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Abstract

The Kelvin—Helmholtz instability of evaporating thin falling film flow in vertical tube is studied by method of energy
analysis. Based on the rules that the interfacial capillary waves come from the balance of works done by inertial force,
surface tension on phase-change interface, and also capillary force on tube wall, the stability behaviors of falling film
with different Reynolds number and different perturbation wavelength are explored in detail. The analysis indicates that
the main reason of film breakup by increasing tube wall heat flux is that, the stability effect of capillary adsorbability on
tube wall is weakened as surface tension waving is enhanced by improving tube wall temperature. © 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Falling film heat transfer has long been the subject of
numerous studies owing to its great importance in nu-
clear energy, power engineering, chemical processing,
and also, in seawater desalination [1-8]. The inherent
advantages of falling thin film flow are short contact
time between the process fluid and heated surface, high
heat flux, minimal pressure drop, minimal static head
and small process fluid holdup [6]. Short contact time is
a key factor endows special attraction to using falling
film evaporation in MED (multi-effect distillation) sea-
water desalination system, which can avoid seawater
scaling formed on the tube surface. High heat transfer
coefficients are always desired in MED system where the
temperature difference between source vapor and evap-
orating film is small. Absence of static head minimizes
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boiling point elevation of brine solution, which increases
heat transfer temperature difference.

Sustaining liquid contact on the heated wall is most
crucial in the application of falling liquid film. When the
heated wall is no longer in intimate contact with the
liquid, the safety of the evaporating system will be
threatened by the rapidly rising wall temperature, as so-
called the critical heat flux (CHF). This motivates the
extensive concerns of instability analysis of falling film in
the past decades. A number of investigators have at-
tempted to elucidate the mechanism of the falling film
flow in terms of the characteristics of the waves, the
effect of surfactants and the thickness of the film based
on both theoretical and experimental studies [9-14].
However, the understanding of the mechanism of falling
film instability is still far from enough.

The energy analysis was introduced for film-wise
condensation in inclined small/mini-diameter tube [15],
and also, the correlating factors and the Kelvin—-Helm-
lotz instability for falling condensing liquid film in ver-
tical mini-tube with interfacial waves were reported
recently by author [16]. In the present study, an ana-
lytical model employing energy consideration is formu-
lated to explore clearly the characteristics of interfacial
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Nomenclature

Awave cross-sectional area of wave profile

¢ evaporation number, ¢ = (k(Ty, — Ts))/(p;vh)
E(y) work generated or energy

F force

hyy latent heat

k conductivity of liquid film

q heat flux

R inner radius of tube or vapor constant
r radical position, or 1/r, the curvature
T temperature

u the average velocity of liquid film

y distance from tube wall, or y=R —r
z axial position

Greek symbols

o wave number, o = 216/ Az,
p the angle between wavy interface and tube
wall

Y temperature coefficient of surface tension
average thickness of liquid film

the amplitude of the waves

wave length

viscosity

density

surface tension

QA D = e

Subscripts

0 axial position where wave spreads to
tube wall

Bernoulli effect

initial perturbation wavelength
phase-change interface

liquid

saturation or surface tension

vapor

tube wall

g<u—"mw

waves of evaporating falling liquid film. This analysis
may be helpful for understanding the mechanism of ef-
fects on falling evaporating liquid film instability.

2. Analytical model

The physical model to be analyzed is illustrated
schematically in Fig. 1. The falling liquid film is in its
symmetrical laminar flow inside a vertical tube with in-
ner radius R and with constant tube wall surface tem-
perature Ty, to form a vertical annular flow. The tube
wall temperature is higher than the saturation temper-
ature of liquid film, T, so falling film can remove the
heat from tube wall by free evaporation on phase-
change interface. Neglecting mass loses due to evapo-

Ae |0

| Waving film
A p T

0 ! Initial film
position

v

Z

Fig. 1. Physical model.

ration, the thickness of liquid film, J;, can be assumed
uniform within the perturbation wave length, Ag.
Falling liquid film flow being instability in nature,
any initial disturbance induces a waving vapor-liquid
interface. Occurrence of finite amplitude capillary waves
is responsible for such an appearance. The interfacial
temperature will fluctuate also because of wavy interface
and evaporation. This will lead to the variation of sur-
face tension on interface, and in turn, lead to mass
transfer due to thermal-capillary force. Some assump-
tions can be taken as: static vapor phase with constant
vapor pressure, which equals to that of smooth liquid
film; at an initial stage of growth, the amplitude of the
waves, (, is equal to 0 with initial perturbation wave-
length Ag; during the growth of waves, the cross-sec-
tional area of axially symmetric wave profile remains
constant; the pressure drop from the base to the top of
the liquid lump is small enough to be neglected; and the
wave profile can be expressed as cosine function, i.e.,

¥(z) = 6 + {cos(az/dy), (1)

where, o = 21,/ g is the wave number.

According to the theory of Kelvin—-Helmholtz insta-
bility [17], such capillary waves can be promoted in
amplitude due to the suction force at the wave crest, Fg,
developed as a result of the Bernoulli effect. In addition,
the capillary force, Fs, caused by waving film bending in
radial direction will restrain the interfacial waving.
Shown as the dashed line in Fig. 1, while the waves
spread to the tube wall, the enhancement of falling film
instability will be restricted accordingly by capillary
adhesion force, F,,, between the wall and the fluid. Thus,
the interfacial waving behaviors should be established
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by the equilibrium of these forces. The work generated
or energy involved, E(y), by the capillary force, Fs,
Bernoulli force, Fg, and also, the possible adhesion force
on tube wall, F;,, in displacing the wave crest, can be
obtained as

y—9)
E() = / Fo(0) — B(0)]dC, for <y <28 (2)
and,

w)= [0 -RE2 [ ROE

for y = 26,.

Among in Eq. (3), what concerned is the wave’s be-
havior around film breakup, while the axial move of
wavy interface can be neglected, so no other works by
forces in axial direction, z, except for adhesion capillary
force on tube wall, F,, are included.

Taking continuous variation of the wave amplitude
as disturbance of the energy system, explore the insta-
bility of evaporating falling film by energy varying
caused by above-mentioned forces. As long as the total
energy provided by suction force is greater than that
required for working against capillary forces, E(y) re-
mains positive so that the wave crest will continue to
grow up, which indicates that the system has enough
energy to enhance the film instability. However, as
E(y) <0, the crest starts reverting and the system
doesn’t acquire the ability to maintain interface waving
increasingly. So, £(y) = 0 means the minimum energy
state of the system and the most possible state of the
waving interface as there is no more residual energy in
displacing wave crest. The parameters in Egs. (2) and (3)
can be calculated as follows:

One can obtain from Eq. (1):

20:%00s4<—§>, 4

Wheres A= /IE and Awave = 51/1E> for C< 51; as € > 51,
Awave = f_"zo y(z) dz, therefore

),:Awave/{%cos’1 (—%) +% sin {cos’1 (—%)
(5)

Differentiating z, with respect to {, yields

b | L 5\, 4 —1 AN
T ﬂd—écos(f)+ﬂ7/152/¢z<?) ’
(6)

where, d4/d{ can be determined from differentiating Eq.

(5).

I}

Because the wavelength A is much smaller than the
tube length, the pressure drop within the respect of order
of wavelength can be neglected. Also according to as-
sumption of constant vapor pressure and initial pressure
equilibrium between phases, we can induce the Bernoulli
force in normal direction for one point on wavy inter-
face from Bernoulli Equation as:

Fa(.0) =5 @ — ) ™

in which, % is the average velocity of liquid film; and
#=m-[R—(R—)]/[R>— (R—y)’], is the average
velocity of liquid film at the radial position of (y — dy).

The interfacial capillary force on waving film surface
can be drawn from the well-known Young-Laplace
Equation as:

1 1
Fs(0) = *le(m+m) (8)
with
[ 4 C)
o [L+y @77,

While the waves spread to tube wall, the adhesion
force on the wall surface can be expressed as

2 ) o)

Nw,zy R

Fy(0) = —oy cos[)’<

where f is the angle between wavy interface and tube
wall, ie., 1gB ='|.,; and

[ )
Mo (L+y T

z=z)

Only heat conduction in laminar liquid film is taken
into consideration, the heat flux between tube wall and
evaporating falling film, ¢, can be then obtained as

Ty —T;
g— kDT, (10)
y
where k is the conductivity of liquid film.
For thin falling film evaporation, the surface heat
flux can be expressed as [18]:

S

1/2
~c(5mzz) PRITO) T (1)

among which, ¢ = (k(T,, — Ts))/(p;vhy), is the evapora-
tion number.

Combined with Egs. (10) and (11), one can obtain the
waving interfacial temperature as:
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1) =

Ly, cpuy (1 "
y k 2TERTS

1 cp i 1\
_+('pV v 5 .
y k 2nRTg

Giving a criteria temperature 7, around the satura-
tion temperature Tg, and also, the corresponding surface
tension, gy, we can express the surface tension in Egs. (8)
and (9) as

on(y) = 00 = y[T(y) — T (13)

This equation embodies the influence of thermal-capil-
lary effect on instability of evaporating falling film due
to interface temperature fluctuation.

(12)

3. Numerical results with discussions

Typical numerical analysis are reported here for thin
evaporating falling water film of 1 mm in initial thick-
ness and 0.1 MPa in pressure in vertical tube of 30 mm
i.d. If no special mention, the temperature drop between
the vapor and tube wall surface is taken as AT = 5 °C.

The results are illustrated in Fig. 2, in which the
horizontal coordinate is the non-dimensional distance
between wave crest and initial interface position,
(y — 1)/ The two-phase flow system with smooth
phase-change interface in its unsteady equilibrium. Once
the interface begins to wave, the suction forces increase
at first, due to the pressure drop between two phases,
which promotes the waving. Subsequently, the surface
tension that restrains the interfacial waves increases
gradually. The combined effect of the forces tends to
make the wavy interface realizing a somewhat stable, the
energy involved for such process, E£(y) is illustrated in
Fig. 2.

As shown in Fig. 2(a), at the same initial wavelength,
increasing Reynolds number of film, Re, will increase
film velocity. According to Eq. (7), this means more

obvious effect of Bernoulli force, and in turn, results in
the increases of energy involved in enhancing the phase-
change interfacial instability.

The effect of initial perturbation wavelength on film
instability is illustrated in Fig. 2(b). For falling film in
vertical tube, there may be two converse effects of cap-
illary force on film instability at different interface status.
As [1/ryo + 1/(R — y|._,)] <0, capillary force, F, is the
factor to restrain the interfacial waves. Otherwise, Fs can
be also enhance film instability. Increasing perturbation
wavelength (decrease of wave number) will increase the
radius of curvature at wave crest, 1,9, and hence, the
centripetal part of capillary force becomes dominating,
the instability of film increases gradually. This may in-
dicate that those waves with longer perturbation wave-
length are easier to become instability.

Fig. 2(c) shows the effect of tube wall temperature
variation on film flow instability. While the interfacial
waves spread to tube wall, corresponding to
(v —d1)/d, = 1, the energy involved in displacing wave
crest, E(y), may decrease sharply because the adhesion
force, Fy((), restricts rising trend of the wave, which
prevents the thin film from breakup. At conditions of
interfacial evaporating, the waving film may also result
in the fluctuant of surface tension. As shown in Egs.
(12) and (13), surface tension increases with decrease
of interface temperature in wave crest and decreases
with increase of interface temperature in wave trough.
Improving heat transfer temperature difference,
(T — Ts), will enhance the fluctuant of interface tem-
perature, means that the stability effect of capillary
adsorbability on tube wall is weakened with the de-
crease of surface tension between liquid and tube wall.
As shown in Fig. 2(c), higher tube wall temperature,
more energy may be involved in improving interface
wavy. It can be thus deduced that, increasing tube
wall heat flux continuously to some extent, the system
energy of promoting film waving at (y—9,)/d =1
may becomes positive, that is to say, liquid film
breakup takes place.
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Fig. 2. Energy involved in displacing the wave crest. (a) Influence of Reynolds number, o = 0.48. (b) Influence of wave number,
Re = 300. (c) Influence of the capillarity on the wall surface, Re = 200, « = 0.40.
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4. Concluding remarks

Energy analysis has been adopted to examine the
behavior of wavy interface for thin evaporating falling
liquid film in a vertical tube. The effects on falling film
waving of inertial force of flow, surface tension on
phase-change interface and adhesion capillary force on
tube wall are explored. The present study gives rational
explanations to film instability enhancement due to in-
crease of Reynolds number and perturbation wave-
lengths. The analysis also indicates that the main reason
of film breakup by increasing tube wall heat flux is that,
the stability effect of capillary adsorbability on tube wall
is weakened as surface tension waving is enhanced by
improving tube wall temperature.
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