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ABSTRACT 
One of the most important variables in the designing of gas-liquid reactors is the required inter-
facial area between gas and liquid phases. Falling film microreactors (FFMR) are devices 
which can offer extended specific surfaces (up to 20,000 m2/m3) and for this reason they are 
used for many multiphase processes. In the present work the geometrical characteristics of the 
liquid phase in a FFMR are studied using a micro Particle Image Velocimetry system (μ-PIV). 
The experiments were conducted in microchannels with widths of 1200, 600 and 300μm and 
for Reynolds numbers between 0.9 and 31.5. In order to validate this method a comparison 
between the experimental data and an expression for predicting the meniscus shape in a capil-
lary tube was made. As gravity effects are minimized in the microscale and surface tension 
tends to play a more significant role, well known equations of macroscale are expected to be 
invalid in microscale. With the aim of confirming this assumption the findings for liquid phase 
thickness were compared with values predicted using the expressions of Nusselt and Kapitza.  

INTRODUCTION 
During the last decade many researchers have worked on system miniaturization and process 
intensification, aiming to build more compact, smaller, cheaper and more efficient equipment.  
As a result many works dealing with the operation parameters of microfluidic systems have 
been published. In general, microfluidics refers to the study and manipulation of liquid and gas 
flows in channels and geometries which have at least one characteristic dimension that is less 
than one millimeter and above one micrometer. There are several differences in physical beha-
vior observed between the macro and micro worlds of fluid mechanics. These differences are 
best explained by considering the different forces which govern the flow in each case. Due to 
the small characteristic dimension of the conduit, the typical Reynolds numbers (Re) in micro-
systems are low, viscous forces dominate the flow, while inertial forces become less important. 
At the same time the ratio of surface area to system volume increases and so does the relative 
importance of surface forces. Additionally, as the interfacial area is greater, heat and mass 
transfer rates are enhanced. Nowadays, microfluidics covers a large variety of applications, 
e.g., detection and control of chemical reactions, sample preparation, flow and pressure sen-
sors, microequipment for mixing, separation or heating, microscale systems for biological di-
agnostics as DNA analysis, pumping systems [1]. Microsystems are characterized by low con-
sumption of reagents, quick system response as well as multifunctionality since many unit op-
erations can be combined in a single piece of equipment. Alternative energy fields, such as 
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electromagnetic, acoustic, electric, gravitational or capillary forces could be also applied to 
generate fluid flow [1]. One main challenge in the application of microequipments is their use 
for large scale production. The simplest way to achieve this is by numbering-up relevant flow 
features such as the number of the channels, or by smart increasing of dimensions like the 
length of the channels.  

Of great interest in microfluidics is the study of multiphase systems in microchannels. The 
liquid and gas phase can be either dispersed or separated.  Although in both cases high specific 
areas can be obtained, in falling film microreactors (FFMR) stable and well controlled interface 
is also assured [2]. In microchannels the film is quite stable and might have a thickness of less 
than 100μm while in conventional falling film systems the film thickness is about 0.5 to 3mm. 
As such thin films offer high heat and mass transfer capabilities FFMR are suitable for many 
applications (e.g. reaction, extraction, evaporation and highly exothermic processes). The ma-
jority of the published work concerning FFMR deals with the conversion rate of specific reac-
tions, e.g. [3-5], while little work has been published concerning the characteristics of the inter-
face. Al-Rawashdeh[6] et al., have numerically investigated the effect of liquid flow distribu-
tion, gas chamber height and hydrophilic-hydrophobic channel material. To the authors’ best 
knowledge only Yeong et al. [7] have investigated experimentally the shape of the interface 
and the liquid film thickness using laser scanning confocal microscopy.  

As the design and production time for complex microreactors is considerably long [8], it is 
important to be able to understand and predict the flow phenomena as well as the parameters 
which affect their operation in order to be able to ensure easy fabrication and optimal opera-
tion. However, none of the aforementioned works propose either a design strategy for FFMR or 
an expression for predicting the liquid phase characteristics in the system. This work is part of 
a project concerning the study of flow characteristics in micro-channels. The aim of the present 
work is to study the geometrical characteristics of the falling film and to investigate the para-
meters that affect them, using a novel measuring technique.  

Methods for film thickness measurement 
The development of reliable non-intrusive methods for liquid film measurements is very im-
portant in the area of multiphase flow. Several non-intrusive methods have been proposed for 
conducting liquid film measurements in two phase systems. Tibiriçá et al. [9] in their review 
work classified them as follows:  

• acoustic, which are based on ultrasound waves 
• electrical, where electrodes measure the conductivity in liquid phase 
• optical, which are based on the detection of the interface as the light emitted by each 

phase present different characteristics 
• absorption by the fluid or different types of radiation 

Although all the aforementioned methods are suitable for macrosacale applications, they 
might not be applicable in the microscale for various reasons. For example, special probes (like 
electrodes) may not possible to be mounted to the channel walls, while the small liquid volume 
might render the generated signals too weak to be successfully detected and measured. In this 
work micro Particle Image Velocimetry (μ-PIV), a common optical non-intrusive method for 
measuring two-dimensional velocity fields, is going to be also applied for estimating the thick-
ness of the liquid phase and defining the shape of the interface.  

It is known that μ-PIV is an effective technique for obtaining instantaneous two-
dimensional velocity measurements in microchannels with high spatial resolution and accura-
cy. To conduct the measurements the fluid must be initially seeded with tracer particles that are 
generally assumed to follow the flow. Consequently, the seeding particles must be small 
enough to follow the fluid motion accurately and to avoid microchannel obstruction and at the 
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how far from the focal plane a particle will contribute significantly to the correlation function 
(fig. 2). The narrower the depth of correlation the more velocity measurements can be taken 
resulting to more detailed velocity profiles. This can be achieved by varying the height in 
which microscope is focused and by taking measurements on more planes. As the flow is lami-
nar and the concept of continuity is valid a reconstruction of a 3D vector field can be made by 
combining the data obtained from each plane, as also suggested by Meinhart [10].  

 

 
 

Figure 2: Depth of field (δ) of an objective lens. 

EXPERIMENTAL SETUP 

All experiments were conducted in three square-cross-section microchannels (D1=1200 μm, 
D2=600 μm, D3=300 μm) and a length of 1200 mm (fig. 3). The test section is micromachined 
on polymeric material. The liquid phase first overflows a circular region constructed at the inlet 
of each microchannel, so as the continuous free flow of the liquid phase to be assured. 

A fluorescent μ-PIV system was used to study the flow (fig. 4). The measuring section of 
the microchannel was illuminated by a double cavity laser emitting at 532 nm. The flow was 
recorded using a high sensitivity CCD camera, connected to a Nikon microscope. The light 
source was synchronized with the camera shutter by a timer box. The flow was traced by add-
ing fluorescent polystyrene particles with mean diameter of 1 μm. In order to obtain magnified 
images a 20X air immersion objective with NA=0.20 was used and this corresponds to 8 μm 
depth of correlation. The time delay between frames lies in the range of 150-1500 μs, depend-
ing on the flow rate studied each time, while the sampling rate was 5 Hz. For every measure-
ment 100 images were acquired and the vector maps were estimated by averaging these im-
ages. Finally, the image processing and the velocity estimations were performed using the 
Flow Manager Software (DantecDynamics).  

Distilled water was used as working fluid which was circulated by means of a syringe 
pump. The surface tension of water, measured using a tensionmeter (Cam200 optical contact 
angle meter), was found to be 72 mN/m, while the contact angle between the liquid and the 
polymeric material of the microchannels is measure to be 62 deg. The test section was placed 
in an inclined position of 25 deg from the horizontal. To eliminate entrance phenomena the 
measurements were conducted 40 mm downstream from the inlet of the microchannels. 
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CONCLUSIONS 
The scope of this work was the study of the characteristics of the liquid phase in a FFMR mi-
cro-machined on hydrophilic substrate. Experiments were conducted in three microchannels 
(D1=1200μm, D2=600μm, D3=300μm) and for Re in the range of 0.9 to 31.5. The shape of the 
interface, which was reconstructed by acquiring measurements on different planes using a μ-
PIV system, confirms the existence of a meniscus, which can be attributed to the capillary 
forces which turn to be important in such narrow conduits. The existence of a meniscus in-
creases the extent of the interfacial area available for gas-liguid reaction in falling film micro-
reactors, which is an important parameter in the designing of FFMR. 

Measurements of the film thickness proved that the expressions valid in macroscale are un-
able to predict the characteristics of the liquid phase in microchannels. In conclusion, more 
work is needed and is currently in progress to investigate the relative effect of all the parame-
ters that affect the operation of a FFMR and to develop expressions valid in the microscale. 
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