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Abstract: Falling Film Microreactor (FFMR) is one of the most important microfluidic devices for gas-
liquid applications. In these devices extended specific surfaces (up to 20,000m*/m’) can be obtained while
the liquid film remains stable over a wide range of gas and liquid flow rates. In an effort to propose new de-
sign correlations for these devices, in a previous work we proposed correlations for the prediction of the gas-
liquid interface and the thickness of the liquid film. In this study we aim to investigate the validity of these
correlations when different channel materials are used, namely brass and silicon. Velocity profiles have been
also obtained by a u-PIV system, while the thickness of the liquid film and the shape of the interface were
also determined using the u-PIV system. It was proved that the shape of the interface can be predicted with
reasonable accuracy by the previously proposed correlations. Also the film thickness can be predicted with
acceptable accuracy provided that some of the constants are modified according to the material of the test

section.

Keywords: Micro Reactor, Falling Film, 4-PIV

1. Introduction

The development of microfluidics is the
outcome of the efforts done during the last
decades under the concept of process intensifi-
cation. This new technology offers great ad-
vantages like enhanced heat and mass transfer
capabilities and the ability to handle very
small volumes of fluid. Despite the growing
scientific interest and the numerous published
works about microfluidics, the mechanisms of
fluid flow in microchannels are not completely
understood and especially for the case of mul-
tiphase flows. The large surface to volume ra-
tio provided by microfluidic devices disrupts
the force balance as it is known for flows in
macroscale. As a result the well-known corre-
lations of the macroscale are not expected to
be valid in the microscale. Thus in order to
develop efficient microdevices, design engi-
neers need, new design correlations that would
be applicable in the microscale.

This work is focused on the Falling Film
Microreactor (FFMR), one of the most im-
portant microfluidic devices for gas-liquid ap-

plications. In these devices extended specific
surfaces (up to 20,000m*/m’) can be obtained
while it is important that in FFMRs the liquid
film remains stable over a wide range of gas
and liquid flow rates (Ziegenbalg et al., 2010).
Many recently published papers deal with pro-
cesses that take place in falling film microre-
actors like absorption of CO, by a NaOH
aqueous solution (Chasanis et al., 2010; Al-
Rawashdeh et al., 2008), micro-distillation and
micro-evaporation (Moschou et al., 2013), or
separation of binary mixtures of ethanol and n-
propanol (Monnier et al., 2012). In all these
works there is need for estimating the mass
and heat transfer coefficients. To accomplish
this, we must be able to predict the geomet-
rical and hydrodynamic characteristics of the
liquid phase, namely the film thickness, the
shape and the extent of the gas-liquid inter-
face, the velocity profiles and the average ve-
locity. In most cases these parameters are ei-
ther estimated by correlations valid in the mac-
roscale (i.e. Nusselt correlation for film thick-
ness) or are totally ignored (i.e. the shape of
the interface) resulting to inaccurate predic-
tions of mass and heat transfer rates. Only few



works about FFMRs hydrodynamics are avail-
able in the literature, while they mostly con-
cern liquid film thickness distribution (Yeong
et al.,, 2006; Tourvieille et al., 2013) or the
characteristics of the gas-liquid interface (e.g.
Yeong et al., 2006) but generally none of the
aforementioned works proposes a strategy for
designing a FFMR.

Driven by the necessity for new design cor-
relations a systematic investigation of the lig-
uid phase hydrodynamic characteristics in
FFMRs has been conducted in our laboratory
in the last years (e.g. Anastasiou et al, 2013a).
During this research the effect of various fluid
parameters (e.g. physical properties of the lig-
uid phase, flow rate), as well as geometrical
characteristics and inclination angle of the
conduit on the geometry of the liquid phase
and on the velocity profiles have been experi-
mentally investigated. Based on these experi-
mental results two design correlations have
been formulated for the prediction of both the
shape of the gas-liquid interface the film
thickness.

For all the cases studied it was found that
the shape of the interface can be described
with relative accuracy by a simple second or-
der polynomial (Anastasiou et al., 2013):

Y = AX + BX* +¢C (1)

where the parameters 4, B and C depend only
on the geometrical characteristics of the mi-
crochannel, namely its width (#,), and the
thickness of the liquid film (H) (Figure 1).

* Base of the meniscus
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Figure 1: Geometric characteristics of the liquid
film (H: film thickness, H,: meniscus height, Hy:
height of the three phase contact line).

An important parameter for the design of
FFMRs is the thickness of the liquid film (H).
The experiments proved that the film thickness
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strongly depends on the properties of the lig-
uid phase as well as the width and the inclina-
tion angle of the microchannel. Based on the
experimental findings, and by performing di-
mensional analysis it was found that the film
thickness is a function of three dimensionless
numbers namely: Reynolds (Re), Capillary
(Ca) and Froude (Fr). Thus the following cor-
relation for the prediction of film thickness
was proposed (Anastasiou et al., 2013a):

H
W C(Re®Ca’Pre)f (2)

e
The constants a, b, d, fand C can be estimated

after fitting on the experimental results while
the dimensionless numbers can be estimated
by the following equations:
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The aforementioned correlations (Egs. 1 & 2)
are based on data originated from PMMA mi-
crochannels with various widths using several
fluids. The aim of the present work is to inves-
tigate the effect of channel material on the ge-
ometrical characteristics of the liquid film (i.e.
shape of the interface and film thickness) by
conducting experiments using different chan-
nel materials, namely metal (brass) and silicon.
The validity of the previously proposed corre-
lations will be also checked and if necessary
they will be modified accordingly.

2. Experimental setup

The experimental setup (Figure 2) consists
of a fluorescence u-PIV system, the test sec-
tion, i.e. the microchannels, and a syringe
pump for generating the flow. The first test
section consists of three microchannels of
square cross-section (1200, 600 and 300um)
(Figure 3) and is constructed on a sheet of
brass using ultra high precision micromachin-
ing techniques (Anastasiou et al., 2013b). In



particular a five-axis ultra-precision micro
milling machine (Anastasiou et al., 2013b) de-
veloped at Brunel University has been used to
ensure minimal surface roughness and
straightness of the channels. In order to assure
continuous free flow, the liquid phase enters
by overflowing a circular region preceding the
inlet of each microchannel. This test section is
similar with the one used in the work of Ana-
stasiou et al. (2013a) which was constructed
by PMMA.

Silicon microchannels of rectangular cross-
section (500pum W x 450um D) were fabricated
by photolithography and deep reactive ion
etching; a photoresist layer (SPR 220-7) was
spin coated on a silicon wafer at 4000rpm, fol-
lowed by a soft bake at 110°C. This was fol-
lowed by UV exposure, where the microchan-
nel pattern was transferred from a photomask
to the photoresist using a contact aligner
(Quintel Q4000-6). The pattern was then de-
veloped using a standard photoresist developer
(Microposit MF-26A) and etched by deep re-
active ion etching (STS ASE). The etched
depth was measured precisely using a surface
profiler (Dektak XT).
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Figure 2: u-PIV setup.
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Figure 3. Test sections used for the experiments.
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The measuring section of the microchannels
was illuminated by a double cavity Nd:YAG
laser emitting at 532nm. The flow was record-
ed using a high sensitivity CCD camera
(Hisense MKII of DantecDynamics), connect-
ed to a Nikon (Eclipse LV150) microscope,
whose stage can be moved along the vertical
axis with accuracy of one micron. The light
source is synchronized with the camera shutter
by a timer box while the flow was traced by
adding Nile red fluorescent carboxylate micro-
spheres (Invitrogen™) with mean diameter of
Ium. To obtain sufficiently magnified images
a 20X air immersion objective with NA=0.45
was used, which results to 3um depth of field.
The time delay between frames is in the range
of 150-1500us, depending on the respective
flow rate, while the sampling rate is 5SHz. The
interrogation areas for the velocity analysis are
32x64 pixels and the overlapping is 50% for
both directions (horizontal and vertical). The
image processing and velocity estimation was
performed using the Flow Manager Software
(Dantec Dynamics®).

An aqueous solution of glycerol 30% v/v
(g7) was used for investigating the effect of
viscosity while an aqueous solution of butanol
5% v/v (bl) has been used for examining the
effect of surface tension. Also distilled water
(w) has been used as reference fluid. The
properties of the liquids used, i.e. the density
(p), the surface tension (¢) measured by a ten-
sionmeter (Cam200 optical contact angle me-
ter), and the viscosity (ux), measured with an
Oswald (Schott Gerate) viscometer, are given
in Table 1. These properties were measured at
room temperature (23-25°C) while the experi-
ments were conducted under the same condi-
tions. The fluid was circulated by a syringe
pump (ALLADIN 2000), while the test section
was placed at an inclination angle of 25 de-
grees from the horizontal position. To elimi-
nate entrance phenomena all the measurements

Table 1: Physical properties of the fluids used.

index Liquid (cg ) ( kg/l) (m ]\tf;m 2
w Water 1.00 0.99 72.0
gl Glycerol 30%w/w 1.80 1.03 70.8
bl Butanol 5%v/y 0.98 0.99 45.0




were performed 40mm downstream from the
inlet of the microchannels for the metal test
section and 20mm for the silicon one.

The u-PIV technique, a method intended for
velocity measurements in micro-conduits, was
also used for assessing the geometrical charac-
teristics of liquid films in microchannels. In
this technique the presence of the tracing par-
ticles helps in identifying the existence of the
liquid phase. Detailed information on the
measuring method is given by Anastasiou et
al. (2003b). By applying the above technique
we were able to measure both the thickness of
the liquid film and the velocity of the liquid
phase, as well as to reconstruct the shape of
the gas-liquid interface. For our measuring
system (i.e. type of microscope and objective
lenses) it was found that the accuracy of this
technique is better than +2.5um provided that
the refractive index of the working fluids is
taken into account. A main advantage of this is
technique it the utilization of the same experi-
mental setup both for measuring the velocity
and for investigating the geometrical charac-
teristics of the liquid film.

3. Results

As it was expected the gas-liquid interface
has the shape of a meniscus and this is at-
tributed to the hydrophilic nature of the mate-
rials and to the greater relative effect of the
capillary forces in such small conduits. For the
case of the metal test section and the wider
microchannel (1200um) it was observed that
the three phase contact line (7PC) is pinned at
the same height for the entire flow range stud-
ied, which is the result of the contact angle
hysteresis phenomenon. A quite different be-
havior is observed for the 600um width micro-
channel. For low flow rates the meniscus
height (H,) is almost equal to the film thick-
ness (H). By increasing the flow rate the
height of the meniscus is reduced and the in-
terface tends to become a flat surface. A fur-
ther increase of the flow rate causes a defor-
mation of the interface and now the TPC is
pinned at a higher point. A new meniscus is
now formed whose curvature is greater than
the ones before surface deformation. This be-
havior is similar to what was found in a previ-

4™ Micro and Nano Flows Conference
UCL, London, UK, 7-10 September 2014

ous work for the PMMA test section (Anasta-
siou et al., 2013a). Figure 4 presents the shape
of the meniscus for the metal the PMMA and
the silicon test sections. Although the general
shape of the meniscus is the same, the TPC in
the metal test section is located at lower posi-
tion, for the same flow rate. This can be at-
tributed to the greater contact angle at the met-
al test section, i.e. 62° for PMMA and water
compared to 78° for the metal and water.
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Figure 4: Effect of microchannel material on the
meniscus shape (water and Q,=33 ml/(h-mm)).

The same experiments have been conducted
for the silicon test section. It was found that in
this case the 7PC is pinned at the top edge of
the microchannel even for low flow rates. This
is reasonable considering the swallow depth of
the particular microchannel. For low liquid
flow rates the curvature of the meniscus is
high. As the flow rate increases the curvature
decreases and the interface tends to be flat. A
further increase of the flow rate results re-
versed curvature of the interface (Figure 5).
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Figure 5: Shape of the interface a) metal micro-
channel (W,=600 um) b) silicon microchannel

(W,=500 pim).
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In Figure 6 reconstruction data from both
test sections, in dimensionless form, are com-
pared with the correlation for the prediction of
the meniscus shape (Eq. I). The proposed cor-
relation is in good agreement with the experi-
mental data which means that in general the
meniscus shape is not considerably affected by
the type of material. Thus Eq. I can be regard-
ed a useful tool for the estimation of the inter-
facial area in FFMRs.
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Figure 6: Comparison of Eq. 1 with the experi-
mental data for the meniscus shape.

It is clear that for the case of the metal test
section thinner films (about 16%) were meas-
ured while the same behavior was observed for
all the fluids tested. Also as it was expected for
the g/ fluid, which is the most viscous, the
thickest films were measured while the solu-
tion b/ formed films almost of the same thick-
ness with the water.

Using the same experimental setup the
thickness of the liquid film was also measured.
In Figure 7 a comparison between the data for
the metallic test section and older findings for
the PMMA (Anastasiou et al., 2013a) is made.
For the comparison film thickness is presented
as a function of the normalized flow rate Q,:

_ volumatric flowrate

i -

micrachkaral width

In Figure 8 the results for the various tests
sections are presented. It is depicted that in the
silicon test section thicker films are formed
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compared with what it was measured in the
600um PMMA microchannel and the metal
test section. This behavior can be attributed to
many factors. First of all the width of the sili-
con microchannel is 500um which means that
is narrower than the PMMA one and as it was
proved in a previous work (Anastasiou et al.,
2013a) film thickness increases dramatically
with the reduction of the width. Moreover the
silicon microchannel is shorter than the other
two test sections and thus the measurements
could be affected by inlet and outlet phenome-
na.
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Figure 7: Effect of micro-channel material on the
film thickness (water in the 1200 um microchannel).
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Figure 8: Effect of micro-channel material on
the meniscus height for water.



The experimental data for film thickness were
compared with the predictions of Eq. 2, whose
constants were suitably adjusted. For the case
of the metal test section the difference between
the experimental results and the predictions of
Eq.2 was higher than 45%. Nevertheless, by
adjusting constant C from 3.04 to 2.4 (and by
keeping a, b, d & f'stable) it seems that the de-
viation between the experimental and the pre-
dicted values is less than 15% (Figure 9).
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Figure 9: Prediction of film thickness using Eq.2.
Comparison with experimental data.

On the other hand for the silicon test sec-
tion it was found that in order to have satisfac-
tory predictions from Egq. 2 both the constants
C and f should be adjusted. Thus by setting C
to 3.0 and f'to 0.74 acceptable accuracy can be
achieved (uncertainty better than 15%). In Ta-
ble 2 the values of the coefficients a, b, d, f
and C are summarized for all the cases studied.

Table 2: Coefficients of Eq. 2 for all cases studied.

material a | b | d | F| C
PMMA 0.86 3.04
Metal 0.50 0.01 -0.56 086 2.40
Silicon 0.74  3.00

As the flow rate increases the “M’-profile
decays and eventually it turns to be parabolic
for high liquid flow rates. This “M”-profile has
been already recognized in a previous work
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(Anastasiou et al., 2013a) and its presence has
been related to the geometrical characteristics
of the liquid film. Specifically this velocity
profile is observed when the H,/H ratio (Fig-
ure 10) is higher than 1. It has been confirmed
that this criterion is also valid for the metal test
section.
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Figure 10: Velocity profiles for the 1200 um width
microchannel (water, metal test section).

However, when the silicon microchannel
was tested the velocity profiles were always
parabolic (Figure 11) regardless of the liquid
flow rate. The absence of the “M-profile in
that case is probably related to the high H,/H
ratio as for this channel the thickest liquid
films measured.
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Figure 11: Velocity profiles for the silicon micro-
channel (500 um) for various flow rates (water).



4. Conclusions

This work is part of a broader investigation
of the geometrical and hydrodynamic charac-
teristics of the liquid film in falling micro reac-
tors. Our aim was to check the validity of pre-
viously formed correlations for the prediction
of the film thickness and the shape of the gas-
liquid interface. To accomplish this, experi-
ments have been conducted in two test sec-
tions constructed by different materials, name-
ly brass and silicon. The most important re-
sults can be summarized to the following:

e The shape of the flowing meniscus can be
described by the empirical correlation (Eq. 1)
with acceptable accuracy for all the test sec-
tions studied.

e [t is also confirmed that the appearance of
the “M-profile is related to geometrical
characteristics of the liquid film and specifi-
cally to the ratio H,/H.

o [t was proved that the proposed correlation
(Eq. 2) can predict the film thickness with
reasonable accuracy (uncertainty less than
15%) by suitably adjusting the equation con-
stants. More specifically, it was found that
two of the constants in Eq. 2, namely C and f,
depend on the material of the microchannel.
More work is certainly needed in order to in-
vestigate the dependence of constants C and f*
on the aforementioned characteristics and al-
so from parameters as the cross section of the
microchannels and the aspect of its dimen-
sions.

Further experiments must be performed us-
ing micro-channels made of other type of ma-
terials and whose cross sections have different
characteristics, e.g. circular, trapezoidal, rec-
tangular etc.
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Notation

g acceleration of gravity, m/s’

h depth of the microchannel, um

H liquid film thickness, um

Hy height of the three phase contact line, um
H, meniscus height, um

h depth of the microchannel, pm

0 liquid flow rate, ml/h

0, normalized liquid flow rate, ml/(mm-h)
TPC three phase contact line, -

U liquid velocity, m/s

U superficial liquid velocity, m/s

w, width of the microchannel, um

Greek Symbols

i liquid viscosity, mPa s

o surface tension, N/m

p liquid density, kg/m’
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