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Lateral wetting angle of falling film in dense fluid
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Abstract

An investigation of the wetting ability of a liquid-falling film on vertical steel and glass surfaces is performed by measuring the thick-
ness and the width of the water falling film at 313 K up to 27 MPa. An attempt to reconstruct the two-dimensional cross-section of the
falling film was made. The cross-section of the falling film is assumed to have the shape of a circular segment.

The falling film wetting angle is compared with the sessile drop contact angle. The sessile drop contact angle represents the upper limit
of the film wetting angle. A continuous increase in the mass flow at a constant pressure causes the spreading of the film. This happens
when the force balance between the interfacial tensions and the dynamic forces, which deform the film geometry, is exceeded. However, if
the pressure increases, the wettability goes down. This is partly due to the accumulation of liquid mass, which is caused by a larger
buoyancy.

The critical mass flow, that is, the minimum mass flow needed to guarantee a wide covering film is reported. The disintegration point
of a liquid film is directly affected by its wettability.
� 2007 Published by Elsevier Ltd.
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1. Introduction

In process engineering, numerous processes make use of
a wide falling film. This is a liquid (e.g. water) which flows
under the influence of gravity down a flat vertical support
material such as glass or stainless steel. Regarding the heat
and mass transfer, it is important to have adequate knowl-
edge about the exchange geometry in the process. In the
past, it has been assumed that the whole area of the sup-
port material provided can be entirely covered by the liquid
film, and thus, the exchange area is equal to the whole
available area. In the literature [1–3], the film thickness is
often estimated by means of the Nusselt film condensation
theory [4] which assumes a shear-stress-free-flow. Such a
simplification does not take the wettability of the system
and the surface shear stress into account.
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Speaking about the wettability of a liquid on a solid
material, it nearly always concerns only the static sessile
drop [5,6]. But in fact, in most industrial processes, liquid
– driven by the gravitational force – flows along a solid
material. It is therefore important to know the wetting abil-
ity of a flowing liquid on a vertical surface in a dense fluid
environment, and how that compares a static contact
angle. Kern [7] and Towell [8] reported on the optical,
direct method of measuring the falling film wetting angle,
but Kern’s main interest was the hydrodynamics. There
was no report on the magnitude of the wettability and of
a universal parameter which can be used as a measure for
the wetting. Furthermore, the measurement method is best
applied at atmospheric pressure, not at high-pressure
conditions.

The focus of the present paper is the study and the char-
acterization of the wettability of falling liquid films on a
vertical wall under the presence of dense carbon dioxide
by means of a universal measure, i.e. the wetting angle that
serves as the wetting parameter. A stability study of the
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Nomenclature

b film width
R circle equivalent radius of film cross-section

Greek symbols

a0 angle
d thickness
h0 film wetting angle/contact angle
r interfacial tension

Subscripts

F film
lv liquid–vapour
sl solid–liquid
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falling film and its dependence on operating conditions is
included at the end of this report.

2. Experimental

Falling film experiments are performed in an approxi-
mately 350 ml pressure-resistant-view-cell made of stainless
steel. The view-cell is designed for a maximum temperature
of 393 K and a maximam pressure of 50 MPa (see Fig. 1).

Liquid can be pumped directly from the high-pressure
vessel onto the wall in the view-cell. The wall has dimen-
sions of approximately 115 mm � 15 mm or an area of
1725 mm2. Through the windows, the formed falling film
can be recorded by means of a camera. By taking pictures
from two sides of the view-cell, the film thickness and the
wetting area can be recorded simultaneously and the fig-
ures can be analysed by means of image processing
software.
Fig. 1. Experim
In this work pure water is used as the film phase and
pressurized carbon dioxide as the continuous phase. Solid
materials used in the experiments are glass and stainless
steel. The experiments are performed at 313 K and up to
27 MPa at a water mass flow between 1 g/min and 9 g/min.
3. Results and discussion

3.1. Qualitative

Some authors [8–12] distinguish between a rivulet and a
falling film. A falling film is a continuous, wide-covering
liquid flowing along a vertical wall. In contrast, a rivulet
is a streamlet whose width and thickness are of the same
order of magnitude [12]. Such a distinction is not made
in this work. The whole experiment is performed in a
high-pressure chamber having a viewable width of only
18 mm. The ratio of the liquid film’s width to its thickness
ental setup.
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is quite large. It varies from 5 to 25 depending on the solid
material studied and the operating conditions. It is justifi-
able to speak of a falling film in this case. Furthermore,
it is believed that the wetting of a wider film can only be
better than that of a rivulet. The knowledge obtained in
this study increases the understanding of the wettability
of a wide falling film.

The recording of pure water film on steel (1.a–1.e) and
on glass (2.a–2.e) surfaces at different operating conditions
can be seen in Fig. 2. Comparing the images with each
other, obviously the film width depends on the system pres-
sure and the film flow rate. The liquid does not always take
Fig. 2. Film wetting area on steel (1) and on glass (2) surfaces. The magnificati
glass surface.
the shortest path between two points (as in Fig. 2(1.c)), but
meanders instead [6] (Fig. 2).

The side projection, which shows the film thickness, can
be observed in Fig. 3. An even film surface such as shown
in Fig. 3a is rather an exception. Normally, the film surface
is wavy and the waviness itself is influenced by the operat-
ing conditions, such as the system pressure and the film rate
of flow. Increasing the pressure at a constant flow rate
causes a higher buoyancy experienced by the film due to
the smaller difference in density between the phases. The
liquid is retained and accumulated. As a result, a thicker,
uneven film such as shown in Fig. 3c and d is obtained.
on used to record films on steel are different from that applied for films on



Fig. 3. Film thickness seen from the side view.
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A further increase in pressure causes film disintegration
(Fig. 3e).

If the flow rate is increased and the pressure kept con-
stant, the waviness can be reduced. A large increase in
the flow rate causes not only an even film surface but also
a wider and thicker film, so that the wettability cannot be
judged solely by means of the film width or its thickness.
3.2. Measurement results

The film measurement results on steel and glass surfaces
at 313 K can be seen in Figs. 4 and 5. On the steel surface,
in a pressure range of 0.1–27 MPa, the film thickness varies
from 0.4 mm to 0.9 mm. An increase in the flow rate from
6 g/min to 9 g/min does not result in any appreciable effect
on the film thickness. Due to the irregular film thickness
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Fig. 4. Film thickness on steel and glass surfaces as a function of pressure.
and the film width along the distance, the reported results
are the mean values.

Looking at Figs. 4 and 5 it can qualitatively be con-
cluded that water wets steel better in gaseous states than
it does in supercritical carbon dioxide. Under increasing
pressure the film width remains nearly constant while film
thickness rises.

As on the steel surface, the film thickness on the glass
depends nearly linearly on the pressure and varies from
0.1 mm to 0.5 mm. The film thickness on the glass is smal-
ler than the film thickness on steel. This thin film is proba-
bly not only due to the smaller water flow rate but also
controlled by its own wetting characteristics. The film
width has a kind of parabolic dependence on the system
pressure. It varies from 1 mm to 2.5 mm.

The film geometrical data does not allow a direct inter-
pretation of the wetting ability of the water film on a glass
surface. One parameter which contains and therefore com-
bines two sets of information – the thickness and the width
– will be needed in order to characterize the wettability of a
system clearly and universally.
4. Falling film wetting angle

4.1. Theory

The width and the thickness of the falling film are used
to reconstruct the film geometry. For this purpose, theoret-
ically, the film is cut perpendicularly to its flow direction as
shown in Fig. 6a. It is assumed that the cross-sectional area
has the shape of a circular segment [8,12,13] as shown in
Fig. 6b and c. The film’s lateral wetting angle h0 is defined
as the angle between the tangent at the three-phase-con-
tact-point (see Fig. 6b) and the solid surface, or, according
to the contact angle definition, the angle between the vec-



Fig. 6. Theoretical approach in understanding the wetting phenomena by means of the wetting angle. Circular film cross-section is assumed.

3612 Y. Sutjiadi-Sia, R. Eggers / International Journal of Heat and Mass Transfer 51 (2008) 3608–3614
tors of the solid–liquid rsl and the liquid–vapour interfacial
tension rlv in the x–y plane (see Fig. 6). The film’s lateral
wetting angle is calculated according to Eq. (1) when the
wetting angle is less than 90�

h0 ¼ arcsin
2bdF

b2 þ d2
F

 !
: ð1Þ

In unwet cases, that is, when the wetting angle is equal to
or larger than 90�, it is calculated according to Eq. (2)

h0 ¼ a0 þ
p
2
; ð2Þ

with the definition of a0 as it is shown in Eq. (3)

a0 ¼ arcsin
dF � b

b

� �
; ð3Þ

b is half of the film width, dF is the film thickness, h0 is the
film wetting angle and a0 is the angle gained when the right
angle is subtracted from h0 (see Eq. (2)). The circle equiva-
lent radius of the cross-section is calculated by applying
Eq. (4)
R ¼ b2 þ d2
F

2dF

: ð4Þ

When the wetting angle is larger than 90�, that is, the film
thickness dF is greater than half of the film width b, the cir-
cle equivalent radius is equal to b.

4.2. Water falling film wetting angle

The calculation results of the water film wetting angle on
steel and glass surfaces at 313 K can be seen in Fig. 7. A
comparison is shown between the sessile drop contact angle
[14] and the falling film wetting angle at different mass flow.
It is obvious that in the whole pressure range, the sessile
drop contact angle represents the upper limit of the falling
film wetting angle. If there is no respective data available in
the literature, the sessile drop contact angle can be used by
rule of thumb as a prediction of the falling film wetting
angle. The difference between the sessile water drop contact
angle and the water film wetting angle on both steel and
glass surfaces, ranges between 10� and 20�. In general water
film wettability decreases when the pressure is increased.

The increase of the wetting angle due to the rise in the
mass flow (Fig. 7) leads to the conclusion that the extra
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amount of liquid added onto the vertical surface accumu-
lates in the y-direction (Fig. 6), and so causes a thicker film.
But this only occurs when the available force which results
from the interfacial tension rlv is able to hold the whole
geometry stable. Once the force equilibrium point is
reached, that is, the supplied force is just as large as the
one needed to maintain the film geometry, no more liquid
can be added in the y-axis. A further increase in mass flow
will cause a spreading of the film. This spreading can be
explained two ways. The first is the force inserted by the
pump which acts in a disruptive way. Higher mass flow
means simply an increase in this disruptive force which
promotes the spreading.

The second explanation is a geometrical one: having the
same area, a cross-section with a smaller wetting angle but
a larger circle equivalent radius delivers a greater length in
circumference (see Fig. 8). This in turn, provides larger
interfacial force. Interfacial force is the force gained by
multiplying the interfacial tension by the circumference
around which the tension acts. The attempt to enlarge
the circumference does not take place as long as the sup-
plied force is enough to hold the whole film construction
in the x–y plane stable. As soon as the force is exceeded,
for instance by an increase in the flow rate, liquid needs
Fig. 8. The lengthening of circumference due to spreading of drop. A
wetting angle decrease from 80� (a) to 40� (b) causes a 150% rise in the
circle equivalent radius and a 22% increase in the circumference whereas
the drop area remains unchanged.
to move sideways and thus spreads in order to provide
the required additional force. Thereby the whole construc-
tion is held stable by changing its own geometry to a more
advantageous one. For example: decrease in the wetting
angle from 80� to just half, that is 40�, delivers – at a same
cross-sectional area – a circle equivalent radius which is 2.5
times larger than the former one and gives a 22% increase
in the circumference (see Fig. 8).

A direct comparison between the wettability of the
water film on a steel and a glass surface shows us that glass
– like the cases of sessile drops [10,11] – is better covered by
the film. The wetting angle on glass varies from 10� to 60�.
On steel, the angle ranges between 50� and 110�. The poor
wettability of the water film on steel surfaces can also be
seen in the circle equivalent radius of the cross-section cal-
culated according to Eq. (4). On steel the radius ranges
between 0.5 mm and 0.8 mm whereas on glass it varies
from 0.6 mm to 2.5 mm.

5. Film instability

The water film wetting angle becomes smaller with
decreasing flow rate as can be seen in Fig. 7. But decreasing
the flow rate consistently causes an instability in the film
flow. Instead of flowing continuously down the vertical
plate, liquid stagnates and accumulates at certain points
on the wall. At the beginning there is a mixture of liquid
film and liquid drops, which are created by the narrowing
down of the film (see Fig. 2, image (1.d) and Fig. 3e). This
mixture flows unsteadily down the wall. The critical mass
flow at which falling film becomes unstable is called
break-up- or film disintegration-points. In Fig. 9 the
break-up-points of water film on glass and steel surfaces
up to 27 MPa can be seen. For both liquids the break-
up-points increase as the pressure goes up. This agrees very
well with the wetting angle data reported before (Fig. 7),
where the wettability decreases as the pressure increases.
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Fig. 9. Critical mass flow of water falling film on steel and glass surfaces
at 313 K.



3614 Y. Sutjiadi-Sia, R. Eggers / International Journal of Heat and Mass Transfer 51 (2008) 3608–3614
For the system of water film on a glass surface, only the
beginning of the film disintegration is shown in Fig. 9. At
and above this rate of flow a pure film regime can be
expected. Below the given rate of flow, there will be either
a mixture of film and drop or only water drop.

The top of the bars in Fig. 9 shows the start of film dis-
integration on steel, that is to say, the end of the pure film
regime. The lower end of the bar shows the end of the film-
drop regime. This also indicates the start of the pure drop
regime from which only drops flow unsteadily down the
wall. The bar itself represents a transition zone, from the
film regime down to the drop regime. The same pressure
effect, as on glass, can also be observed here.

6. Conclusions

The geometry of a falling film of water flowing down a
stainless steel or glass surface by gravitational force has
been measured. The flow may be decelerated by the wall,
the buoyancy and the shear stress on the film surface.
For easier handling of measurement data, and thus gaining
clearer characterization of the wetting ability, the lateral
film wetting angle h0 is introduced.

Comparing the results of the wetting angles of water
films with the sessile drop contact angles on both, steel
and glass surfaces, it can be stated that the tendency of
the wettability of water on these media remains the same.
The wettability on a vertical wall also decreases when pres-
sure rises. The sessile drop contact angle represents the
upper limit of the film wetting angle on both solid surfaces.
Depending on the operating conditions, the difference
between the two varies from 10� to 20�. Water film can,
under all investigated operating condition, wet a glass sur-
face better than a steel surface.

An increase in mass flow up to a certain value leads to a
decrease of the wettability of water. However, a further
increase in the film rate of flow beyond this limit causes film
spreading.

In contrast, a continuous decrease in the water mass
flow will destabilize the film. The film disintegrates into
droplets. At this point, the available amount of flowing
liquid on the surface is not enough to guarantee a wide cov-
ering film. The mass flow at which a film breaks into drops
is referred to as the critical mass flow. On both surfaces, the
critical mass flow increases if the pressure is raised.
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[1] W. Brötz, Über die Vorausberechnung der Absorption-
sgeschwindigkeit von Gasen in strömenden Flüssigkeitsschichten,
Chem. Ing. Tech. 26 (8/9) (1954) 470–478.

[2] W.L. McCabe, J.C. Smith, P. Harriot, Unit Operations of Chem-
ical Engineering, fifth ed., McGraw-Hill, New York, 1994, pp. 325–
346.

[3] A.B. de Haan, J. de Graauw, Mass transfer in supercritical extraction
columns with structured packings for hydrocarbon processing, Ind.
Eng. Chem. Res. 30 (1991) 2463–2470.
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