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SURFACE PHENOMENA CAUSING BREAKDOWN OF FALLING
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LIQUID FILMS DURING HEAT TRANSFER
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Abstract—This paper covers the case of a sub-cooled falling liguid film and its breakdown during heat
transfer, and is a preliminary study to that of burnout in the case of two phase flow. The hydrodynamic
changes of the film due to surface tension difference forces are considered with the aid of a rigorous
mathematical analysis for isothermal systems. A correlation, involving the mathematical statement
for the wave-number (Aao) for isothermal flow, is derived to predict flow rates of water when
breakdown occurs for given heating conditions, and is
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NOMENCLATURE k . .
film thickness of flow in wave Z, ( = ;0) ratio of phase velocity
motion; i

: . . to mean stream velocity;

mean ﬁlm thickness of flow in K, 4, B, C, D, constants.
wave motion;
function;
acceleration due to gravity; Greek symbols litude of .
heat-transfer coefficient for % amplitude of waves;
heating fluid based on bulk 5, (: S) kinematic surface ten-
temperature fp; . Pl
heat-transfer coefficient of film; sion of liquid; o
phase velocity of waves; i, dynamic V}scosxty of_' liquid ;
film thickness for fully de- P mass density of liquid;
veloped laminar flow; o, surface tension of liquid;

o Ag, surface tension difference based
(z ““;\“) frequency; on difference between the sur-
capillary pressure; face tension of water at film
liquid flow rate per unit length inlet temperature and the sur-
of wetted perimeter; face tension of water at the
Reynolds number: bulk heating temperature;
time; ’ A, fundamental wavelength of
mean velocity of film; wave motion; .
point velocity of film in x- v, kinematic viscosity of liquid;

T A . .

dlf?Ctlona ) . v, (= D — —) distortion para-
point velocity of film in y- ao
direction; meter;
vertical co-ordinate in direc- & _A A
tion of flow; ' " ao exp | f ao flow pat-
length of laminar flow before tern parameter.
inception of waves;
qrdinate perpendicular to direc-  Subscript
tion of flow; £ film at inlet temperature.
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INTRODUCTION

THIS paper covers the introductory work
carried out in the investigation of the breakdown
phenomenon of liquid films due to heat transfer
when flowing vertically downwards on the out-
side of a copper tube. This topic is a first step
in the appreciation of “burnout” in boiler tubes
where two phase flow exists; further, as there
is similarity between heat and mass transfer, this
paper may be useful to chemical engineers where
low flow rates occur in distillation.

ISOTHERMAL FLOW
Essential to this work is that of isothermal
systems which have received rigorous mathe-
matical analysis. In Fig. 1 is shown an idealized
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Fic. 1. Isothermal flow model.

model of the flow. Nusselt [1] obtained, assuming
pure laminar flow, expressions for the mean
velocity of flow and film thickness m:

3uQ

3 - I =
" P8z M
In this classical approach, surface tension
forces are not introduced into the hydrodynamic
theory. However, Kapitza [2] has shown that
surface tension forces are important where thin
films are concerned even when small curvature
of the free surface occurs. In simple terms, the
gain in the free surface energy due to increase in
surface area caused by disturbance enables work
to be done on the film and wave motion ensues.
The Reynolds number, (4pQ/u), is above 4 to 25

V. A. HALLETT

when these waves occur; below this range pure
laminar flow exists.

The fundamental momentum equation in the
x-direction is given by:

w1 p(Pu Gu
3t+%3x—_p3x+gx+p( + )(2)

In this equation the velocity component v is
neglected because the wavelength to film thick-
ness ratio is large.

To establish the equation for the case of
wave motion, mean values of u and #2 for a
cross-section of the film are substituted for the
point values of # and u2. These mean values and
the derivatives with respect to time ¢, x and y are
determined from a velocity profile which is
parabolic and the following statements:

a = ao(l + ¢), 3)
and
¢ = flx — ko). 4
The pressure gradient is considered to be due to
capillary forces alone so that:
ap d [ O%alox®
ox ~ 7 Tax [l + (9afox)["
Hence a first approximate linearized equation is
obtained and shown to be:

P3¢ o
8a05 5 + wi(Z — DNZ — 12)5-

Zvu 3vu
ofe-E )0
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which gives the fundamental frequency » to be

2

2 = 2%3 (Z — 1)(Z — 1-2). )

An F-function of the form

A

T+ 2z9p
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establishes
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when the energy dissipated due to viscous forces
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balances the work done due to gravity forces,
hence:

1
%=@~MZ4®ﬁ%g

(10)
Now the value of F will be a minimum for the
maximum amplitude of oscillations occurring at
steady conditions. Portalski [3] has obtained
values of this F-function to give

Fmin = 083, (11)

and
Z = 2-48. (12)

Substitution of these values in equations (9) and
(10) leads to the statement of the wave number
(A/ag) of the fundamental

A nod \#
P 5 33(“—-‘“p4ng5) (13)

Brooke-Benjamin [4] has derived in his
theoretical analysis of film flow the same non-
dimensional group (us3/pig.(0% which can be
said to describe the wave motion. A linearized
theory shows that there is a class of wavelike
disturbances which undergo unbounded ampli-
fication. The inception of the wave motion
following an apparent pure laminar flow regime
is the visible appearance of instability. The
presence or absence of surface tension does not
alter this general conclusion. The limitation of
the theory is that it applies only for Re < 20
whilst that of Kapitza [2] covers the whole range
of Reynolds numbers. If the wave number of the
most unstable wave is defined in the same way as
Kaptiza’s,

A pod \#
p 5-618 (p4ng5) . (149

Binnie [5], in an experiment concerned with the
onset of wave formation, has given an average
value of the wavelength of the most unstable
wave as 0-45 inch for a Reynolds number of
17:6; Brooke-Benjamin compared a theoretical
value of 0-42 inch. Experimental work by
Portalski {3], in conjunction with his mathe-
matical analysis of isothermal systems, gave
favourable results. To quote, an experimental
value of the phase velocity Z of ~ 25 is com-
pared with a theoretical value of 2-48.
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Recently Hartley and Murgatroyd [6] have
studied theoretically thin liquid films flowing
isothermally down a vertical surface where a dry
or unwetted region exists. Criteria for the com-
plete re-wetting of the surface are suggested.

NON-ISOTHERMAL FLOW

Norman and Mclatyre [7] carried out an
investigation of the breakdown phenomenon
solely due to heat transfer, where the film flowed
on the inside of a copper tube of length 3} inch.
The distortion of the flow pattern, it is suggested,
is due to surface tension differences occurring in
the surface of the film. These differences arise
from uneven heating as a result of variations in
thickness of the film caused by rippling. The
region of greater thickness will have the less
temperature so the subsequent higher surface
tension force will draw liquid from the thinner
region. Finally liquid deficiency in the thinner
region occurs and a dry patch on the tube surface
appears.

Hsu, Simon and Lad [8] in their investigation
into liquid film breakdown during heat transfer
considered it essentially as an entrance region
problem. The liquid film flowing down the sur-
face of a vertical tube passes over a heating
surface 13 in long and 15 in from an upper
reservoir. As the inception of waves for the
Reynolds number range considered is always
prior to the heating surface the investigation is
solely concerned with wavy motion. From the
leading edge of the heating section there is an
entrance length required for the thermal bound-
ary layer to develop to the same thickness as the
liquid film. Before the thermal boundary layer is
fully developed the temperature of the free
surfaces can be taken as the inlet temperature.
When irregularities occur in the film thickness
and the thermal boundary layer is at least fully
developed for the thicker region, temperature
differences exist as the free surface temperature
of adjacent thinner regions will be greater. If
these temperature differences are capable of
sustaining “steady’ and not fluctuating surface
tension difference forces the thermocapillary
effect is to distort the film and make it thinner. If
the heat flux is high enough a dry patch forms on
the tube surface. The entrance length for a given
film thickness is derived analytically by solving
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the heat flow equation in which the heat input
is equated to the rise in enthalpy of the film
determined by the integral boundary layer
method. The velocity profile in the film is
assumed to be that of von Kdrméan-Nikuradse.
Further, a simplified theory particular to the
boundary conditions stated above shows that the
energy input to the actual distorted length of
film ending in a dry patch is constant for a liquid
film of given Reynolds number, subjected to
different heat fluxes. Experiment substantiates
this theory very favourably, and also shows that
with increasing Reynolds number the energy
input to the film to cause a dry patch needs to be
increased.

Norman and Binns [9] and Ponter and Thorn-
ley [10] have illustrated the effect of mass transfer
on liquid films. Rippling causes different concen-
trations on absorption of a vapour such as
ammonia to produce surface tension differences
which cause breakdown.

APPARATUS AND EXPERIMENTAL WORK

The apparatus used in the experimental work
is shown in Fig. 2. Flow down the outside of the
vertical copper tube of 1 inch inside diameter was
achieved by means of an upper reservoir in the
base of which was an annulus through which
water flowed (Fig. 3). The film drained into a sink
some 6 ft below and was returned to a tank
(Fig. 4) where the head was kept constant by an
external feed and overflow. This feature enabled
the excess heat picked up by the film in flowing
down the outside of the tube to be extracted

i Film circuit
Upper reservoir

/

Heating circuit
-Measuring flasks

™~

Y

FiG. 4. Line diagram of apparatus.
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from the loop. Then water could be pumped
from the tank to the upper reservoir at a sensibly
constant temperature. Heating was by hot water
flowing counterwise at a high rate of flow of the
order of 1 lb/s for which the temperature drop
across the full length of 9 ft of tubing was 1 degF
for low flows to 5 degF for maximum flows of
the film. As the working length of the tube was
at the most 9 in, i.e. the furthermost distance
from the annulus where breakdown occurred,
the bulk heating temperature could be assumed
constant for this length. A rotameter was in-
serted in the heating circuit to ensure the heat-
transfer coefficient was kept constant during
test runs. Thermometers and thermocouples were
located across the full tube length, and also in
the upper reservoir to determine film inlet con-
ditions. Whilst the calibrated thermometers were
used to obtain temperature readings the thermo-
couples were mainly used because of their
sensitivity to detect immediately any temperature
movement from set conditions. This facility
proved valuable when unsteady conditions were
set up in reducing the film flow rate to obtain
film breakdown.

FILM FLOW CHARACTERISTICS ON THE
OUTSIDE OF THE COPPER TUBE

: T A

In Fig. 3 is shown isothermal flow viewed from
below the annulus, the source of the film, The
width of the annulus is greater than the thickness
of a falling film given by the Nusselt theory {1},
reference equation (1), for the maximum Rey-
nolds number (4pQ/u) of the experimental work.
Consequently there exists a vena-contracta at the
annulus and the thickness of the film will
approximate to the Nusselt theory though not
completely as the velocity profile is not here fully
developed.

The illustrations Figs. 3 and 5 show the effect
on the flow pattern of Reynolds number. At
low values of Reynolds number the wave
number (A ag), reference equation (13), is
associated with capillary waves, and at high
values of Reynolds number the wave number
(Mao) describes gravity waves of greater fre-
quency. Before the inception of wave motion
there exists a laminar flow region, Fig. 1, the
length X¢r of which depends upon Reynolds
number, and its variation is shown in Fig. 6.
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FiG. 6. Extent of pure viscous flow before wave inception.

At the inception of wave motion the wave
number (A/ap), given by Portalski, is pre-
dominant, but waves of multiple periodicity
develop as shown in Fig. 3 to cause coalescing
of waves, and the resulting flow pattern is
irregular and complicated. Whilst the mathe-
matical analysis applies to the case of vertical
plane surfaces, the analysis as outlined in the
introduction can be applied to the case in hand
as the ratio of the film thickness to pipe diameter
is small.

Lack of geometric symmetry induced an
irregular flow pattern which had to be mitigated
as much as possible. The copper tube was
vertically placed by means of a plumb line;
however, the major issue was ensuring concen-
tricity of the annulus with the copper tube.
The effect of eccentricity of the annulus is to
vary the value of the local Reynolds number
(4pQ/r) around the circumference of the tube.
The subsequent variation in the length of pure
laminar flow causes the line of inception of the
waves to depart from the horizontal plane which
is required to provide the initiation of regular
wave pattern.

The significance of eccentricity of the annulus
position can be appreciated from the following
analysis. From Fig. 6 the variation in the
position of the inception of waves with Reynolds
number is given to be

AXer 15

ARe = 500 ™
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for Re < 500 where X,r = length of laminar
region,

3
Now md = LQ
P8z
4
as Re = LQ
“
4 3,2
and *EQ = ‘jg%p_
I 3
4.m?>
Then dRe) _ dgart
dm 12
LAXe,  4gm® 1S
“Am T 2 500

for water at 68°F.

AXor _ 4 x 981 x (m? 15
Am ~ (105 x 10-2 ~ 500

For Re = 500 m = 0-035cm.
Then
AXey
Am 1300. (15)

This equation reveals the remarkable sensi-
tivity of the movement of the line of inception of
waves with variation in thickness of film or
eccentricity of the annulus. In practice it was
found impossible to achieve a horizontal plane
for the initiation of waves, as some eccentricity
between the pipe wall and the annulus could not
be eliminated.

MODES OF ACHIEVING HEAT TRANSFER

The falling film can be heated by various
methods, but hot water flowing counterwise at a
high rate is, in the author’s opinion, the best in
the circumstances. Two other methods were
considered and rejected after reference to an
ideal mathematical model which has a constant
wall temperature and known heat flux input to
the film. Heating by electrical means enables the
flux input to be determined. However, because
the film is seriously distorted during heat
transfer, the wall temperature will vary con-
siderably from thin to thicker film regions.
Consequently the wall temperature cannot be
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used as a reference, which is necessary for the
correlation of experimental data. Condensing
steam has been used for heating purposes to
produce known and uniform wall temperature
conditions. It is assumed that the saturation
temperature is uniform through the film. This is a
reasonable assumption at low flow rates of the
condensate, but at high flow rates, when the
flow rate of the film outside the copper tube is
large, an unknown and significant temperature
profile due to sub-cooling can exist. Apart from
the fact that the wall temperature is then un-
known, accurate determination of the heat flux
and/or the condensing steam film coefficient is
not possible in this application.

The merit of the mode of heating used in this
project is that the bulk heating temperature is
sensibly constant over the working range of the
apparatus due to the high rate of flow of the
heating medium. Also the related heat-transfer
coefficient for the turbulent pipe flow can be
determined. Whilst this does not entirely meet
the requirements of the mathematical model at
least these references are sound to permit corre-
lation of experimental data.

TEST PROCEDURE

For given heating conditions fixed by the bulk
heating temperature and the mass flow rate of
the hot water, the falling film at a fixed inlet
temperature was reduced in flow rate slowly and
in stages. Distortion of the film caused roping,
and the film thinned as shown in Figs. 7 and 8
until eventually a dry patch occurred on the tube
surface. The flow rate at breakdown was
measured by tapping off the flow from a lower
reservoir on the tube into a graduated flask. A
constant reading on a low flow rate rotameter
ensured steady conditions during the measure-
ment of the minimum wetting rate. This test
was repeated for a range of film inlet tempera-~
tures. Sets of readings were subsequently ob-
tained for different heating conditions.

In order to gain repeatability of results,
particular attention had to be given to the
surface condition of the tube. Buffing produced
a smooth matt finish and chemical cleaning
inhibited the effect of impurities. The magnitude
of the flow rates at breakdown are sensibly
affected if the surface is initially wetted or not

V. A. HALLETT
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F1G. 8. Cross-sectional view A-A.

before experimental work. If the surface is not
completely wetted then effectually two air-water
interfaces exist. The copper-air-water regime
would provide a variation in surface tension
effects to cause appreciable scatter in results.
Water was allowed to run overnight over the
copper surface so that water molecules could be
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uniformly adsorbed in the surface to displace the
air.

EXPERIMENTAL RESULTS

Isothermal flow

In Fig. 6 is shown the variation in length X,
of laminar flow before inception of waves with
Reynolds number. Generally there is good
agreement with Portalski [3] except for the
middle range of Reynolds number where the
rate of change X.r with 4(pQ/u) is significant.
Eccentricity of the annulus producing variations
in the local values of Q may account for this
difference. Hence X, should strictly be plotted
against the local value of Reinstead of that based
on the mean value of the specific flow rate Q.

Non-isothermal

In Fig. 9 is shown minimum wetting rates
(cm3/s cm) plotted against film inlet temperature
for a bulk heating temperature of 200°F.
Though agreement exists with Norman and

£
Q
w
,.,\E Bulk heating temperature 200 °F
G x tube length 5ft Hallett
o 20 A tube length 3% in. Norman
° and Mc Intyre
X
'
- X
o 2.0 x_ X X
=3
= x X
.; X
x X X
£ o XELxox
5 b
£ —Am e ] x X
g T e e X
=
g5 100 120 140

Film inlet temperature, °F

FiG. 9. Variation in minimum wetting rates with film
inlet temperature for constant bulk heating temperature.

Mclntyre [7] at high film inlet temperatures,
there is a marked difference at low film tempera-
tures. It is noted in the case of the latter’s work
that film flowed on the inside of a 1 inch diameter
copper tube of length 3} inch and the heating
was achieved again by hot water flowing at a
high rate to ensure constant bulk heating
temperature conditions. In the present work,
minimum wetting rates were also obtained for
bulk heating temperatures of 140°F, 160°F and
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180°F, varying in each case the film inlet
temperature from 55°F to within 40-50 degF of
the bulk temperature.

ANALYSIS AND DISCUSSION OF RESULTS

For the case of heat transfer to liquid films
about to break down in the case investigated
where heating begins at the source of the film to
include the initial laminar flow region, no simple
mathematical model for analysis can be set up.
A formal dimensional analysis can be carried
out from the premise:

f(Qa Ps K5 O, AO’, gx:hf’ hb) =0 (16)

to give the basis of an empirical equation of the

form
()= Cs)” G )
By pod )" \or) \by

However, Portalski [3] has given a non-dimen-
sional group which has definite physical meaning
in the wave number (A/ag) for isothermal flow.
This group can be used as the basis of an em-
pirical equation and its use will facilitate interpre-
tation of results as does the use of simple non-
dimensional groups like the Reynolds number
and the Froude number.

It is assumed here that the flow pattern as a
result of distortion by heat transfer can be
represented by the non-dimensional group @ so

Y el

where (Ao/os) is a surface tension difference
function related to the difference between the
bulk heating temperature ¢, and the film inlet

temperature Zy.
G
19)

Hence
A Ao

b = GT) (1 + f (;;) +

If the distortion V is defined as the difference

between the flow pattern @ at breakdown and

that of isothermal flow (A/aq).

17

(18)
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Then )

and % (20)

A [ )

Neglecting second and higher orders of f(As/oy)
and assuming f(Acs/or) = K(As/oy),

T K (a)()

The distortion V in the region of breakdown is
due strictly to the surface tension difference
forces arising from temperature differences in the
film surface. It follows that the temperature
difference (t, — ¢7) implicit in equation (21) is
not sufficient to make equation (21) a general
expression. Cognizance must be given to the
different temperature gradients in the heating
fluid and the film that can possibly exist for the
same value of (¢, — tf) for they affect the value
of the temperatures in the surface. Introducing
the group (hs/hr) to adjust the surface tension
difference group (Ao/oy) to actual circumstances

T e

20 .

@n

(22)

V. A, HALLETT

When (A/ao)(Acfoy) is plotted against 4(pQ/u)s
on log-log scales for each of the four different
heating temperatures of 140°F, 160°F, 180°F and
200°F, it is suggested from Fig. 10 that

=4 CA)

Combining equations (21) and (23) the following
relationship is obtained

2a)l) =152

Equation (22) shows that the coefficient B
depends upon the group (#s/hy).
In Fig. 12,

2io) (o) ()

is plotted against 4(pQ/u)s on log-log scales
where the values of D, p and the slope »n of the
best curve are obtained by the method of least
squares, to give the following equation:

o )5

(25)
This equation (25) correlates all experimental
data to the single curve within +109,. The value
of B for each heating condition can now be

(23)

(24)

%,oF | 4, Btu/ftih deg F

c 140 1262
+ 160 ! 1203
s 180 1201
x | 200 II63

—_Best curvas' given
by equation (25) |

X X = — Moditied curve

4 6 8 10 15
4p0Q

Reynolds number (—#—)’ x107%

FiG. 10. Variation of (A/a®)(Ag/os) with (4pQ/uy) for different heat-transfer coefficients of heating liquid.
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Table 1
Bulk heating temp. (°F) 140 160 180 200
Experimental heat-transfer coefficient
(h» Btu/ft2h degF) 1262 1203 1201 1163
B 0-0289 0-0208 0-0205 0-0165

obtained for the four single curves in Fig. 10,
and is listed in Table 1.
It is apparent from the disposition of the
experimental points about each of the single
L vl .

— 10 1

Further to the effect of heat flux, the results
shown in Fig. 12 support the assumption that
distortion leading to film breakdown does not
alone depend upon the difference between the
i

upon the value of the heat-transfer coefficient
hy on the heating side, and the average value of
the film coefficient 4y must be sensibly constant
at the breakdown flow rate for all temperature
conditions. The coefficient of equation (25),
0-0058, incorporates this constant but unknown
coefficient, and the group (h»/1000) is made
non-dimensional by giving the arbitrary de-
nominator the same units as Ap.

It is noted in the case of the bulk heating
temperature of 160°F that a value for hp of
1210 is more satisfactory than the experimental
value 1203, a difference of less than 1% (Fig. 10).
It is difficult to assess whether this is due to the
use of the Dittus-Boelter equation to determine
hy or to experimental error; however, it is ap-
parent that the position of the curve is sensitive
to values of hp.

As the bulk heating temperature 75 has been
used as a reference the value of the index 689 in
equation (25) associated with the film coefficient
hp shows the degree to which actual film surface
temperatures and subsequent surface tension
difference forces are affected by it. The effect on
actual film surface temperatures is an aspect of
the established fact that wave motion and
rippling give rise to increased heat-transfer
rates which Portalski [11] mentions could be
largely due to the formation of eddies in liquid
films causing bulk mixing. Hsu ez al. [8] also
show that surface temperature differences causing
film breakdown are very sensitive to heat flux;
their experimental results in Fig. 11 indicate
the product of the beat flux and the actual length
of the distorted film to the dry patch is sensibly
constant for each set of readings of constant
Reynolds number.

defined by (Ao/oy). The surface tension difference
forces in the film surface producing distortion
are also related to the wave pattern as described
by the wave number (A/ag), the cause of uneven
heating.

In addition to the fundamental hydrodynamic
behaviour of the film there is a secondary effect
which influences the flow pattern and subse-
quently the surface tension difference forces.
Distortion causes variations in the local value of
Reynolds number which determines the position
of the inception of waves as shown in Fig. 6.
Irregularity produced in the line of inception
produces further irregular behaviour in the flow
pattern. This is similar to the effect of eccentricity
referred to in the section on experimental work.

X\x \\

10-0 \

12-:5

X £L=0:159 )

\ fe = 18I0
75

gX L=0044
+\ rRe =173

Distorted length of film at breakdown L in

+
5.0 \‘+ XA
\
M,
Ny
25 Mg
N
7 XL=0-020
Re =875
1l
0 5 i0 5 20

Flux input ¢ X102 Btu/s in?

Fic. 11. Effect of heat flux on position of dry patch for
different flow rates.
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Fi1G. 12, Variation of distortion factor v at breakdown of falling liquid film due to surface tension difference forces.

The movement of the line of inception of
waves with distortion and changes in the mean
value of Reynolds number can account for the
differences between the minimum wetting rates
determined and those of Norman and MclIntyre
[7]. Breakdown occurs soon after the inception
of waves, so before it can occur in a length of
3} in the mean value of Reynolds number
must be low enough and the distortion such as
to cause waves to appear within the 3% in
of tubing. It is indicated in Fig. 9 that breakdown
occurs at higher rates of flow and this is because
the dry patch forms outside this length.

It has been assumed throughout that the iso-
thermal flow pattern can be described by the
wave number (A/ao) which is not entirely true.
This assumption partly explains why values of
(Mao)(Ao/sr) decrease with Reynolds number, in
Fig. 10. Portalski gives the solution for the
differential equation (6) when it includes second-
order terms as

a= ap [1 + asinn(x — kt) +
0-28 o2 cos 2n(x —kt) —
2
a?sin2n(x — k) + .. ] (26)

X

4aobn3

where the coefficient of sin 2n(x — kf) is sig-
nificant for low values of n, though it decreases

rapidly with increasing values of n. The
sin 2n(x — kt) term is present as a resuit of
the lack of balance between the inertia and
viscous forces causing coalescing of waves. Then
the effective values of (A ag)(Acfoy) at low
Reynolds numbers could well be less than those
shown in Fig. 10 because of the more disturbed
film surface.

The phenomenon of breakdown of liquid
films can be explained in thermodynamic terms.
Surface energy at a high potential is introduced
by water from an upper reservoir and that at a
lower potential is rejected into a lower reservoir
after heating. Then the function (Ao/oy) defines
the maximum available energy for work that can
be utilized to distort and breakdown the film.
Much of it is realized when a dry patch is about
to form on the tube surface as the liquid in the
thinned region is close to the bulk heating
temperature and the surface temperature in the
thickest part of the roped film is comparatively
near the film inlet temperature. At onset of
distortion due to a given value of (Acjoy) the
wave number (A/ag) determines the actual sur-
face tension difference forces which do the work
of distorting the film. For breakdown the wave-
length A and the film of mean thickness ap must
be critically related. If the value of (A/ap) is less
than the critical value, i.e. when the value of
Reynolds number is higher than that given by
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the minimum wetting rate, the greater frequency
of the waves does not produce a sufficient
temperature difference to cause enough dis-
tortion of the thicker film to break it down.

Thermodynamic reasons suggest that no
matter the value of the heat flux input the
amount of work required just to break down the
film should be a constant for a given Reynolds
number of film flow. The experimental results of
Hsu et al. (Fig. 11) indicate this. They infer that
for each flux case where the flow rate is the same
the surface tension difference forces in the film
surface do the same work when acting on the
same fundamental flow pattern because the total
energy input, ¢ x L Btu/s in, is a constant.

If other liquids are considered it can be seen
from the definition of (A/ag) and the coefficient
of sin 2n(x — kt) in equation (26) that the single
curve in Fig. 12 is not going to be applicable.
This follows because at the same Reynolds
number the flow pattern will be different, giving
rise to different surface tension difference forces
for the same value of (Ag/oy).

CONCLUSION

The breakdown of liquid films during heat
transfer is related to surface tension difference
forces set up in the film due to uneven heating
caused by a complicated wave flow pattern. For
water, a correlation has been obtained from
which it is possible to predict minimum wetting
rates, but as the wave pattern is not solely a
function of Reynolds number, minimum wetting
rates for other liquids will be different.
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Résumé—Cet article a pour objet I’écoulement sous 'effet de la pesanteur d’un film liquide sous-
refroidi et sa rupture pendant le transport de chaleur en tant qu’étude préliminaire a celle du “‘coup
de feu” dans le cas de I’écoulement diphasique. Les modifications hydrodynamiques du film dues a
des différences de tension superficielle sont considérées a I’aide d’une analyse mathématique rigoureuse
pour des systémes isothermes. Une corrélation, faisant intervenir une expression mathématique du
nombre d’onde (A/ao) pour I’écoulement isotherme, est obtenue dans le but de prédire les débits d’eau
lorsque la rupture se produit pour des conditions données de chauffage:

0,0058 (‘—;\;) (ffﬁ) (1(}11_30)“'3 _ (4_129);0'63

Zusammenfassung—Als vorldufige Studie zur Untersuchung des burnout in der Zweiphasenstrémung
wird ein unterkiihlter fallender Fliissigkeitsfilm und sein abreissen wihrend des Wirmeiiberganges unt-
tersucht. Die hydrodynamischen Verianderungen des Films infolge unterschiedlicher Oberflichenspan-
nungen werden mit Hilfe einer streng mathematischen Analysis fiir das isotherme System beriicksich-
tigt. Eine Beziehung die den mathematischen Ausdruck fiir die Wellenzahl ()/ao) der isothermen
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Stromung einschliess wurde aufgestellt um den Durchsatz von Wasser beim Abreissen fiir gegebene
gegebene Heizbedingungen zu ermitteln; sie lautet

0,0058 (aio) (.ﬁ.‘f’) (1_38_6)"'8= (%);o,es

AmBoTamua—DB craThbe pasGupaeTcd caydalt majaiomell mIeHKH HefOTpeTol JKHAKOCTH M
HapyUIeHNe PerKuMa 8 TedeHNA MOJ BOBHEHCTBHEM TEINIOBHX IOTOKOB. OTO MCCIeNOBaHHE
HOCTABIEHO B CBA3M C fABIGHMEM BHIOpaHuMs B ciay4ae asyxdasmoro Teuenua. Ha ocuome
TIIATEILHOTO MATEMATHYECKOTO AHANN3A MB0TEPMMUECKMX CHCTEM DPACCMOTPEHH TIHApO-
ZMHAMIYECKAE K3MEHEHNHA MUIIEHKHU, 0GYCIIOBIICHHEIE PA3HOCThI0 CHII IIOBEPXHOCTHOTO HATAME-
unA, JlnA JAHHEX YCIOBME HArpeBa YCTAHOBIEHO COOTHONIEHMe, CBA3HBAIIEe PACXOX
BOJIEI C BOJHOBHM 9HCIOM (A/@) H30TEPMUYECKOrO TeUeHus, B BUJE

1) (a0) (hayo_ 40g)
0,0058 (ao) ar/ \1000 T\ u/s



