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1. Introduction
Liquid film flows are widely used in industrial applications and for example offer solutions
for problems associated with the cooling of mechanical parts and electrical components
where, for an optimum design of industrial devices, detailed knowledge about the different
heat transfer phenomena in falling films is required. This chapter focuses on the three
dominating aspects, such as
•
formation and development of quasi-regular metastable structures within the residual
layer between large waves;
•
thermal-capillary breakdown of laminar-wavy falling film and
•
thermal entry length.
1.1 Thermal-capillary metastable structures and thermal-capillary breakdown
Typically, a decrease in film thickness leads to an increase of the heat and mass transfer.
However, very thin films are prone to flow breakdowns, which cause dry spot formation. In
extreme cases, the appearance of dry spots and, as a consequence, a drastic reduction of the
heat transfer at the solid liquid interface may lead to thermal destruction of the carrier
surface.
There are several mechanisms leading to the appearance of dry spots: evaporation of liquid
within the residual layer, i.e. between large waves, film separation due to interaction with
the surrounding gas flow, a boiling crisis in the liquid film, a thermo-diffusive and thermocapillary breakdown of the film due to concentration gradients or a temperature gradient on
the film surface. For the thermo-capillary caused flow of fluid near the surface in falling
films a detailed understanding is missing so far.
Some insight into thermo-capillary phenomena have been provided by the experimental
study of (Kabov & Chinnov, 1998 and Kabov et al., 2001). These studies comprised
investigations of slightly inclined heating surfaces in the small Reynolds number range
where inertia can be neglected and as a consequence the free surface developed a twodimensional stationary bump above the heater due to thermo-capillary Marangoni effects
only. At a critical value of the heat flux from the heater to the liquid the bump developed an
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instability in the transverse direction that took the form of rivulets at the downstream edge
of the bump. The first experiments relative to Marangoni instabilities were shown in the
work by (Slattery & Stuckey, 1932) by draining a liquid film. Later, (Ludviksson & Lightfoot,
1968) formulated a hydrodynamic stability analysis of the problem, presented in (Slattery &
Stuckey, 1932).
Jet formation in laminar-wavy flow was visualised recently by (Chinnov & Kabov, 2003). In
this case the falling film is wavy through the hydrodynamic instability. Kalliadasis and coworkers (see for example Trevelyan & Kalliadasis, 2004; Scheid et al., 2005; Ruyer-Quil et al.,
2005) in their theoretical works showed that at small Reynolds numbers increasing the
Marangoni number leads to larger amplitudes and speads of the solitary pulses since the
two instability modes (Kapiza and Marangoni) reinforce each other. On the other hand, in
the region of large Reynolds numbers the destabilising Marangoni forces are weaker than
the dominant inertia forces. Investigations (Pavlenko & Lel, 1997; Pavlenko et al., 2002) also
revealed the presence of regular structures in the form of alternating jets and dry spots in
the flow of saturated laminar-wavy liquid films with intense evaporation or boiling.
For the study of thermo-capillary phenomena in falling liquid films information about the
surface temperature and the film thickness field is needed. The surface temperature
distribution can only be found using non-invasive techniques. (Yüksel & Schlünder, 1988)
used a pyrometer for the investigation of the temperature of the falling film’s surface. This
point technique requires a complex mechanical periphery for the determination of a surface
temperature field.
This can be achieved more easily using a focal-plane-array IR camera (Klein et al., 2005).
This approach has been pursued in this study. In addition, the camera used here attains a
frame rate of up to 2,000 frames per second depending on the size of the array (Al-Sibai et
al., 2003). Therefore, the surface temperature distribution of the entire film within the test
section can be measured at the same time with a high temporal and spatial resolution. The
disadvantage of the camera is that the detector chip requires a more complicated calibration
procedure than a single point pyrometer and thus the pyrometer is better suited if absolute
temperature measurements are required.
The thickness distribution of three-dimensional waves in laminar falling films was
investigated by (Adomeit & Renz, 2000) using a fluorescence technique. A small amount of
sodium-fluorescine (C20H10Na2O5) was added to the film as a fluorescent tracer. The tracer
irradiates a bright orange light when exposed to UV-light. The emitted fluorescent light was
recorded by a CCD camera equipped with a UV-filter and the brightness distribution was
converted into the film thickness field using a calibration procedure. The error of this
technique is approximately 0.02 mm, while the film thickness lies in the range of 0.1 up to
2.0 mm. Its disadvantage is the complicated calibration procedure and the dependence of
the emitted light on the temperature. This can be avoided when studying falling films using
excited waves (Alekseenko et al., 1994). In this case point thickness measurements can be
transformed into field data, because the consecutive waves arise in the same places.
1.2 Thermal entry length of falling films
Only few publications relating to the thermal entry length of falling films are available.
(Mitrovic, 1988) and (Nakoryakov & Grigorijewa, 1980) determine the thermal entry length
of smooth laminar falling films defining the thermal entry length Lδ as the average distance
between the beginning of a heated plate and the point where the thermal boundary layer
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arrives at the film surface. This approach was also adopted here. The results of (Mitrovic,
1988) and (Nakoryakov & Grigorijewa, 1980) yield a similar correlation for Lδ:
1

L δ = cRe 0

⎛ ν2 ⎞ 3
⎟
0⎜
⎝g⎠

4
3 Pr

(1)

differing only in the numerical value of the constant c. (Mitrovic, 1988) found a value of c =
0.0974, whereas in (Nakoryakov & Grigorijewa, 1980) has a value of c = 0.06. Here the
$ νB (Reynolds number),
following symbols are used Pr = ν/a (Prandtl number), Re = V/
$
V/B
(volume flow rate per test section width), a (thermal diffusivity), ν (kinematic
viscosity), g (gravitational acceleration).
When comparing laminar-wavy film flow with smooth laminar film flow, the influence of
the Reynolds number could change since an influence of the waves can be assumed. Also
the film thickness in the residual layer of laminar wavy films is smaller than the one of
laminar-waveless films at the same Reynolds number.
Furthermore, the solutions derived by (Mitrovic, 1988) and (Nakoryakov & Grigorijewa,
1980) presume constant material properties which do not comply with changing
temperatures in the flow, since due to the heating of the fluid the Prandtl numbers at inflow
(Pr0) and wall (PrW) temperature are different. With the temperature increase of the fluid its
Prandtl number decreases and thereby the thermal entry length decreases as well. Thus, the
ratio Pr0/PrW should be added to the thermal entry length correlation.
The thermal entry length can also be referred to as the length Lα between the beginning of
the heated section and the point from which on the heat transfer coefficient α remains
constant. According to (Mitrovic, 1988), the ratio Lα/Lδ is about 2.2 for laminar flow. This
means that the heat transfer coefficient takes much longer to reach a constant level than the
thermal boundary layer to grow up to the film thickness. The time averaged ratio Lα/Lδ
should be similar in laminar-wavy flow. Unfortunately, the local heat transfer coefficient
could not be measured in the present set-up and therefore this value could not be
confirmed.
Infrared thermography makes it possible to measure the surface temperature of the film
flow without disturbing it, provided the film is opaque (Kabov et al., 1995). In (Kabov et al.,
1996) an IR technique is used to determine the thermal entry length for a smooth film and it
is qualitative shown that this length decreases with the heat flux because of Marangoni
convection in the direction opposite to the main flow. Presented in Chap. 2.4 experimental
data of the thermal entry length of laminar wavy falling films were obtained by means of
infrared thermography too.

2. Experimental examination
2.1 Experimental setup
The closed-loop test facility is shown in Fig. 1. Silicone fluid is supplied from a liquid
distributor through an adjustable gap onto the 150 mm wide test section. The test section
consists of a vertical polyvinylchloride plate with a copper plate (130 x 70 mm² or 130 x 140
mm²) mounted in the hydrodynamically established region 330 mm downstream of the
distribution gap. At the end of the test section the liquid film flows into a reservoir. The
fluid is circulated by an adjustable piston pump. The flow rate is measured by a positive
displacement flow meter. The experiments were carried out in a Reynolds number range
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between 2 and 39. The variation of Reynolds numbers was limited by the pump capacity.
The entrance temperature of the liquid T1 is checked by a thermocouple in the liquid
distributor and is kept constant using a heat exchanger in the lower reservoir. Also, for
safety reasons the liquid temperature T2 is monitored with a thermocouple at a vertical
position parallel to the measurement area. In order to avoid disturbances of the film flow
this thermocouple is displaced sideways. The temperatures T4 within the heater is measured
at eight measurement points at distances of 6 and 10 mm from the surface. To excite regular
waves on the liquid surface a loudspeaker above the upper reservoir is used.
The heat flux is regulated by adjusting the voltage supplied to heating cartridges in the
copper plate. The average heat flux q$ ′′ in the experiments was set between 0 and 3.1 x 104 W
m-2. An error less than 3% was assessed taking into account that heat losses through the
isolation can be neglected. Silicone oils (Polydimethylsiloxane [DMS-T]) of different
viscosity were used as test fluids to allow for a variation of the Prandtl number Pr between
57 and 167. The material properties of the different liquids are presented in Table 1.
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Fig. 1. a) Sketch of the test facility, b) heater, c) position of the measurement devices (Lel et
al., 2008)
For description of the kinematic viscosity of DMS-T11 up to 100°C the Vogel-FulcherTammann-equation was used, (Dietze, personal communication).
η[Pa ⋅ s]=

exp(-3.748 +

1848.1
)
18 + T [ K ]

1000

.

(2a)

For the dynamic viscosity of DMS–T05 and DMS-T12 the linear dependencies were used:
⎡

2

⎤

⎡

2

⎤

⎡

ν ⎢ m ⎥ = 6.62 ⋅ 10-6 ⎢ m ⎥ - 7.37 ⋅ 10-8 ⎢ m
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for DMS–T12
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Experiments have been carried out at atmospheric pressure and ambient temperature.
DMS-T05
918
0.0197
-6.7
1,546
0.119
0.049
57
1,935,716

ρ (kg m-3)
σ (N m-1)
dσ/dT (N K-1m-1) (10-5)
cp (J kg-1 K-1)
(W m-1K-1)
ρ IR (9.0 < <9.5 m) (-)
Pr = ν/a (-)
Ka = (σ 3 ρ)/(g η4) (-)

DMS-T11
938
0.0201
-6.7
1,546
0.136
0.052
93
176,435

DMS-T12
950
0.0206
-6.7
1,546
0.145
0.055
167
14,037

Table 1. Physical properties for silicone fluids Polydimethylsiloxane (DMS-T) at T = 25°C
(Lel et al., 2007a)
2.2 Infrared radiometer
For the time-resolved recording of the temperature field an IR-camera CEDIP JADE 3 LW
with a 320 x 240 HgCdTe focal-plane-array has been used. The camera operates in the long
wavelength region between 7.7 and 9.5 m. Using an additional filter which blocks all
radiation below a wavelength of 9.0 m, it is possible to measure the temperature in a very
thin layer of the surface of the film (Al-Sibai et al., 2003). According to measurements
conducted at the Institute for Organic Chemistry at RWTH Aachen University (Fig. 2a) the
average absorption coefficient of the fluids at wavelengths between 9.0 and 9.5 m is
between αIR = 3 x 105 and αIR = 4 x 105 m-1. Average reflection coefficients in the relevant
range of wavelengths are included in Table 1.
a) 100

b) 25
0.005 mm
0.025 mm
0.05 mm
0.1 mm

20
reflectance, %

transmissivity, %

80
60
40
20
0
7.7

reflection
average 9.0 - 9.5 µm

15
10
5

8 .0

8.3

8 .6

8.9

wavelength, µm

9.2

9.5

0
7.7

8.0

8.3

8.6

8.9

9.2

9.5

wavelength, µm

Fig. 2. Optical properties of the silicone fluid DMS-T11. a) Spectral transmissivity for layers
of different thicknesses (Bettray, 2002), b) spectral reflectance (Mayerlen & Tacke, 2002)
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Knowing the absorption coefficient allows to estimate that 99% of the radiation is absorben
in a thin layer at the surface, having a thickness between 10 and 15 m. The spectral
reflectance of the silicone fluid was measured at another research institute (Mayerlen &
Tacke, 2002), whose results are presented in Fig. 2b. The average reflection coefficient in the
range of wavelengths between 9.0 and 9.5 m is ρIR = 0.052.
The sensitivity (NETD) of this camera is about 25 mK. The integration time of the IR-camera
varies depending on the range of working temperatures. For the given range of
temperatures it was set to 500 s. For a given set of parameters the film flow was recorded
over period of 5 s at a frame rate of 200 Hz. The surface area recorded was 70 x 108 mm or
140 x 216 mm. This is equivalent to a resolution of 0.33 x 0.33 mm2 or 0.66 x 0.66 mm2 per
pixel accordingly.
2.3 Chromatic confocal imaging
The film thickness was measured using a chromatic confocal imaging (CCI) technique (STIL
CHR-450, see Cohen-Sabban et al., 2001). Its measuring principle is shown in Fig. 3a. Light
from a polychromatic source passes through a semi-transparent mirror. Due to chromatic
aberration the lens splits the white light into a continuum of monochromatic images with
focal points at different distances. The measuring range (the distance between the focal
points of the shortest and the longest used wavelength) is 2.7 mm. The light is reflected from
the measured surface and conducted to the spectrometer. A spatial filter eliminates the
wavelengths which are not in focus on the measured surface. The wavelength for which the
spectrometer detects the highest intensity is the one in focus on the object. By means of a
calibration curve this wavelength is converted to a position in the measuring range. This
technique has been extended in (Lel et al., 2005) for measuring the thickness of falling liquid
films for adiabatic fluid flow. The film surface reflection signal (the wavelength FS, see Fig.
3b) is about ten times weaker than the one from the wall surface (the wavelength WS, see
Fig. 3b) and thus is often equal to the noise level, when the film surface is not parallel to the
wall. Therefore the film thickness measurement refers only to the signal reflected from the
wall. For the determination of the film thickness δr (Fig. 3b) the wall position y3 has to be
known before the start of the film thickness measurement. During the measurements only
position y2 is obtained. Then:

δW = y 2 - y 3

(3)

and
δr =

δ W n( WS )
n( WS ) - 1

(4)

Where n( WS) is the refractive index fort the wavelength WS, reflected at the wall surfaces.
In the case of heat transfer between surface and film, the heated copper plate expands in an
uncontrolled manner and consequently the original position y3 is displaced to position y3*.
To determine y3*, the signal from the spectrometer, which is obtained at the times, when film
and wall surfaces are parallel (usually in the residual layer between large waves), is
analysed for two maxima FS and WS and the corresponding positions y1 and y2 within the
measuring range of the optical sensor are calculated, Fig. 3b. The real film thickness and the
exact position of the wall y3* then can be evaluated using the optical law:
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),

(5)

) + y1 ,

(6)

and therefore
y 3* = (y 2 - y 1 )n(
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Fig. 3. a) Chromatic confocal imaging principle (Lel et al., 2005), b) light beam path through
a falling film (Lel et al., 2008)
For the determination of δW, the position y3* has to be inserted into Eq. (3) instead of y3.
The procedure of refractive index n( WS) determination is shown in Fig. 4. From the position
within measuring range y2 the wavelength WS is determined and converted to the refractive
index with the help of the dependencies shown in Fig. 4b.
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Fig. 4. The procedure of refractive index determination. a) Dependence between wavelength WS and position within measuring range, b) Dependence between wavelength
and refractive index for silicone fluid and water (Lel et al., 2008)
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2.4 Thermal entry length evaluation
The procedure of evaluating the thermal entry length from the infrared frames is shown on
the basis of the example in Fig. 5. There the nondimensional temperature of the film surface
according to Mitrović (1988) is shown in Fig. 5.b):

Θ=

TW - T
TW - T0

(7)

Two horizontal stripes, one at the top and one at the bottom of the heated section can be
seen (on the left and right sides in the image). The respective edges are shown as start and
end markers. These stripes are spanned over the film so that the beginning and the end of
the heated surface can be determined in the infrared recordings. The distance between both
corresponds to the length of the heated section.
To determine the entry length, a slice A-A with a width of three pixels in the centre of the
images was investigated. This procedure allows to average out faulty pixels within the
detector array and to reduce noise from the pixels. Within the slice the inflow temperature
for the film was identified by averaging over the first 10 pixels over all frames of each film.
Θ=

0.7
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endmarker
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Fig. 5a), 5b) Nondimensional temperature Θ at the film surface (Lel et al., 2007b)
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The graph of the nondimensional temperature distribution of the slice A-A, which is marked
in Fig. 5a), can be seen in Fig. 5b). Clearly visible are the two stripes that are spanned over
the film (the start and the end marker) in the beginning and in the end of the graph. The
inflow temperature can be distinguished as the plateau at Θ = 1, which varies in length over
time. This plateau is also the thermal inflow length as it is defined for the present work. The
noise in the data is smaller than the difference to the threshold value, ΔΘ < 0.01, which is
equivalent to about 0.1 K for the example shown.
The first steep decline in the nondimensional temperature marks the front of a cool wave
crest. Further downstream the residual layer is already heated up. In the direction of the
flow the residual layer becomes cooler again until another wave crest is reached. This
cooling is probably caused by the increasing thickness of the film. Measurements of the film
thickness endorse this assumption. The second wave crest is again at inflow temperature.
From the next wave crest on, an increase in the temperature can be determined.
At the certain momentary residual layer thickness the thermal boundary layer can grow to
film thickness before a wave appears. In this case the current entry length is smaller than the
distance between two large waves.

3. Regular structures within the residual layer
In this part the results of the visualization of the regular structures within the residual layer
by means of infrared thermography and CCI technique are presented.
Fig. 6 shows a typical IR picture of quasi-regular metastable structures within the residual
layer between large waves of laminar-wavy falling films. These structures propagate in flow
direction (x-direction), whereas in cross direction (y-direction) the alternating nature of the
structures, showing low and high surface temperatures can be determined. The distance
between the two hot stripes is shown in Fig. 6 as Λ. As shown in a recent publication (Lel et
al., 2007a), no dependence of the mean distance Λ between two hot stripes on the liquid
flow rate has been found. This result differs from the conclusion of (Kabov et al., 2004).
However the analysis of experimental data of (Kabov et al., 2004) shows, that almost all data
for laminar-wavy films have same order of magnitude as the ones of (Lel et al., 2007a). Only
the data for very low Reynolds Number (near to case of purely laminar film) have different
values of transverse sizes of regular structures Λ.
There are supposably two different mechanisms causing the development of regular
structures. The first mechanism is the development of a large bump, whose instability then
leads to the regular structures, with the wavelength being a function of Reynolds number.
This phenomenon has been described in detail by Kabov and co-workers (see for example,
(Kabov & Chinnov, 1998) and (Kabov et al., 2004). The second case relates to the information
of regular structures at the horizontal intersection points of larger, parabolic shaped wave
fronts. The distance between these points was found (Lel et al., 2007a) to be in the same
order as the critical length of the Rayleigh-Taylor instability and independent of the
Reynolds number.
The stripes of high surface temperatures lie behind the intersection of the parabola-shaped
waves and the temperature difference between the areas with the high and low
temperatures grow until the arrival of the next wave front. The temporal evolution of the
regular structure’s “head” between two parabola-shaped waves is shown in Fig. 6b. From
this series it can be seen, that until a time of 0.025 s, the top of the hot stripes (A) has no
pronounced characteristic. From time 0.025 to 0.05 s the “head” of the regular structures
rounds (B). Later it transforms to the mushroom form (C).
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Fig. 6. a) Typical IR picture of quasi-regular metastable structures within the residual layer
between large waves of laminar-wavy falling films, b) temporal evolution of the regular
structure’s “head” between two large parabola-shaped waves (zone marked in a), Re = 15,
q$ ”= 2.2 x 104 W/m² (Lel et al., 2008)

The structure’s “head” effect could be explained through interference of waves at the point
of intersection of two large parabola-shaped waves. The visualisation of falling films in the
work of (Alekseenko et al., 1994) and (Scheid et al., 2006) shows, that capillary waves in
front of large waves generate an interference pattern. Also from a recent work by (Lel et al.,
2005) has become clear, that the point with the minimal film thickness is always found
directly in front of large waves. Now, if interference effects exist in the area of intersection of
two large parabola-shaped waves, then these effects are strongest directly in front of the
large waves and their intersections. Thus, close to the position of minimum film thickness,
maximum film thickness gradients and the temperature gradients have to be expected.
There, Marangoni’s forces and the forces, induced by surface curvature (Laplace pressure),
exhibit maximum values.
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The effect of the “mushroom form” is not completely clear. Probably in the spanwise
direction (z-direction) only the viscous force is a counterforce to the Marangoni force and
the force, inducted by surface curvature. In contrast to this, in flow direction (x-direction)
the influence of gravitational and inertial forces could play a certain role. Therefore the
“heads” of the regular structures change their form from round (B) to the mushroom (C).
Fig. 7 and Fig. 8 show some results of the visualisation of quasi-regular metastable
structures within the residual layer between large waves of laminar-wavy falling films at
Reynolds numbers of approximately Re = 12 and 18 as a function of heat flux. In the first
rows, IR pictures of the surface are presented. The measurements without heat flux show a
uniform surface temperature (upper Fig. 7a.1). In the lower Fig. 7a.1 and in Fig. 8a.1 IR
pictures taken without black shielding are shown. These allow obtaining the information
about the wave front shapes from reflection of the ambience radiation. This information was
used for the film surface imaging, see (Lel et al., 2008).
In the second row of Fig. 7 and Fig. 8 the film thickness fields are presented. In the third row
film thickness and surface temperature profiles in the residual layer (directly in front of the
large waves) as a function of the horizontal position are shown. At the positions in the z
direction, where intersections of the parabola-shaped waves are located, the local film
thickness of the residual layer has a minimum in both cases. At the same time a temperature
distribution emerges whose extrema are distributed inversely. The differences between
maxima and minima of both, film thickness and temperature distribution, increase in
parallel with increasing heat flux [column (a)-(c)]. This observation confirms the assumption
of the thermo-capillary nature of structures within the residual layer between large waves.
Probably the nonuniformity of the surface temperature leads to a nonuniformity of surface
tension and as a consequence there is some mass transfer in z direction. This development
can be seen more clearly on the right hand side of the test section where the positions of the
parabola-shaped waves were more stable. Here, even the small stripes of lower
temperatures in the middle of the hot zones can be associated with small crests in the
residual layer (Fig. 7b zone A).
The spatially resolved averaged maximum, mean and residual layer film thickness are
shown in the fourth row of Fig. 7 and Fig. 8. It can be seen from the pictures a.4 in both
figures that the mean film thickness correlates very well with the Nusselt film thickness for
laminar flows. However, there is some uneven distribution in the z direction possibly
concerned with the external excitation of the film. With increasing heat flux there is a
decrease of the mean film thickness. On the one hand this could be explained by the
reduction of viscosity with increasing temperature, on the other hand cross flow into the
large waves and their acceleration could take place. In the position where the parabolashaped waves were more stable (right hand side of Fig. 7), the amplitude of the mean film
thickness distribution rises with an increase of the specific heat transfer, too. The maximum
and residual layer thickness decrease with increasing of the heat flux. The distribution of the
former becomes more scattered.
Further analysis of the film thickness fields of Fig. 7 and the temperature as a function of
time at the same measurement positions yields the corresponding flow wise profiles of film
thickness and surface temperature at different horizontal positions (from the middle of large
waves — row one, to the middle of the hot regular structures — row four) and heat fluxes
(from the heat flux equal to zero — column one, to the heat flux equal to 2.2 x 104 W/m²),
which are presented in Fig. 9. To ease orientation cut-outs from the film thickness fields of
Fig. 7 are presented in each picture and the horizontal position is indicated by a vertical line.
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Fig. 7. Regular metastable structures within the residual layer. a) Re = 12.0, q$ ’’ = 0 W/m²,
b) Re = 11.7, q$ ’’ = 1.22x104 W/m², c) Re = 12.0, q$ ’’ = 2.22x104 W/m², 1) surface temperature
field, IR picture, linear scale, 2) film thickness field, logarithmic scale, 3) film thickness and
temperature profile in the residual layer 2 mm ahead of the large waves’ front, 4) maximum
(δmax), mean (δm), residual layer (δres) and Nusselt film thickness (δNu), A: zone of double
structure. (Lel et al., 2008)
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It can be seen that the difference between maximum and minimum temperatures increases,
with increasing heat flux as well as with a change of the horizontal position from the middle
of large waves to the middle of the hot regular structures.
In Fig. 10 the non-dimensional film thickness as a function of the heat flux is presented. The
different symbols indicate different Reynolds numbers. Open symbols refer to a nondimensionalisation via the Nusselt film thickness at the inflow temperature, filled symbols
indicate the usage of the local temperature. It can be seen that the film thickness decreases
with an increase of the heat flux. This can be explained by the decrease in fluid viscosity.
However, in this case the ratio of mean film thickness to the Nusselt film thickness based on
the local temperature δm/δNu,local should be independent from the heat flux, which
obviously is not the case. It can be seen that the non-dimensional film thickness also
decreases with increasing heat flux for all Reynolds numbers. Where the local Nusselt film
thickness is calculated as:
1

δNU,local

$
⎛
⎞3
3V
=⎜
⎟
⎝ Wgν(Tloc ) ⎠

(8)

where W is the width of test section.
The local temperature can be calculated from the equation:

Tloc = Tin +

q$ ′′WL
$
ρVc
p

(9)

where L is the distance between the beginning of the heated section and the measuring
point, Tloc is the local fluid temperature at the position L, Tin is the inflow fluid temperature.
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Fig. 10. Dimensionless film thickness, measured 60 mm downstream of the start of the
heated section and averaged over the horizontal positions, as a function of heat flux, open
symbols divided by Nusselt film thickness at the inflow temperature, filled symbols divided
by local Nusselt film thickness. (Lel et al., 2008).
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This effect of the film thickness decrease and consequently the increase of the mean film
velocity can be explained on the basis of two phenomena. First, calculating the local
temperature Tloc from Eq. (9), does not take into account the temperature gradient in the
falling film in y direction. Close to the wall the viscosity is reduced due to higher
temperatures. Therefore, the upper layers of the film move faster in flow-wise direction.
Another possible reason is the Marangoni effect in flow-wise direction.
In the case of Marangoni flows being present, the fluid is transported from the residual layer
into the large waves under the influence of the nonuniformity of the surface tension in flow
direction. As a result the large waves transport more mass and the velocity of the large
waves is increased. This assumption qualitatively correlates with the results from (Scheid et
al., 2005), that the Marangoni forces could lead to the large amplitudes and speeds of the
solitary waves. To confirm the latter considerations more detailed experimental information
about mass, momentum and energy transport in the falling film is needed.
Upfront calculations have shown that the saturation pressure of silicone fluid in the air at
room temperature is psat < 5 x 10-5 Pa, and therefore the mass flux of evaporation at room
$ ’’ < 2 x 10-10 kg/m² s, thus, evaporation can be neglected.
temperature is m

4. Thermal-capillary breakdown of laminar-wavy falling film
4.1 Model of the thermal-capillary breakdown of laminar-wavy falling film
In this part a model of thermal-capillary breakdown of a liquid film and dry spot formation
on the basis of a simplified force balance considering thermal-capillary forces in the residual
layer is suggested.
In analogy to (Bohn & Davis, 1993) the force balance in the y-z plane within the residual
layer is considered, Fig. 11. Regular structures are formed in flow direction. Neglecting
friction between the fluid and the surrounding gas phase as well as inertial effects in the
fluid the balance between the forces of surface tension and the tangential stress becomes:

η

∂u z dσ dσ ∂T
.
=
=
∂y dz dT ∂z

(10)

Approximating Eq. (10) by a finite difference equation the characteristic “thermal-capillary”
velocity can be expressed as
)

)

Fig. 11. a) Schematic pattern of regular structures within the residual layer; b) Thermalcapillary breakdown within the residual layer (Lel et al., 2007a)
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(11)

where ΔTz is the characteristic temperature drop along lz. Contrary to the model suggested
in (Bohn & Davis, 1993) lz is not the characteristic length scale but equal to one half of the
distance between two structures as determined in experiments:
lz =

Λ0
.
2

(12)

In analogy to (Ganchev, 1984) dry spots may appear in the film when the time required for
thermal-capillary breakdown in the residual layer and the period between the passing of
two consecutive wave crests are of same order:
lz
1
, tW =
= W ,
U TC
fW c W

t TC = t W , thereby t TC =

(13)

and fW is he dominating frequency of large wave propagation, W is the length of large
waves and cW is the phase velocity of large waves.
Fig. 12 shows the energy balance inside an infinitely small element in a film in the x-y plane.
Neglecting the heat conduction in x direction and the convective heat transfer in y direction
we obtain the eqation:
ρcp u x

∂T
∂2T
∂q$ ′′
.
=
=2
∂x
∂y
∂y

y

x

cp ρ UxT
−λ

∂T
∂y

2

−λ(

c p ρ Ux ( T +

∂ T ∂ T dy
)
+
∂ y ∂ y2

∂T
dx )
∂x

Fig. 12. Energy balance in the residual layer (Lel et al., 2007a)
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Approximating this equation by a finite differential equation the typical temperature drop
over lx ≡ 0.9 W can be determined:

ΔTx =

q$ ′′W 0.9 W
,
δres ρcp U res

(15)

Where q$ ′′W is the heat flux at the wall, Ures is the average liquid velocity in the residual layer,
ρ is the liquid density and cp is the specific heat. The remaining ten percent of lx correspond
to the length of the wave front. The material properties are taken at inflow temperatures.
From the thermographic pictures as presented in Fig. 7.c.1, the temperature difference in x
and y direction can be evaluated. Thereby a proportionality can be determined.
ΔTz = k ⋅ ΔTx .

(16)

As for current data the constant of proportionality is in the range between 1 < k < 5. For
further considerations a value of k = 3 was assumed.
ΔTz = 3ΔTx .

(17)

Now, substituting expressions (16) and (15) into (11), we obtain:
U TC =

dσ 1 q$ ′′W 0.9 W 1
dT η l z ρcpU res 3

(18)

and (18) into (13):

1 dσ 1 q$ ′′W 0.9 λ W 1 c W
.
=
l z dT η l z ρc pUres 3 λ W

(19)

Solving Eq. (19) for q$ ′′W :
q$ ′′W =

1 c W ρcpU res η l z2
1 fW2 ρcpU res Λ 02 1
.
η
=
0.9 2W dσ
3
0.9 c W dσ
4 3
dT
dT

(20)

According to expression (20) the critical heat flux depends on the liquid properties, the
frequency of large waves and the typical transverse size of regular structures. If the
following dimensionless numbers are used:
2

Ma q =

dσ ⎛ ν 2 ⎞ 3
q$ ′′W
⎜ ⎟
dT ⎝ g ⎠
ρν

2

, Pr =

ν
a

⎛
f Λ
and K Λ = ⎜ W 01
⎜
⎜ ( νg ) 3
⎝

2

⎞
⎟ .
⎟
⎟
⎠

(21)

Equation (21) can be presented in the form:

Maq
PrK Λ
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Therefore, in Fig. 13 the experimental data for the dimensionless critical heat flux
(Maq/PrKΛ) are presented as a function of the Reynolds number. Only data which were
obtained on excited falling films (with the help of the loud speaker) were used, allowing to
keep the major frequency fW at a constant value. As can be seen Eq. (22) depends on the
relation between the mean velocity of the residual layer and the mean velocity of large
waves. In the literature many different analytical and empirical equations can be found for
these velocities as functions of the Reynolds number. For example in (Brauner & Maron,
1983) a physical model for the falling film is presented. In this case the ratio is constant:
U res
= 0.091 .
cW

(23)

Therefore the combination of dimensionless parameters from (22) is constant, too:
Maq
PrK Λ

= 8.43 × 10 -3 .

(24)

Equation (24) is in the same order for the dimensionless critical heat flux as the experimental
data, but the trend of the latter has a different inclination, see Fig. 13.
In (Al-Sibai, 2004) the same silicone oils were used as in the current experiments. Therefore a
better comparability could be given for dependencies from (Al-Sibai, 2004) as for other
correlations from literature. Since the thickness of the residual layer is relatively small the
Nusselt formula for laminar flow can be used:
U res =

2
gδres
.
3ν

(25)

In (Al-Sibai, 2004) an equation for the residual layer thickness can be found:
1
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Fig. 13. The dependence of dimensionless parameter Maq/(PrKΛ) versus Reynolds-number.
Points experimental data (Lel et al., 2007a)
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1

δres

⎛ ν2 ⎞3
= ( 1 + 0.219Re ) ⎜ ⎟ .
⎝g ⎠

(26)

U res

2
1 13 13
= g ν ( 1 + 0.219Re 0.6 )
3

(27)

0.6

Substituting (26) into (25):

and another equation from (Al-Sibai, 2004) giving the velocity of large waves against the
Reynolds number:
1
3

1
3

c W = 5.516g ν Re 0.36 .

(28)

From Eq. (22) the following non-dimensional expression can be derived with substitutions
(27) and (28):
Ma q
PrK Λ

( 1 + 0.219Re )

0.6 2

= 5.6 × 10

-3

Re 0.36

.

(29)

The comparison of dependence (29) with experimental data gives a good agreement in the
order of magnitude but a difference in the inclination, see Fig. 13. For a Reynolds number
range Re < 3 the dimensionless parameter (Maq/PrKΛ) according to Eq. (29) even decreases,
but the experimental data show another tendency.
This disagreement between experimental data and theory can be ascribed to the uncertainty
of the proportionality factor in Eq. (16) as describes above.
As can be seen from (29):
Ma q = f ( Re,Pr,K Λ ) .

(30)

This approximation found from experimental data analysis is:
Ma q = 5.59 × 10 -4 Re 1.44PrK Λ .

(31)

In order to verify and consolidate this theory the range of Reynolds number should be
increased. An elongating of heat section will allows the observation of further development
of regular structures.
For the experiments without activated loud speaker the wavelength has to be determined by
measuring the oscillations of the film surface and using the major frequency for the
parameter KΛ.
A comparison of experimental data with other dependencies from the literature is shown in
the next part.
4.2 Comparing of experimental data with other approachs
In this part different approaches for the determination of the critical dimensionless heat flux
are presented and compared with experimental data.
Experimental data for laminar-wavy and turbulent films were described in (Gimbutis, 1988)
by the following empirical dependencies:
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⎛ Re ⎞ ⎞
Maq = 0.522Re ⎜ 1 + 0.12 ⎜
⎟ ⎟⎟
⎜
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⎝
⎠ ⎠
⎝
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0.5

for L ≤ 1 m.

0.4

(32)

For 100 < Re < 200 in (Gimbutis, 1988) the scattering of data was up to 50 %, for Re < 100 no
experimental data have been recorded. It can be seen in Fig. 14 that this dependence
suggests lower values than the current experimental data. The difference can be explained
by the fact that in (Gimbutis, 1988) the experimental data were obtained only for a water
film flow with a relatively long heated section. In this case evaporation effects and thus a
shift in the thermophysical properties could have appeared.
In (Kabov, 2000) the empirical dependence of the critical Marangoni number on the
Reynolds number for a shorter heated section (6.5 mm length along the flow) for laminar
waveless falling films was obtained:
Ma q = 8.14Re 0.98 .

(33)

In this case the length of the heated section is in the same order of magnitude as the thermal
entry length (Kabov, 2000). Therefore this curve indicates higher values than our
experimental data.
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Fig. 14. The dependence of dimensionless parameter Maq versus the Reynolds-number.
Points experimental data (Lel et al., 2007a)
It was shown in (Ito et al., 1995) that for the 2D case the modified critical Marangoni number
is constant:
dσ
dT
= 0.23 .
ρU s2

q$ ′′W
Ma c =

(34)

With the film surface velocity based on Nusselt’s film theory U S = (g 2 ν )δm2 , expression (34)
can be transformed into:
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Ma q = 0.248Re 4/3 .

(35)

It can be seen, that only dependence (35) is in the same order of magnitude as our
experimental data.
Other dimensionless parameters for generalisation of experimental data were used in (Bohn
& Davis, 1993) and (Zaitsev et al., 2004). In (Bohn & Davis, 1993) the data for dimensionless
breakdown heat flux is approximated in the form:
dσ
dT
5
1.43
.
1/3
5/3 2/3 = 4.78 × 10 Re
ρ cpη g

q$ ′′W

(36)

With elementary transformations (36) can be transformed into:

Maq
Pr

= 4.78× 10 5 Re1.43 .

(37)

Fig. 15 shows that (37) again leads to lower values than our experimental data. Here, as in
case of Eq. (32), evaporation effects could have appeared, because this dependence was
obtained for water and for a 30 % glycerol-water solution at a 2.5 m long test section for
Re > 959.
1
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Fig. 15. The dependence of dimensionless parameter Maq/Pr versus the Reynolds-number.
Points experimental data (Lel et al., 2007a)
A generalisation for water and an aqueous solution of alcohol is presented in (Zaitsev et al.,
2004):

Ma q
Pr

= 0.155Re 0.65 .

(38)

This correlation leads to results which exceed current data by more than one order of
magnitude. This can be partially explained by the fact that dependence (38) was obtained for
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stable dry spots, whereas the new data was recorded for the formation of local instable dry
spots.

5. Thermal entry length
In this part experimental data for the thermal entry length with the correlation from the
literature are compared and a new correlation, included dimensionless parameters
incorporated several physical effects, is presented.
A comparison of experimental data for the thermal entry length with correlations for
laminar flow by (Mitrovic, 1988) and (Nakoryakov & Grigorijewa, 1980), is shown in Fig. 16.
Whereas for very low Reynolds numbers (Re0 < 3) and heat fluxes the experimental data
correlate satisfactorily with these dependencies, at larger Reynolds numbers and heat fluxes
the experimental values lie under the ones obtained through correlations.

10
DMS-T12 [1]
1
3

DMS-T11 [1]
ν2

g

DMS-T11 [2]
(Mitrovic, 1988)

Lδ
Pr0

1

(Nakoryakov & Grigorjeva, 1980)
0.1
1

10

Re0

100

Fig. 16. Experimental data compared with solutions for smooth laminar falling films. [1] –
experimental data by (Lel et al., 2007b); [2] – experimental data by (Lel et al., 2009).
Therefore, the experimental data were used in order to found a empirical dependency which
describes the dimensionless entry length and attempts to incorporate several effects: i) the
effect of nonlinear changing material properties due to temperature changes and the effects
of ii) surface tension and iii) waves:
⎛ Pr0 ⎞
L δ = aRe 0bPr0 Ka0.0606
⎜
⎟
0
⎝ PrW ⎠

-0.29

a = 0.8367 ⎫
⎬ for Re < 8
b = 0.718 ⎭
a = 0.022 ⎫
⎬ for Re > 8
b = 1.36 ⎭
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⎛ ν2 ⎞ 3
⎜ ⎟
⎝g ⎠

(39)
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In Fig. 17 the comparison of experimental data with a correlation for 100<Pr0<180 and
2<Re0<40 is presented.
Here it is significant, that the differences of Eq. (1) and Eq. (39) are the additional terms
involving Pr0/PrW and the Kapitza number Ka0 = (σ3ρ/gη4).
(Brauer, 1956) found that the Kapitza number has an influence on the development of the
waves at the film surface. He defined the point of instability Rei = 0.72Ka0 , at which
sinusoidal waves become instable. Therefore, the Kapitza number has also to be
implemented into correlations (39).
The relation Pr0/PrW between the Prandtl number at the inflow and at the wall temperature
has to be added into the dependence, in order to take into account the dependency of the
viscosity of the fluid on the temperature.
The effect of the decrease of the thermal entry length flux because of Marangoni convection,
described in (Kabov et al., 1996), is subject to debate. We assume that in this case the
influence of the waves on the thermal entry length play a dominant role. This question stays
unsettled and should be investigated in future.
1
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DMS-T12 [1]

Eq. 39
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PrW

DMS-T11 [2]

Pr0 Ka 0
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0.29

DMS-T11 [1]
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100
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Fig. 17. Comparison of correlation (5) for thermal entry length for laminar wavy films with
the experimental data. [1] – experimental data by (Lel et al., 2007b); [2] – experimental data
by (Lel et al., 2009).

6. Conclusion
The results of the experimental investigation of different physical effects of heat and mass
transfer in falling films were discussed in this chapter.
At first the visualization of quasi-regular metastable structures within the residual layer
between large waves of laminar-wavy falling films were presented. To obtain a relation
between the surface temperature and film thickness fields, infrared thermography and the
chromatic confocal imaging technique were used.
By comparing the temperature and film thickness fields, the assumption of the thermocapillary nature (Marangoni effect) of regular structures within the residual layer has been
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confirmed. An increase in local surface temperature leads to a decrease in local film
thickness. The evolution of the regular structure’s “head” between two large parabolic
shaped waves over time was presented.
The decrease of the mean film thickness could be explained by a reduction of the viscosity
and a cross flow into the faster moving large waves. Both effects cause a higher film
velocity.
The results obtained are important for the investigation of the dependency between wave
characteristics and local heat transfer, the conditions of “dry spot” appearance and the
development of crisis modes in laminar-wavy falling films.
A model of thermal-capillary breakdown of a liquid film and dry spot formation is
suggested on the basis of a simplified force balance considering thermal-capillary forces in
the residual layer. It is shown that the critical heat flux depends on half the distance between
two hot structures, because the fluid within the residual layer is transferred from hot
structures to the cold areas in between them. It also depends on the main frequency of large
waves, the Prandtl number, the heat conductivity, the liquid density and the change in
surface tension in dependence on temperature. The model is also presented in a
dimensionless form.
The investigations of the thermal entry length of laminar wavy falling films by means of
infrared thermography are shown. Good qualitative agreement with previous works on
laminar and laminar wavy film flow was found at low Reynolds numbers. However, with
increasing Reynolds numbers and heat fluxes, these correlations describe the thermal entry
length inadequately. The correlation established for laminar flow was extended in order to
include the effect of temperature-dependent non-linear material properties as well as for the
effects of surface tension and waves.
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