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Rivulet interaction on surfaces of heated liquid films
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Study of the water film flow along the vertical heater at Reynolds number Re = 33 and initial temperature
To = 23°C was carried out. Some types of interaction between rivulets on the surface of a heated liquid film were
distinguished. It is shown that thermocapillary structures appearance in the heater upper part leads to rivulets

deflection and interaction.
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Films flowing down by gravity are widely used in various
industrial machines and setups: low—pressure evaporators
used in food products concentration and production of phar-
maceuticals, seawater desalination plants, and rectification
columns. Film flows are employed in cooling systems,
chemical technologies, etc. To design and implement those
devices, it is important to understand the processes taking
place in heated liquid films.

Two—dimensional (2D) hydrodynamic waves in isother-
mal liquid films are unstable to three—dimensional (3D)
perturbations. The wavelength of instability to transverse
3D perturbations decreases with increasing Reynolds num-
ber [1]. Tt has been found out that the transition from
regular 2D structures to the 3D flow is accompanied
by essential longitudinal redistribution of the liquid [2,3].
Characteristic forms of 3D structures evolving during the
transition were described. The rivulet formation mechanism
was discussed in [3]: when the 3D wave passes along
the residual liquid film layer, there takes place a lateral
suction (inleakage) of the liquid to under the wave crest
and its discharge through a wake with an increased film
thickness behind the wave. This wake behind the wave
induces synchronization of the wave pattern: the waves
align in chains thus making the liquid being sucked
continuously to the same flow regions, which gives rise to
rivulets.

While the liquid films flow over the heated surfaces,
there arises not only hydrodynamic instability leading to
the wave flow development, but also various—type ther-
mocapillary instabilities associated with the liquid transfer
along the phase interface because of formation of the
surface tension gradient [4]. Regular structures of two
types (A and B) were distinguished in the heated liquid
film. Formation of a 3D regular structure (named later
as structure A) in the film of a 25% aqueous alcohol
solution flowing down over a plane with a small—size
heater (6.5 x 13mm) at low Reynolds numbers was for
the first time revealed in experiments of [5]. Formation
of thermocapillary structures in regime B in a heated
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liquid film with developed wave motion was studied
in [6,7].

The natural evolution of developed 3D waves into
thermocapillary rivulets during heating of the water film
flowing down vertically under low temperature gradients
was studied in [8] at Re =10. A fact was fixed that
horseshoe—shaped hydrodynamic waves undergo deforma-
tion in passing through the heated area. It was shown
that, during the 3D wave propagation along the heater,
temperature inhomogeneities emerged on the wave front,
which led to the liquid film deformation and large waves’
destruction due to the action of thermocapillary forces. It
was established that thermocapillary forces also can trans-
versely deflect mid—size 3D waves and parts of decayed
large 3D waves thus promoting formation of jets in the form
of vertical rivulets. Interaction between incoming waves
with thermocapillary structures at Re = 50 was studied
in [9].

In work [10], motion of rivulets across the film flow
(deflection) was investigated. =~ The maximal deflection
amplitude was shown to exhibit a threshold increase with
increasing heat flux density.

The goal of this work was to study various types of in-
teraction between 3D waves and thermocapillary structures
(touching, merging and branching (bifurcation)) at Reynolds
number Re = 33 and film initial temperature Ty = 23°C.

The setup was designed as a closed circulation loop
comprising a reservoir with a pump, working section, filter,
rotameters, pipelines, and shutoff valves. The working
section consisted of a base plate with a film former,
temperature stabilizer and heater mounted on it. The
fluid (water with dye) was pumped to the film former
that consisted of an accumulation chamber, distributor, and
nozzle with a calibrated flat slot. The liquid flowed down
along the plate and returned by gravity to the reservoir
with the electric pump through connecting channels. As
the heating element, a flat copper heat—exchanger 150 mm
wide and 100mm long was used, through which hot
water was pumped. The experiments were performed
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at Reynolds number Re =33 (Re =W/pv, where W is
the specific mass flowrate of the liquid, p is the liquid
density, v is the kinematic viscosity coefficient of the
liquid.

Surface temperature of the vertically falling liquid film
and its thickness distribution in the heater area were
measured synchronously. The experiments employed an
infrared scanner Titanium HD 570M able to measure the
temperature field on the film surface with resolution of up
to 640 x 512 pixels, full frame frequency of up to 115 Hz,
and sensitivity of 18 mK. To determine the instantaneous
film thickness field, a modified fluorescent method was
used. The fluorophore excitation was performed by using
a laser uninterruptedly illuminating a 120 x 120 mm area.
Light reradiated by the fluorophore was registered by a
digital camera. In front of the camera there was installed
a red filter used to cut off the reflected laser light.
Measurements of the thickness and temperature fields were
synchronized with the aide of a light signal. Detailed
description of the experimental setup and procedure is given
in [9].

Interaction between the waves and thermocapillary struc-
tures results in formation of rivulets on the liquid film
surface, their motion across the flow (deflection), and
interaction with each other (Fig. 1). Hereinafter the vertical
arrows indicate the flow direction.

As a characteristic of the rivulets’ transverse motion,
the maximal deflection amplitude (A) was used which
is the distance between the extreme right and extreme
left rivulet positions during a time interval multiple of
that of the wave passage along the heater. To calculate
the rivulet deflection amplitude, instantaneous temperature
profiles in the flow cross—section (in the Z direction) were
analyzed. The temperature profiles were processed at two
points on the X axis that is parallel to the film flow
(X =50 and 75mm from the heater top edge). Temper-
ature minima corresponding to instantaneous positions of
the rivulet crest were determined for each instantaneous
profile.

Several types of rivulet interaction were distinguished:
type 0 is the absence of interaction, when the wave
propagating along the rivulet crest reaches the heater end
without interaction with other rivulets; type 1 is merging
of two rivulets into one (Fig. 2,a); type 2 is the bridge,
when the rivulets merge and then separate (Fig. 2,b); type
3 is rivulet branching, when a rivulet gets divided into two
(Fig. 2,¢).

The numbers of each—type interactions were counted at
different heat fluxes, both in the absence of structures A
and pronounced zigzag motion of rivulets (deflection) and
in their presence. To prevent the influence of finiteness of
heater dimensions, interaction of only five rivulets in the
center of the heater were taken into account.

All the 600 frames made by a thermal camera were
examined in turn, all the interactions of types 1, 2 and 3
were fixed. As the type 0 interaction, there were considered
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Structures A

Structures B

Figure 1. Instantaneous temperature distribution on the film
surface in the heater central part (69 x 60 mm in area) at Re = 33.
The film initial temperature is Ty = 23°C, q = 4.15 W/cm?.

Figure 2. Different types of the rivulet interaction.

rivulet—surface waves propagating into the region under
consideration without interactions.

Then the number of each—type interactions was divided
by the sum of all interactions; thus, the fractions of
interactions of each type were determined. Based on the
obtained results, histograms were constructed.

Fig. 3 presents the dependence of maximal amplitude
of the zigzag rivulet motion on the heat flux for two
different distances from the heater top edge, and distribution
histograms for different—type interactions for certain heat
fluxes. Once the heat fluxes corresponding to the thermo-
capillary structure A formation in the heater top part are
reached, a threshold increase in the maximal amplitude of
the rivulet zigzag motion takes place, as well as significant
changes in the distribution of interactions by types: the
fraction of the type—O0 interaction decreases, while those
of types 1-3 increase.

Thus, we have shown that development of the ther-
mocapillary instability in the top part of the heater re-
sults in an increase in the rivulet zigzag motion ampli-
tude. Maximal amplitudes of the rivulet deflection are
observed at high heat fluxes corresponding to formation
of thermocapillary structures in regime A. Interaction of
rivulets in a heated liquid film has been described and
analyzed for the first time; different types of interaction
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Figure 3. Dependence of the maximal deflection amplitude on the heat flux for two distances from the heater upper edge (50 and
75mm), and distribution histograms for different interaction types.

have been distinguished. We have established that the Motion and interaction of the rivulets contributes prevent-
increase in the rivulet zigzag displacement amplitude causes ing dry spots formation on the heater surface, rewetting of
the rivulet interaction (touching, merging and branching dried areas, and, finally, enhancement of the critical heat

(bifurcation)).

flux corresponding to the liquid film rupture.
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