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A liguid film flowing down along a heated solid surface may be substantially influenced
by the Marangoni effect, which arises from the existence of a surface tension gradient that
is induced by the variations of surface temperature in the transverse direction of the film,
causing appreciable contraction of the film. In this work, the governing equations for
laminar falling liquid films over a heated plate with constant surface temperature were
solved and the surface temperature profile of the film was obtained. By considering the
surface tension gradient and shrinkage characteristics in the brim of the heated film, a
shrinkage model that gives the film interfacial area was derived based on the experimental
infrared images. A comparison of the model with experimental data shows that the model
can satisfactorily describe the flow characteristics of falling heated films. The model is
expected to be useful for the design and operation of falling film equipments. © 2005
American Institute of Chemical Engineers AIChE J, 51: 2899-2907, 2005
Keywords: heat transfer, Marangoni effect, falling films, shrinkage model

Introduction

Falling films are usually used as the heat- and mass-transfer
media in industrial equipment such as vertical condensers, film
evaporators, and absorption towers.! In the processes of heated
falling films, heat transfer occurs and interacts with film flow,
leading to the variations of the liquid properties, especially
viscosity and surface tension. Several researchers>? indicated
that the variations of liquid viscosity (thermoviscosity effects)
would affect the film flow, whereas the nonuniformity of the
surface tension at the liquid—gas interface, usually referred to
as the Marangoni effect, could strongly influence the flow
dynamics and thus the heat transfer.*

In recent years, interfacial instabilities of heated films such
as the formation of surface waves, breaking of a stream into
rivulets, and evaporation/termination of the liquid layer at a
contact line, have been observed and theoretically analyzed.5-'°
Joo et al. studied the interfacial instability mechanism of heated
falling films and derived a long-wave evolution equation to
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describe both the surface wave and the thermocapillary insta-
bility that were caused by either the gravity or the surface
tension gradient. They concluded that the coupled temporal
instabilities could create surface deformation and lead to an
array of rivulets aligned with flow at moderate flow and heat-
transfer rates.!® In 1997, by completely solving the governing
equations for the heated falling film, they further performed the
three-dimensional simulation of the instabilities and rivulet
formation. It was found that the spontaneous rupture and riv-
ulet formation occurred even in a thin film under the combined
influences of thermocapillary and surface-wave instabilities.>
The Kabov research group*!!-13 successfully performed exper-
iments of heated falling films and developed a theoretical
model to describe the influence of the Marangoni effect that
was induced by the temperature and concentration gradients
along the liquid—vapor interface. Very useful correlations for
heat-transfer coefficient and film breakdown (including surface
tension effect) were obtained, and the instabilities of a thin
falling film, resulting from the Marangoni effect, were indi-
cated to have a pattern of “regular horseshoe-like structures.”
This pattern of instable flow caused a decrease of the heat-
transfer coefficient with an increase of the Reynolds number.*
Skotheim et al.° also worked on the instability of the heated
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Figure 1. Shrinkage of the heated film.

falling films and showed that the surface tension gradients
induced by the temperature difference, curvature pressure,
gravity, and heat conduction could all influence the shape and
stability of the steady flow profile. A model based on the
long-wave evolution theory was proposed to describe the sta-
tionary curvature of the film and its stability, which were in
good agreement with experimental data.

There are several studies on the dry patch forming in liquid
films flowing over a heated surface. Some researchers!+1®
reported that the Marangoni effect induced by the surface
tension gradient could substantially affect the dry patch forma-
tion. Zuber and Staub'4 observed the effects of the thermocap-
illary, the vapor thrust forces, as well as the forces arising from
flow and surface wetting, on the dry patch. They thus presented
a reasonable analysis for the prediction of the conditions that
would permit a dry patch to form and remain stationary in a
liquid film flowing over a heated surface. Shi and Zhang!¢
analyzed the breakage of subcooled liquid film flowing down
onto a heated plate with a simplified transverse deformation
model and a dry patch model. The length of deformation area
and critical film thickness were expressed as functions of
surface tension coefficient and heat flux in their models, vali-
dating their analysis.

As a liquid film flows down over a heated surface, the
variation of surface temperature occurs in both the streamwise
and the transverse directions. The streamwise case arises from
heat transfer and surface wave, whereas the transverse case
arises from different flow rates in the brim of the film. Such
temperature variations generate surface tension gradient and
thermocapillary phenomena that are effective on the film flow.
However, most of the work mentioned above took into account
variations of surface temperature only in the streamwise direc-
tion. The variation in the transverse direction was usually
ignored. In fact, the temperature gradient in the transverse
direction is usually much higher than that in the streamwise
direction (Figure 1) and might be more effective to heat trans-
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fer and film flow because the gravity-driven flow dominating in
the streamwise direction is absent in the lateral direction.® This
neglect may cause the correlative theory to stray largely from
the experimental observation. In 2001, using water as the
working fluid, our research group'” performed experiments for
the heat transfer of falling films (under no-evaporation condi-
tion) on a heated/cooled smooth stainless steel plate. It was
found that the heated film was obviously contracted to form an
inverse trapezoid, whereas the cooled film was expanded to
form a right trapezoid. The width of the falling film decreased
with increasing heating temperature, and vice versa. Actually,
the shrinkage of heated film or expansion of cooled film was
concluded to arise from the surface tension gradient in the
transverse direction. For a heated film, temperature in the brim
was higher than that in the center because of the slower flow
and the sufficient heat transfer in the brim. This resulted in
much smaller surface tension in the film margin than that in the
center. The contraction of the film occurred under the effect of
such surface tension gradient from brim to center of the film. In
the case of the cooled film, the higher surface tension in the
margin than that in the center leads to expansion of the film,
which is completely opposite to the results obtained for the
heated film. An infrared image is shown in Figure 1 to illustrate
the surface temperature field of the heated liquid film that has
initial uniform temperature. Different colors in the thermogra-
phy represent different temperature magnitudes: the darker the
color, the lower the temperature. The horizontal black solid line
indicates the upper position of heater edge. It can be clearly
seen that the heated film below the black solid line could be
divided into two sections: the uniform central part, with an
almost constant temperature, and the rim parts between dashed
lines and boundaries of the film. The dashed lines are identified
as temperature sidelines for the heated film. The transverse
temperature curve of the heated film, located at about 0.05 m
down from the upper edge of the heater, was recorded and
shown in Figure 2 to have much higher temperature at the
edges (the two peaks in the figure). Therefore, the evident
surface tension gradient (shown by the arrow in Figure 1)
attributed to the temperature gradient in the rim part apparently

Figure 2. Transverse surface temperature of the heated
film.
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Figure 3. Heated falling film.

contracted the film, resulting in a substantial reduction of the
interfacial transfer area.

Because of the absence of fundamental information concern-
ing the hydrodynamics of the liquid film, mass- and heat-
transfer analyses for industrial falling film equipment are still
based on empirical methods in general. In a wetting wall
column or a packed column the partial pressure driving force is
determined by the conditions in the gas phase and the equilib-
rium concentrations of the solutes in the solvent. The remain-
ing factors affecting the mass-transfer rate are the mass-transfer
coefficient and the interfacial transfer area. The information
that would permit separation of those two factors was not
available, leading to the use of a combined coefficient, K,
where K is the mass-transfer coefficient and « is the mass-
transfer area per unit volume. Because K and « are both
independent functions of the liquid conditions, use of a com-
bined coefficient makes a rational analysis difficult.'® As for
heat-transfer equipment, the heat-transfer rate is determined by
the interfacial area and the temperature difference between
working fluid and heater. The interfacial area, usually regarded
as the mechanical area of the heater, is overestimated because
the heated liquid film could not completely cover the solid
surface. The breakage of the liquid film and the dry patches
may be frequently encountered in various common industrial
heat- and mass-transfer equipment.

Therefore, for both heat- and mass-transfer processes, an
understanding of the liquid film characteristics, especially the
interfacial transfer area, is quite important. Based on the ex-
perimental infrared images done in this study, a governing
equation for a heated film flowing down a vertical plate of
constant wall temperature was presented to calculate the tem-
perature profile of the falling film. Then, a shrinkage model
will be further developed by taking into account the effect of
the transverse temperature gradient on the film flow and Ma-
rangoni flow and be validated by designing and carrying out the
experiments of heated falling films.

Theoretical
Model of heated liquid film flow

As shown in Figure 3, the surface of a thin liquid film
flowing down a vertical plate under the gravity emerges with
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small waves. Compared with the average film thickness 6, the
heights of these waves are negligibly small, so that the film
surface can be regarded as smooth, as shown in Figure 4.
Saouli'® theoretically investigated heat transfer of a laminar
falling film along an inclined plated with constant heat flux to
successfully obtain the velocity and temperature profiles. In
this work, a two-dimensional model for a fully developed
laminar falling film over a vertical plate of constant wall
temperature would be presented to obtain the film temperature
profile in the central part.

Because the inertia term in the momentum equation is neg-
ligibly small compared to the body force term, the momentum
equation in the direction x of gravity is simplified as

5 +pg=0 (1)

where u, is the velocity component in the x-direction; u, p, and
g represent the dynamic viscosity, liquid density, and gravita-
tional acceleration, respectively. Because the temperature dif-
ferences in both the x- and z-directions are very small com-
pared to the temperature difference in the y-direction of the
film, and flow rate in the z-direction is also negligible com-
pared with u,, heat transfers by convection in the z-direction
and by conduction in the x- and z-directions are all neglected.
Then, the governing energy equation can be expressed using
the following equation

aT(x, y) 9*T
T )

where a = Mpc, represents for the thermal diffusivity.
The boundary conditions of no slip at the wall and no stress
in the film surface are used for the momentum equation

y=0 u, =0 (3a)
=3 au‘"—o 3b
y= 9y (3b)

The energy boundary conditions are as follows:

To y

P
. -

velocity y
distribution
X
A

Tw

Figure 4. Physical model and coordinate system.
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Initial Temperature of the Film

7(0, y) = T, (4a)
Constant Temperature of the Plate Surface

T(x,0) =T, (4b)
Adiabatic Film Surface

aT(x, o) B

ay (40)

Integrating Eq. 1 leads to the expression of the velocity

profile of the film
2
ux=u,,,[l—<1—§)] (5)

where

1 (pg
U, = 5 <;) 62 (6)

The liquid mass flow rate per unit perimeter is
I3}
Q==f pu.dy (7)
0

Substituting Eq. 5 in Eq. 7 generates the expression of the

liquid film thickness
3 173
8:< MQ) ®

p’g

Thus, by combining Eqs. 2 and 5, the energy equation can be
rewritten as follows

y\? aT(x,y) 9T
u’”[l_<l_8)]ax_a8yz &)

The following dimensionless variables were defined

ax u(y)
082 U(Y) =

m

y
=5 X=

m

(x,y) — Ty

T
O, ¥) =777 (10

By substituting Eq. 10 in Egs. 9 and 4, neglecting the entrance
effects, separating the variables, and integrating Eq. 9, we have
the following expression

12 6 1
O(X, Y)Z?X'Fg(l—Y)z—g(l—Y)4 (11)
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‘ X
Figure 5. Shrinkage of a heated film.

Equation 11 is the working expression for the temperature
profile of the liquid film.

Model for the shrinkage of heated film

Consideration of the surface tension gradient in the rim part
and its effect on the heated falling film, suggests a model, as
illustrated in Figure 5, for the expression of the film shrinkage
in the initial section. The film is postulated to be symmetric to
the central line (x-axis) of the film so that it is sufficient to
analyze only one side of the film. In Figure 5, the z-direction is
normal to the x—y plane as shown in Figure 4. For distinguish-
ing the two parts of the film flow, a dashed line is drawn
between the uniform central part and the rim part. The film in
the uniform central part is assumed to be of constant thickness
0 and constant flow rate Q, whereas the liquid within the rim
part is regarded as flowing along the channel regulated by the
dashed line and the contact line AB. Moreover, D stands for the
width of the rim part and (o, — o,,cos 0)/D is the surface
tension gradient in the rim. ¢, and o, represent the surface
tension at the temperature of 7(x, &) and T, respectively. T(x,
0) represents the surface temperature of the liquid film in the
uniform central part, and 7, the temperature of the plate
surface. By neglecting the effect of gravity and inertia force
that are negligibly small in the z-direction, the momentum
equation in the z-direction of the rim becomes

62uz—o 12

The boundary conditions are as follows:

At the Wall
u, =0 (12a)
At the Film Surface
du, dJo
[.LEZ Ecosﬁ (12b)

where u_ is the velocity component of the liquid flow in the
z-direction and £ is the angle of the tangent to the contact line
with the x-direction.

By integrating Eq. 12 across the film using the above bound-
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ary conditions and incorporating the Marangoni flow rate in the
liquid layer as given by Kabov,!2 the velocity in the z-direction
is derived to be

— o,c08 0) |
K= ap  CosB (13)
where 0 is the contact angle along the contact line.

According to the illustration in Figure 5 we have u_/u,, = tg3
and cos B = u,/Vu,, + u>. Then Eq. 13 becomes

_ (o, —o,c080) u, "
“TTT 4D Ji+d (1

Defining

sz(dx_ ag,COos 0) (15)

and rearranging Eq. 14, lead to the following expression

2\ 1/2 172
u, = LE u 1+ £ -1 (16)
z 2 m u2

m

As the liquid film flowing down x distance on the heated
plate, the shrinkage width AZ on one side of the film is

Xlum
AZ = f u.dt (17)
0

where 7 represents the time and x/u,, is the time duration for the
film flowing over x distance.

Substituting Eq. 16 into Eq. 17 produces the following
expression

AZ—N/EJAKI—FW)UZ—I]Uzd (18)
2 u? .
0

m

It is assumed that the surface tension o decreases linearly
with the temperature: ¢ = o, + WT — T,); then Eq. 15
becomes

(o, — o,c08 0) = a,,(1 —cos 0)

C=m m[

+YT—T,)] (19)

where T = T(x, ). Wheny = 8, Y = 1, Eq. 11 is reduced to
12

O(X, 1) =5 X (20)

By substituting Eq. 10 in Eq. 19, the following equation is
obtained
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T(x, 8)—T0712 ax 51
T,— T, 5 u,d @D

The temperature of the surface without stress can thus be given
as

12 ax
T(x, 8) = T() + ? ATW (22)
where AT =T, — T,.
Substituting Eq. 22 in Eq. 19 gives
C= 1 0 A 12 ax 1]1=A
74“/7[) O'w( — COS )+‘y T?m_ = 0+Kx
(23)
where
Ay = o 24
o—m(UO—UWCOS 0) (24)
OYyAT 12 a 3vyATa
oy Y 25)

K= 4uD 5 u,, 8> - SpuDu,,d

By combining Eq. 23 with Eq. 18 and then integrating, the
shrinkage width of one side of the film can be finally expressed
as

2u,
AZ = \’?? [(S;/2 _ Sg/Z) _ 3(S)](/2 _ S(l)/Z)]

x€[0,x] (26)

where

u nu,, 4D 0
K 31 Ma,
u, 5D P’

xX=x, when T(x,8) =T,

where x, represents the length of the contracted film; uu,, /0, is
denoted as a dimensionless parameter called the Capillary
number; Ma, = yAT8/ua stands for Marangoni number, which
is a nondimensional measure of the surface tension gradient;
and Pe = u,,6/«a is denoted as the Péclet number. Equation 26
provides a new way to numerically calculate the shrinkage
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hot water
]

hot water
—

Figure 6. Experimental system.

Legend: 1: test section; 2: liquid collection vessel; 3: liquid
storage tank; 4: pump; 5: upper tank; 6: rotameter; 7: fluid
distributor; 8: liquid exit gap; 9: infrared camera; 10: com-
puter.

width of a liquid film flowing down a heated vertical plate. It
implies that the shrinkage width is affected by the flow rate, the
physical properties of liquid, the temperature difference of (7,
— Ty), and the initial width of the liquid film (contained in the
three nondimensional parameters uu,,/o,, Ma,, and Pe). D, the
width of the rim part, is also a very important parameter. The
transverse temperature gradient and surface tension gradient
are enhanced as D decreases, resulting in dramatic film con-
traction.

Experimental
Experimental setup

To determine the unknown variable D and to obtain the
shrinkage width of the heated film, an experimental setup as
shown in Figure 6 was designed. The test section [900 X
300 X 6 mm (length X width X thickness)] of the stainless
steel plate was carefully polished. The experiment was ex-
pected to allow the liquid film to flow down at a scheduled flow
rate over the vertical plate, being indirectly heated by hot water
at a preset temperature. The surface temperature of the plate
could be maintained by the hot water at a given temperature.
The cool water source, used as the experiment media, was also
maintained by a storage tank at a constant temperature. Dis-
tilled water in the storage tank was pumped to an upper tank

and then flowed down to the test section at a scheduled flow
rate. The flow rate ranging from 0.03 to 0.36 kg m™ ' s~ ' was
measured with a rotameter. The liquid from the upper tank
entered a fluid distributor installed in the upper position of the
test section. The liquid exit gap could be adjusted manually to
create liquid films of different thicknesses according to the
needs of the experiments. The liquid flowing down the plate
was collected by a vessel and recycled to the storage tank. Five
Pt-100 thermal resistances were also installed to measure the
temperature values of the film inlet and outlet, storage tank,
upper tank, and the air near the film, respectively. The uncer-
tainty of these temperature values was within =0.1°C. The
surface temperature and the shape of the film were determined
by a highly sensitive infrared camera, Therma CAM ™
SC3000 (FLIR Systems, Inc., Portland, OR). Because the film
edge was very thin, temperature at the edge of the film was
regarded as the surface temperature of the wall, T,,.

The initial temperature of the falling water film was set and
maintained at several constant values during the experiments
(T, = 20-35°C). The temperature of plate surface 7T, was
controlled as the temperature of hot water ranging from 30 to
70°C. The physical characteristics of working fluid and basic
experiment parameters are given in Table 1.

Characteristics of heated falling liquid films

The experiment shows that the flow of the heated falling
liquid film is mainly affected by the temperature difference (7},
— T,) and the film flow rate. As (T}, — T,) increases, the liquid
film apparently contracts and becomes very narrow. The reason
is that the surface tension gradient in the transverse direction of
the film is enhanced. The effect of the flow rate on the shrink-
age of the heated film flow is quite complex. On one hand, a
fast film flow rate is beneficial to the lateral expansion of the
film. On the other hand, both film temperature and the rim
width D decrease with an increase of flow rate, and the trans-
verse surface temperature gradient correspondingly increases
in the rim of the film. Therefore, the surface tension gradient is
also increased, thus apparently causing the film to contract. For
example, as shown in Figure 7, the heated film at a flow rate
0.03 kg m~ ' s~ ! is quite narrow, but then increases appreciably
with liquid flow rate, increasing from 0.03 to 0.12 kgm™'s™'.
However, when the flow rate is >0.12 kg m ' s~ ', the film
width starts to increase slowly. Interestingly, the quick liquid
contraction is found only near the entrance, but the width tends
to keep constant to the end after the liquid flows beyond a
certain distance. This phenomenon may imply that the effect of
viscous force and the lateral expansion effect of the liquid flow
are finally balanced with Marangoni effect in the transverse
direction of the film.

Table 1. Physical Characteristics of Working Fluid and Operation Parameters

Physical Characteristics

Operation Parameters

Working fluid: distilled water

Initial temperature, T,,: 20-30°C

Density, p: 995.3-998.5 kg/m?

Viscosity, w: 7.16-9.90 X 10™* Pa - s

Surface tension, o: 70.6-72.9 dyn/cm

Heat conductivity, A: 0.5997-0.6241 W m™~' k™!

Flow rate, Q: 0.03-0.36 kg m ™' s~
Temperature of hot water, 7,: 30-70°C
Reynolds number, Re = 4Q/u: 137-2024
Prandtl number, Pr = Cpu/A: 4.79-6.91
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Figure 7. Shapes of heated films at different flow rates.

T, = 20°C, T,, = 70°C, x*= —x. Units are inkgm ™' s~ ': (1)
0.03; (2) 0.06; (3) 0.09; (4) 0.12; (5) 0.15; (6) 0.18; (7) 0.24;
(8) 0.30; (9) 0.36.

Results and Discussion
Calculation of the rim width

As mentioned above, D represents the width of the rim part
and (o, — o,,cos 0)/D stands for the surface tension gradient in
the rim. With a decrease of D, (o, — o,,cos 6)/D consequently
increases and the Marangoni effect in the transverse direction
of film becomes intensive. According to Figure 2, the rim part
of the heated film is not flat but protuberant in the cross section.
This bulgy structure is considered to result from the combina-
tion of the central film flow and the shrinkage of the film.
Generally, the cross section of the rim part can be assumed to

D
rim part central part
/ I T(x,3)
Vay
© | | o }

|

O Tw : |

B P T

Figure 8. Cross section view of the rim part.

B, boundary of the film; P, peak of the rim; T, transitional
point from the rim to central part of the film.
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Figure 9. Variations of D with £ and 6.

be semicircular, as illustrated in Figure 8, where 6 in the figure
stands for the thickness of the uniform central film. 8p repre-
sents the peak of bulge and 6 is the contact angle of the liquid
film on the plate. By using the geometrical analysis, the width
of the rim part can be expressed as a function of 6, 8, and ép

_ &dsinf [ 2 ,
D_(l—0056)+8\/(1—c059)(8_1)_(8_1) @7

where

op = €d e=1 (28)
where 6, 6, and the factor e are, respectively, functions of
physical properties of the liquid, the temperature difference
between T, and T(x, 8), and film flow rate. It is obvious that D
increases with increasing film thickness 8. 6 is given by Eq. 8
when the temperature is set to the average value of the inlet and
outlet of the film. As an example for computing thickness of
heated films at the temperature of 7, = 20°C and T,, = 70°C,
variations of D with & and 0 at a flow rate of 0.24 kg m ™' s™!
are illustrated in Figure 9. As can be seen, D decreases notice-
ably with an increase of 6. In fact, the wettability of the liquid
on the solid is highly related to the contact angle 0: the larger
the contact angle, the less the wettability of the solid, leading
to the smaller value of D. In addition, an increase of D with the
factor € can be found in Figure 9, which is clearly understand-

0.06

—u—0.36kg/(m.s)
—%=—0.24kg/(m.s)
—o0—0.18kg/(m.s)
004 —x—0.0%kg/(ms) "
—%—0.06kg/(m.s) 4
-

AZ(m)

0.02+

O#O’—O___O,._
o I
Ty gk kR

0.00 | aa=4=—4

0.00 0.08 0.16 0.24 0.32
x(m)

Figure 10. Variations of AZ vs. x.
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Figure 11. Variations of Z with x and liquid flow rate.

able because of the semicircular structure of the cross section
of the rim in Figure 8. Moreover, D varies slightly when 0
>50° (Figure 9). 6 = 50° can be regarded as the upper limit of
the contact angle of the liquid on the plate, which is consistent
with the fact that the receding contact angle of the distilled
water on stainless steel flat plate ranges from 12 to 46°.2° In
addition, it should be noted that the width of the rim D
increases along the downstream and finally reaches a maximum

0.00
—=—0.24kg/(m s)
—26(e=1.5, 8=50")

0.06}F

g

*

o

012}
\ J
018} \ J
L J
-0.05 0.00 0.05
Z(m)
0.00
—8—0.09kg/(m.s)
26(e=2.5, =30,
-0.06 | .
£
*
<
012} .
018} .
-0.03 0.00 0.05
Z(m)

Figure 12. Comparisons of experiments with calculations.

T, = 20°C, T, = 70°C.
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(Figure 1). Therefore, in the actual calculation of the shrinkage
model, the average D over the contracted film was used instead
of the D at a certain distance of x.

Results of calculation

The shrinkage width AZ of the heated film (7, = 20°C, T}, =
70°C) was calculated from Eq. 26. As shown in Figure 10, AZ
increases with the increase of the distance x of film for all the
liquid flow rates. AZ also increases with decreasing liquid flow
rate at the same x. Such phenomena are in accordance with the
variation of the film boundary vs. flow rate, as shown in Figure
7. Additionally, the value of AZ at two flow rates of 0.06 and
0.09 kg m™' s~ ! differs substantially from values at other flow
rates, indicating the insufficient coverage of the film for the
plate.

If Z, is assumed to be the initial width of the film, the width
Z at distance x can be calculated as

Z=27,—2AZ (29)

As shown in Figure 11, Z decreases with decreasing flow rate
and is dramatically reduced as the flow rate is lower than a
certain value.

0.00
—s—0.18kg/(m.s)
—— 26(e=2, 8=50°)
0.06}
g
*><
-0.12}
0.18}
-0.05 0.2)0 0.05
7.(mm)
0.00
\\ —+»—0.06kg/(m.s)
2 26(e=3.5, 8=30")/f
\ /
006F /!
e N
* 0.12 \\ n
l\ / "
\ /
-0.18} | /
\ /
-0.05 000 0.05
Z(m)
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Comparison of the model with the experiments

Comparison of the calculated results by the shrinkage model
with the experimental data is made and shown in Figure 12.
The symbols represent the measured film boundaries, whereas
the single lines are results calculated from Eq. 26. The calcu-
lations were in good agreement with the experiments at higher
flow rates of 0.24 and 0.18 kg m~' s~!, with deviations of 3.8
and —3.3%, respectively. With decreasing liquid flow rate, the
deviations increase to —5.6 and —10.9% at flow rates of 0.09
and 0.06 kg m~' s!, which are still acceptable from an
industrial perspective. This implies that the model can accu-
rately describe the shrinkage of heated falling films and thus
accurately present the interfacial area. In addition, the model
can be extended to a more realistic level by including the
effects of evaporation at the film edge, the effect of temperature
on viscosity variation, and other dynamic parameters. This will
be the focus of future work.

Conclusions

The characteristics of heated falling films over a vertical
stainless steel plate have been investigated both experimentally
and theoretically, and the following conclusions were made:

(1) From infrared thermographic experiments of heated film
flowing down a vertical stainless steel plate, it is shown that the
liquid film is heated and contracted from the beginning stage of
the entrance to form the shape of an inverse trapezoid. The film
shrinkage and the noticeable transfer area reduction are attrib-
uted to the surface tension gradient that results from the vari-
ations of temperature in the transverse direction of the film.
This indicates that the Marangoni effect arising from the exis-
tence of surface tension gradient seriously affects the falling
film process.

(2) The governing equations for a laminar falling liquid film
over a vertical heated plate of constant surface temperature
were solved and the temperature distribution was obtained for
the exact expression of Marangoni effect in the heated film.

(3) A model describing the characteristics for the shrinkage
of heated falling film was established with consideration of the
film flow over a vertical plate and the surface tension gradient
effect in the transverse direction of the film. Comparison with
the experiments demonstrated that the model could accurately
describe the shrinkage characteristics of the process.
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