stage is,
therefore, the major growth period for a bubble in a
falling superheated liquid film. During this stage,
bubble growth is entirely dominated by transient heat
conduction.

The purpose of this paper is to analytically model,
and experimentally substantiate, the bubble growth of
a single, isolated bubble as it is swept downstream by a
thin, superheated, thermally developed, laminar, liquid
film. Motion picture photography is employed to
measure the approximate bubble volumetric rate of
change from which the experimental radial growth
history for the isolated bubble can be obtained. An
analytical model for the radial growth rate of an
isolated bubble is then presented and compared with
that of the experimental data. Finally, parametric
effects of significant model variables are discussed.

EXPERIMENTAL APPROACH AND
PROCEDURE

The experimental test section designed for this study
is shown in Fig. 3. It consisted of a 85-15 Red Brass
tube, 6.03 cm O.D., 93 cm long and electrically heated
from the inside for the first 25 cm of length. A 6.03-cm
hemispherical brass cap was soldered to the top of this
tube. On the inner side of the heaced brass tube were 16
copper—constantan thermocouples imbedded into the
tube wall at four circumferential locations and four

axial locations. The brass tube and cap were enclosed
inside a 15.2-cm O.D. Pyrex pipe with blind aluminum
flanges fixed at the top and bottom. The water flow was
introduced through a 1.27-cm copper tube which
protruded through the center of the top flange and
which was centered approx. 1 cm above the center of the
brass cap. The water was always close to saturation
temperature and it spread itself fairly uniformly over
the cap and then flowed down the side of the brass tube.
Flow uniformity was checked by visual alignment of the
water jet and by wall temperature measurement
uniformity around the tube circumference. The water
formed a pool at the bottom of the Pyrex pipe where
two 1-kW immersion heaters maintained the pool and
test chamber environment at saturated conditions. An
outlet through the bottom flange led the water to first a
recirculation pump, then through a flowmeter to a
preheater where sufficient heat was added to bring the

1 Brass Tube
2 Heated Section
3 Brass Cap
» 4 Pyrex Pipe
o Le 5 Water Inlet
6 Water Film
0 7 To Condenser
8 Immersion Heater
9 Aluminum Plate
1 10 Brass Coupler
s s 11 Water Pool
I‘f n 12 Power Leads
s 13 TC Leads
14 To Pump

F1G. 3. Experimental test chamber.
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temperature of the water back up to saturation
temperature. A free surface existed within the preheater
so that the vapor formed by an electric immersion
heater separated from the liquid. The vapor from the
preheater and the test chamber was fed to a condenser
where it is was condensed and introduced back into the
circulation loop upstream of the pump. The flow in the
tube supplying saturated water from the preheater to
the test chamber was produced by the hydrostatic head
difference between the free surface in the preheater and
the brass cap in the test chamber. The pressure in the
test chamber was maintained by coupling the test
chamber and condenser to a drum that could be
regulated by an independent pressure control system.

The test chamber required approximately 1.5h of
operation to reach saturation conditions under
atmospheric pressure. An additional 0.5-1h was
required in order to completely outgas the air from the
test environment.

A Hycam 16-mm high speed movie camera was
utilized with backdrop lighting to produce 16-mm
motion picture photographic results. The bubbles
appeared on the movie film as silhouette outlines on a
bright backdrop. The brass tube appeared dark.
Dimensional data of the bubbles was obtained by using
the diameter of the blacked out tube as the length scale.

It was experimentally determined that for film flow
rates below a Reynolds number of approx. 3000, the
flowfield on the cylindrical brass tube would remain
laminar for approx. 3-8 cm from the top. An entry
length analysis was also made to assure a fully
developed flowfield by the time the flow had reached the
brass cap—tube seam. It was experimentally possible, by
adjusting the heat flux, to have only one site nucleate in
the laminar portion of the film. Moreover, it was
possible to reduce the nucleating frequency of this site
so that vapor bubbles would be produced at a low rate.
The production of bubbles at a low frequency ensured
that the falling film thermal profile would re-establish
itself in the time between the departure of succeeding
bubbles. Each departing bubble could then be
considered as ‘isolated’. Figure 4 shows a head on view
of a series of bubbles coming from a single nucleation
sitein a laminar region of the tube. However, this figure
does not depict the bubbles at a ‘low’ frequency.

EXPERIMENTAL ANALYSIS OF
ISOLATED BUBBLES

A site, nucleating in the laminar flow region of the
tube, was captured on film with the Hycam movie
camera set at 750 frames s ~ 1. The site was approx. 6 cm
from the seam and believed to be in the thermally
developed regime, as analyzed by the thermal entry
length solution for the laminar flow field [8]. The
experimental conditions were: film Reynolds number,
2070 wall heat flux, 30.1 kW m~? and the ambient
and inlet saturation temperatures were 99.9°C
Thermocouple measurements indicated a wall super-
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F1G. 4. Bubble site in a laminar regime.

heat of approx. 9°C at the location of the site and at
locations on the tube below the site. Several bubbles in
the movie appeared to be isolated because they were
preceded by a sufficiently long waiting period.

Measurements taken from the movie film showed
that the isolated bubbles accelerated to a terminal
velocity within 2 or 3 frames from nucleation. One
frame represented 1.379 ms of elapsed time. The
bubbles were within the camera field of view for approx.
35 frames (48 ms). After the second or third frame,
however, slight velocity fluctuations did exist but could
not be distinguished as fluctuations caused by film flow
phenomena, i.e. waviness, or that caused by bubble
dimensional measurement error. In order to simplify
the analysis, the bubble drift velocity was taken
as constant, averaged from the data on the second
to 35th frame. This velocity was determined to
be approx. 830 mm s~ ! for all the bubbles investigated.
For the film Reynolds number of 2070, the ambient
film thickness was estimated as 0.24 mm based on
Nusselt’s theory for a laminar film. This estimate
yielded film surface and film average velocities of 960
and 640 mm s~ !, respectively.

Figure 5 shows the bubble dimensions measured
from the movie frames. These dimensions were utilized
to approximate bubble volumes in order to calculate
bubble growth rates via the change in estimated bubble
volume over a specified number of frames. The
instantaneous bubble volume was estimated as

Veor & Vear+ Veve + ss 8y

where

2
Vorr = £ @8- + -7
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F1G. 5. Bubble dimensional data model.

represents the volume of the truncated sphere above the
bubble junction ring (which is the ring that separates
the bubble cap from the meniscus),

n
Vey, = 5 C24
CYL 4

represents the cylindrical volume from the bubble
junction ring to the film free surface and

nC?
Vimp = e

(s —0v)

represents the cylindrical volume beneath the film free
surface to the bubble base. Note that the error
introduced by using cylindrical volumes is quite small
since the bubbles are much larger than the film
thickness (Fig. 5 is not to scale). For a bubble much
larger than the thickness of its underlying fluid and in
close proximity to a wall, the central region of its base is
assumed to be almost flat.

In equation (1), a value for the film thickness beneath
the bubble base, d, is needed. This quantity could not
be obtained in the present investigation without
employing measurement techniques that would disturb
the flowfield. Comment on the thickness 6, will be
reserved for the next section. As far as the experimental
data and equation (1) are concerned, however, the
variation of 3, within the ambient film thickness, ;, has
a negligible effect on the total bubble volume since the
bubble caps were much larger than the ambient film
thickness.

The approximate, instantaneous bubble heat rate
can be obtained from its volumetric rate of change,

dVor) . AVior

qb = pghfg dr ~ pghng . (2)

The mathematical model for bubble growth in the next
section employs a hemispherical bubble. The heat rate
obtained from equation (2) should then be set equal to
the heat rate for a hemispherical volume change. This
defines an equivalent radius as that radius whose
associated hemispherical volume equals the volume as
calculated by equation (1). Hence,

. dR.
de = pghfganezq dt 4 . (3)
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F1G. 6. Radial history of isolated bubbles taken at Re = 2070,
q., =301kxWm 2and T, = 99.9°C.

The experimental data has been reduced to
equivalent radii and is represented in a plot of R, vs
time in Fig. 6. The dashed lines on the figure represent
the envelopes of the data. There are three primary
reasons for the scattering of the experimental data. The
first is the probability that no two bubbles have the
same initial diameter when they leave their site. There
may be slight variations in initial size brought about by
changes in site conditions. The second reason is the
uncertainty in the time of initial bubble appearance.
Data was taken from the point where a bubble was first
observed on the movie film. Since the camera shoots in
discrete frame intervals, the first appearance of a bubble
can be at any time within the time associated with 1
frame (1.379 ms). A curve representing a specific bubble
could therefore be shifted 1.379 ms to the left on Fig. 6.
The third reason for data scatter is error in the actual
bubble dimensional measurement. The accuracy in
bubble dimensional data measurement from the movie
screen was +0.03 mm. With the consideration of these
three uncertainties, the actual experimental data is
quite reasonable. Other causes for measurement error
might be related to slight shifts in frame location on the
screen as the frames were advanced.

ANALYTICAL MODEL FOR GROWTH
OF AN ISOLATED BUBBLE

Vapor bubbles falling in a thin, liquid film are
believed to lie imbedded in the liquid film. This idea was
further substantiated by an experiment of Sernas and
Stanzione [13] in which soap bubbles on a flowing
soapy water film were shown to be imbedded in the film.
An order-of-magnitude estimate has shown that the
majority of bubble growth is caused by the heat flux
through the bubble base. Growth via heat conduction
through the submerged bubble side wall for the present
data was negligible. This was later confirmed by an
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F1G. 7. Integration scheme for bubble base heat flux.

alternate model which included the bubble side wall
area (not presented here). Heat transfer through the
submerged bubble side wall is negligible because the
side wall area is much smaller than the bubble base area
and the side wall sees an average lower degree of
superheat than the bubble base. The proposed heat
transfer model, therefore, only attributes bubble
growth via transient heat conduction through the
bubble base during the freestream growth stage. The
presented model will be applicable for cases of wall heat
flux which result in small base mass transfer.

Figure 7 shows the scheme employed for the
calculation of the heat flux through the bubble base. An
order of magnitude estimate showed that heat
conduction can be neglected in the y and z directions.
Furthermore, convection was shown to be important
onlyin the ydirection. The bubble base can therefore be
broken up into strips of chord length 2R cos ¢ in the y
direction. Each chord is independent of the thermal
effects of adjacent chords. The leading semicircular
base edge, at any given instant in time, represents the
initial encounter of the bubble base with superheated
liquid. For each chord, the thermal gradient at the
bubble base decays in the direction toward the rear of
the base. At any instant in time, lines of constant heat
flux at the bubble base can be constructed by drawing
arcs of the same radius as the instantaneous radius of
the bubble base, at a distance y from the origin.

At any given instant in time, the bubble growth rate
can be obtained from the total heat rate at its base, i.e.

dR oT
iy = P he 2R — = kl — dA,. 4
Qv = Pglhigge™ dr JA‘, (5X)x=o b C)]

At the base, the heat rate per chord can be expressed as

. Y=2Rcos ¢ 6T
4cHORD = J k(g—) dy. (%)
0 X /x=0
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Thus, the total instantaneous energy rate from the
bubble base is

R rY
qb=2j J k(?}i) dydz
o Jo 0x Je=o
/2 Y
= j [J k(a—T—) dy]Rcosd)dd). (6)
0 0 0% Jy=0

Since the adjacent chords are effectively isolated from
each other, the thermal gradient in equation (6) can be
obtained from a two-dimensional thermal profile of the
laminar liquid film beneath the bubble base. The
assumptions are

(1 mass transfer via base evaporization is small ;

(2) the film thickness under the bubble base is
constant at Jy,;

(3) the velocity profile under the bubble base is
parabolic (fully developed) with the bubble base
acting as a no-shear boundary;

(4) the bubble translational velocity is much greater
than its radial growth velocity (experimentally
verified);

(5) the wall temperature under the bubble is constant
due to the shortness in time of the event and the
large thermal capacity of the brass heater tube (the
tube wall was thick);

(6) the tube wall radius of curvature is much larger
than the film thickness (Cartesian coordinates);

(7) conduction is only important in the cross-film, x,
direction;

(8) the growing bubble is hemispherical ;

(9) the liquid is homogeneous, isotropic and incom-
pressible ; and

(10} the density of the vapor is small compared to the
liquid density.

With the preceding assumptions, the energy
equation for the liquid film underneath a bubble base
chord reduces to

oT T 7
V) 5=t g )

The origin for a chord is placed at the leading
semicircular edge of the bubble base. With respect to a
reference frame fixed in space, the problem at hand is
one of a moving origin. The problem can be transposed
and approximated to one of a fixed origin by choosing a
reference frame that moves downstream at the velocity
of the center of the bubble, U,,. In this reference frame
the bubble centerisnow stopped and the originisstill at
the leading semicircular edge of the bubble base. The
walls of the bubble move slightly with respect to the
stopped bubble center, but as noted in assumption 4,
this radial growth velocity is small compared to the
bubble translational velocity. Therefore, the overall
effect that the bubble radial growth velocity has on the
moving coordinate system of the energy equation is
assumed to be negligible.

For the coordinate system shown in Fig. 8, the fluid
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FiG. 8. Schematic of the thermal profiles under the bubble
centerline base chord {also shownis thecoordinate system and
velocity transformation).

velocity profile beneath the bubble base is

x 2
o(x) = Vo(é_) + Vs &
b
where
9%
Vo =—
07 2y
and
Vo = Up— Vo

This results in the following differential equation for
equation (7),

3%

o8
P[x*? _—=—, 9
[#+D15 =5 ©
where
p Yotk
X
D = Vsup/ Vo

and the following changes in variables have been
employed

8=T-T,
X = x/8,,.

The following boundary conditions are imposed on
equation (9):

at x=0, 8=0; for y>0, (10a)

at x=1, #=8,; for y>0 (10b)
and

at y=0, 8=0,,,+(0,~0,)% (10c)
where

b
O = 8,—1 2 18,
P (éf) w

A schematic representation of the temperature
profiles under a bubble base chord are also shown in
Fig. 8. This figure is consistent with the above boundary
conditions and can be thought of as being a slice
through a typical chord that has been shown in Fig. 7.
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The solution to equation (9) subject to equation (10)
is very tedious and contains many mathematical steps.
It is similar to a series of problems first encountered by
Graetz [14] and later investigated by many others [8,
15-17]. The solution is

o — /12)/’
0(X,y) = 0,5+ Y. HyCzo(4,, X) exp (——f}) (1)
k=0
where
Cz, = odd parabolic cylinder fonction,
=X+ Y by X
n=2
b _ —2§(Dbyy_3+by,s)
Zn—1 =

2n—-1{(2n-2)
ifminb,, is <0, then b,, = 0,and b, = 1;

26

“Ysup

P dCz, dCz, '
U8 GR Jeeiien,

and A, = eigenvalues which can be found from solution
of the following equation,

Z bap-y = —1.
n=2

The first four terms of the odd parabolic cylinder
function, Cz,, are

H, = constants =

(12)

(Dt .
- . ok —1 5
6~ t30)76 X

.
_'E A’?Ds__ED X4
120 60

Equation (11) represents the temperature distri-
bution underneath a bubble base chord at any loca-
tion, y, and depth, x. In this solution, the parameter
D = Vg p/V, is a major unknown. D is a measure of
the relative slip between the bubble center velocity, U,,
and the velocity of the fluid at the bubble’s base, V. If
the value of this slip parameter is known, then the
eigenvalues [equation (12)] can be determined and
equation (11) can be solved. The bubble center velocity
can be measured by experiment. The thickness below
the bubble base, J,, could not be measured. This
thickness determines the velocity ¥, and the magnitude
of the initial superheat encountered at the bubble base
leadingedge. If 8, is large, the slip velocity and the initial
superheat encountered are both small. This would
result in low bubble growth rates. If 3, is small, the
converse applies and larger growth rates would result,
An exact determination of the thickness &, is difficult
and beyond the scope of this investigation. Since other
pertinent variables can be accurately measured from
experiment, i.e. U, and 8,, representative values of §,
will be chosen to see whether or not theory can be made
to correspond with experimental data.

Fromequation (11} the thermal gradient for a bubble



A bubble growth model for nucleate boiling in water films

base chord can be expressed as

oT 1 06
ox x=o_5b 0% J5=0

1 d -y
=5 {6w+ 20,,, Y. By exp (——}—)——)}, 13)

k=0

dCz, dCz(,]}‘1
B, =<4 — .
* { k[ di  dx F=1, A=A

The substitution of equation (13} into equation (5) and
subsequent integration yields the following heat rate
per chord

where

qdcHorD =

k > (B
— {29w Rcos ¢ +2P03‘,p[ ¥ (—-;-)
5b k=0 }“k

= (B, —AZ2R cos ¢
S (= o

where the substitution Y = 2R cos ¢ was used.
Substitution of equation (14} into equation (6) yields

K (2 2 (B
G = g.R_j {26wR cos ¢ +2P95up[ > ( :)
d Jo k=0 \ A

-3 (2o (222 oo sas. a9
k=0 k

The integration of equation (15) yields

.k > (B & (B
do=3 {nR28w+4RP9m[ 3 (7;) -y (1—;‘)
b k=0 k k=0 k

X Jnlz exp (:W} cos ¢ dd)]}. (16}
V]

The radial growth rate can be obtained by equating
equations (16} and (4). The result is

dR k 8, 2P8 = (B > {B
e = . .. . D i
dt  Sypghe, { 2 7R [&Z:o (lf ) kgo (A-E )

x J " exp (M) cos ¢ d¢]}. a7
o P

Equation (17) can be evaluated via a fourth order
Runge-Kutta routine once the parameters U, and 8,
are experimentally measured, and &, is assumed. An
initial value for the bubble radius, R,, is then needed.
This can be obtained from the experimental data.

COMPARISON OF MODEL AND
EXPERIMENT

The presented analytical model describes the
freestream growth period of a bubble while the bubble
capis outside the liquid film. The experimental bubbles,
however, incorporated an unbinding period plus a
freestream growth period. This posed the problem of
how to designate the beginning of the freestream
growth period for the experimental bubbles, since
during the unbinding period the bubble cap lies within

1313
5-0
4-0
DATA
ENVELOPE™y.
~

E 3.C // /(
24

2.0}

0 10 20 30 40
TIME , ms

KEY.

§ox b= -24mm, 6,5 10C, R,= - 8mm
SERNAS 8 HOOPER , gr10¢ ,£Q.18
§,=-06mm, §,=10C, R=* 8mm

§: -06mm, §,+9:5C, Ry*-9mm

SN~

1,3,4 FROM PRESENT THEORY

FiG. 9. Comparison of experimental data with various
theories.

the thin liquid film. A bubble shown on the second
frame, however, has actually traversed approx. 1.5
diameters from the location of its nucleating site. The
freestream bubble growth model may then be
applicable from frame No. 2. An initial bubble radius,
Ry, can also be obtained from this frame. Figures 9-12
reflect time zero as starting from the second frame.
Curves 3 and 4 of Fig. 9 represent the calculated
theoretical bubble radial history from the solution of
equation (17). The variables incorporated with curve 3

5-0
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3.0 VELOP
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£
-~ 20
14
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F1G. 10, The effect of the thickness beneath the bubble base on
the bubble grewth model, equation (17).
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F1G. 11. The effect of wall superheat on the bubble growth
model, equation (17).

were: §; = 0.24 mm, §, = 0.06 mm, 0, = 10°C and R,
= 0.8 mm. The variables associated with curve 4 were:
d = 0.24 mm, J, = 0.06 mm, 8, = 9.5°C and R, =
0.9 mm. As can be seen, both curves give excellent
agreement with the envelope of experimental data. The
envelope was shifted to the left to take into account the
discrepancy in time zero between actual data and
model. The reason for showing two curves that
correspond well with the experimental data is to reflect
the latitude in the uncertainty of the measured data,
since the measurement of experimental parameters
such as wall superheat and initial bubble radius may be
slightly in error. Curve 2 represents a typical pool
boiling model, Sernas and Hooper [11], which follows
the relationship

R = m(t—1t)'?, (18)
5-0
e,=10C
§,=-06mm R, =975 mm
4.0t
DATA P
ENVELOPE //
~
Es-o0

Ry= - 800 mm
R, " 678 mm

(o] 10 20 30 40
TIME , ms

F1G. 12. The effect of the initial bubble radius on the bubble
growth model, equation (17).
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where
2k0,,
m= —==
\/napghfg

andt’ = the time shift required to make the origin of the
experimental data coincide with the origin of the pool
model.

Equation (18) reflects evaporation into the bubble
from the ‘microlayer’ under the pool bubble’s base only.
The wall superheat used in curve 2 was 10°C, and the
resulting R, is 0.8 mm. It can be seen from Fig, 9 that the
pool boiling model underestimates the data. The
primary reason for this is in the speed that the pool
bubble’s base leading edge has as it moves through
superheated liquid. The front of a pool bubble can only
move through superheated liquid at a velocity equal to
its radial growth velocity. This was calculated to be in
the vicinity of 90 mm s~ ' near the start of bubble
growth and 35 mm s ! at later stages of bubble life. In
the thin film flow model, this leading edge velocity is
approx. Vg p, which for the current data is equal to 770
mm s~ . Thus it can be seen that the bubble in a falling
liquid film moves through the superheated liquid an
order of magnitude faster than the pool bubble for the
current parameters.

Curve 1 of Fig. 9 represents the model of a bubble
which sits on the free surface (6, = é; = 0.24 mm, 6.,
= 10°Cand R, = 0.8 mm). The base of a bubble of this
type (if physically possible) is subjected to the heat rate
ofsurface evaporation only. At48 ms, the differencein R
between curves 4 and 1 is 360% and the associated
bubbie base heat fluxes for the same curves are 172 and
28 kW m ™ 2, respectively, a difference of over 600%,. A
real bubble, which is being swept downstream by a thin
liquid film, must have its base deeply imbedded in the
moving film. This result agrees with that reported by
Mesler [18] for bubbles growing in a superheated
stationary liquid film.

PARAMETRIC EFFECTS OF
MODEL VARIABLES

Curve4 of Fig. 9 wasselected to show the effects of the
parameters dy, 8,, and R, on the thin falling film bubble
growth model. On all subsequent figures, the variations
in the above selected variables reflect the range of
measurement uncertainty associated with that
variable, with the exception of §, which could not be
experimentally measured. Figure 10 shows the effect of
the film thickness underneath the bubble base on the
radial history for 6, = 10°C and R, = 0.8 mm. The
curve for J, = d; = 0.24 mm represents the case of a
bubble sitting on the ambient film surface. The heat flux
through this bubble is equal only to that of surface
evaporation and is much too small to justify the
observed growth rates. The thickness, d, = 0.22 mm,
represents the case of ‘no slip’ between the velocity of
the bubble and the fluid which comprises its base, i.e. the
bubble base velocity is equal to the bubble center
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velocity, 830 mm s~ . This bubble is not sitting deep
enough in the underlying liquid film for its calculated
growth rate is too small. Thus, one is led to the
conclusion that the bubble must lie deeper in the liquid
film for the present experimental conditions. A bubble
which lies deeper in the film than the previous ‘no slip’
case will have a slip velocity, if the previously assumed
velocity profile (assumption 3) is appropriate. The
thicknesses for d, = 0.09, 0.06 and 0.04 mm were
arbitrarily assumed, and their growth curves plotted on
Fig. 10. The last thickness shows too large a growth
rate, while the first one too small a growth rate. The case
for 6, = 0.06 mm fits the experimental data very well.

Figure 11 depicts the effect of wall superheat on
bubble radius history for é, = 0.06 mm and R, = 0.8
mm. Since the actual measurement of wall superheat
wasapprox.9°C,areasonable uncertainty of + 1°C was
used in the generation of the curves. The curves show
reasonable agreement between 9 and 10°C. Beyond
10°C, the slope appears too steep when compared to the
slope of the ‘trend’ of the data envelope. Below 8°C, the
slope is too shallow.

Figure 12 displays the effect of the initial bubble
radius on bubble radius history for 6, = 10°C and J,,
= 0.06 mm. The limits for initial bubble radii were
taken to be 0.67 and 0.98 mm. These were obtained by
adding the measurement uncertainty of F0.03 mm to
the smallest and largest, respectively, radii taken from
the second frames of the bubble data. The effect of R,
seems to cause the curves to run paraliel to each other,
displaced by a small amount.

It is also important to point out that the solution of
equation(17)need not be started from the second movie
frame. It one assumes a larger Ry, say 1.5 mm (this
represents alocation further downstream), the solution
of equation (17) would still match the data for the same
parameters.

CONCLUSIONS

An analytical and experimental investigation of the
ebullition of thin, falling water films has been
conducted. A mechanism that models bubble growth
has been proposed. This mechanism is believed to be
responsible for the large heat transfer rates present in
thin falling film boiling. An analysis of the data shows
that the bubble base must be deeply imbedded in the
thin falling liquid film. In addition, the analysis reveals
that a slip velocity appears to exist between the bubble
velocity and the velocity of the fluid layer which
comprises the bubble base. For the film Reynolds
number analyzed, 2070, this slip velocity (770 mm
s 1) is quite large, on the same order of magnitude as
the bubble velocity (830 mm s~ !). A bubble in a falling
liquid film must then move faster than the fluid beneath
its base. Thus, its leading semicircular base edge is in
continuous contact with new superheated liquid. This
gives rise to a very large initial thermal gradient
through the bubble base atits leadingedge. Atlocations
past the leading edge, the thermal gradient at the
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bubble base becomes smaller because energy is being
used up from the liquid layers beneath the bubble base.
This energy is transferred into the bubble via liquid
evaporation at the bubble base. Hence, the proposed
model is valid for cases where the wall heat flux results
in negligible mass transfer at the bubble base, i.e. the
thickness below the bubble base remains approxi-
mately constant.

The growth rate of the falling film bubble differs
markedly from that of its pool boiling counterpart,
which only moves through superheated fluid at a speed
equal toits ownradial growth rate. The slip velocities of
the falling film bubbles analyzed are an order of
magnitude greater than their radial growth velocities.
The bubble radial growth histories which result in the
falling film case are therefore significantly larger than
those of their pool boiling counterpart, for the same film
superheat. This was shown by Fig. 9.

Insummary, the bubbles in thin falling film ebullition
act like local heat extracters that cool the superheated
liquid film over which they ride.
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MODELE DE CROISSANCE DE BULLE POUR L’EBULLITION NUCLEE DANS DES
FILMS D’EAU MINCES, LAMINAIRES, SURCHAUFFES ET TOMBANTS

Résumé— Une étude analytique et expérimentale est présentée sur la croissance de bulle dans un film d’eau

mince, laminaire, surchauffé et tombant. La majorité de la croissance de bulle est causée par la conduction

thermique variable a travers la base de la bulle tandis que la bulle est balayée par le film tombant. Les flux

thermiques observés sont significativement plus grands que ceux pour I'évaporation a la surface du film. Ceci

montre que la base de la bulle est noyée dans I'épaisseur du film. Le modéle proposé est applicable aux cas ot le
flux thermique pariétal résulte d’un transfert massique négligeable 4 la base de la bulle.

EIN BLASENWACHSTUMSMODELL FUR DAS BLASENSIEDEN IN DUNNEN, FALLENDEN,
UBERHITZTEN UND LAMINAREN WASSERFILMEN

Zusammenfassung—Es wurden analytische und experimentelle Untersuchungen zum Mechanismus des
Blasenwachstums in einem diinnen, fallenden, Giberhitzten und laminaren Wasserfilm durchgefiihrt. Es zeigt
sich, daBl das Blasenwachstum hauptsichlich durch instationire Wirmeleitung durch den Blasenfuf3
verursacht wird, wihrend die Blase durch den fallenden Film weggeschwemmt wird. Bei der Blasenbildung
sind die beobachteten Warmestrome deutlich groBer als bei reiner Oberflichenverdampfung. Dieses deutet
darauf hin, daB der BlasenfuB im umgebenden Film eingebettet ist. Das vorgeschlagene Modell 148t
sich fiir die Fille anwenden, bei denen die Wirmestromdichte an der Wand einen vernachldssigbaren
Massentransport im BlasenfuB zur Folge hat.

MOJE/Ab POCTA MNY3bIPLKA JJ15 MY3bIPBKOBOI'O KHUINEHHUSA B TOHKHX
CTEKAIOIWX TEPETPETBIX JIAMHUHAPHBIX TTIJIEHKAX BOJbI

AsHoTaums—[1poBeeHO AHAIMTHYECKOE H IKCHEPHMEHTANbHOE HCCIEAOBAHHE MEXaHM3Ma pocTa my-
3LIpbKA B TOHKOM CTeKalollel neperpeToii JaMuHapHoi mueHke Boabl. HaiiieHo, 4To B OCHOBHOM pocCT
Ny3bIPbKOB BBI3BIBAETCS TEMJIONPOBOAHOCTLI) B MECTE MPHCOENAMHEHMS My3bipbka BO BpeMs YHoca
ny3bipbKa cTekarolei mieHkoi. HabmoaaeMbie CKOPOCTH pocTa My3bipbKa 33 CHYET TEILUIONPOBOAHOCTH
3HAYMTE/ILHO BblLIE T€X, KOTOPbIE BO3HHKAIOT TOJBKO MNpH HCNAPEHHH TMOBEPXHOCTHOM MieHKH. DTO
yKa3blBaeT Ha TO, YTO MECTO NPHCOCHUHEHHs My3blPbKa MOTPYXKEHO B TOJILY OKPYXAIOLUEH NIEHKH.
IMpensnoxennas MOIEib NPUMEHAMA K CJIyYasiM, KOrla TEMJIOBbIE MOTOKH HAa MOBEPXHOCTH MPHBOIAT K
npeHebpexX MO MasIoMy MEPEHOCY MAcChl OCHOBAHHMS MY 3bIPbKA.



