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ABSTRACT

Standard 3D optical velocity measurements in micro-channels is based on Particle Image Velocimetry (PIV), bulky and
costly equipment are necessary to run this analysis. A challenge in this context is the development of velocity detection
systems based on optical signals monitoring being non-invasive and suitable for on-chip integration. In this works the
attention has been focused on slug flows obtained by the interaction of two immiscible fluids {air and water} in micro-
channels (slug flows). An optical-based approach, previously used by the authors, based on the optical signal’s
acquisition and analysis was extend in a more general framework. The spectral analysis of the optical signals acquired
in three different experimental sets was used to investigate the slugs’ velocity as an indirect measure of the slugs’
frequency passage in a micro-channel test section. The potential of the proposed method was evinced by the possibility
to capture, distinctively, the variation in the duration of the water and air slugs running in the microchannel interlaced.
Finally the attention was focused in their different behaviors correlated to different input flow rates conditions.

1. INTRODUCTION

The slug flow is common in many bio-chemical processes and its modelling and control is one of the main
open issue in the construction of highly complex microsystems [2]. Generally, the models of a multi-phase
microfluidics system, in which more fluids and micro-particles interact in a micro-channels network, are
obtained by Computational Fluid Dynamics (CFD) [1]-[18]. Even so, the complexity of CFD, due to the high
computation level and the not accessible analytical solution, cannot make them suitable for on-chip
applications. Otherwise the data-driven models [3]-[6] obtained by optical processes monitoring [9] can
represents a good alternative being non-invasive, offering an easy integration of optical sensors with the
micro-fluidic chips [8]-[13] and, in future development, the possibility of being even embedded in a chip [4].
Advantages can be also envisaged for SoC applications due to the simplicity of managing optical signals, as
it is proved by a wide literature on flow classification in micro-channels using optical signals [10]-[11]. In
our recent works the optical signals have been used to characterize the flow nonlinearity [14] and to define
parameters in order to classify the slug flow inside the micro-channel [5] for online control application [7].
The challenge in this work is the development of velocity detection systems non-invasive and suitable for on-
chip integration, avoiding bulky and costly equipment as the standard 3D optical velocity measurements
based on Particle Image Velocimetry [16]-[17].

In this works the attention has been focused on slug flows obtained by the interaction of two immiscible
fluids {air and water} in micro-channels (slug flows). An optical-based approach, previously used by the
authors for the optical signal’s acquisition and analysis, was extend in a more general framework. The
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spectral analysis of the optical signals acquired in three different experimental sets was used to investigate
the slugs’ velocity as an indirect measure of the slugs’ frequency passage in a micro-channel test section. The
potential of the proposed method was evinced by the possibility to capture, distinctively, the variation in the
duration of the water and air slugs running in the microchannel interlaced. Finally the attention was focused
in their different behaviors correlated to different input flow rates conditions.

2. MATERIAL AND METHODS

Three experimental campaigns were realized. In all the experiments considered, a continuous slugs flow was
generated by pumping de-ionized water and air at the Y-junction of a serpentine micro-channel in Cyclic
olefin copolymer (COC) with a square section and positioned horizontally. The side of the micro-channel is
320 pm. Two neMESYS syringe pumps were connected to the two channel inlets. In the experimental set-1
(labelled as exp-set-1) nine experiments were carried out constant where equal flow rates of water (F,) and
air (Fa) were imposed Fe{0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9} ml/min. The flow chart of the
experimental set-up is shown in Fig.1(a). The process was monitored in a position after three bends from the
Y-junction, see the insert in Fig.1(b).

The optical setup consists in the simultaneous acquisition (sample rate of 2 kHz) of the light intensity
variations by a couple of photodiodes placed at a distance of 10 mm. The process was also monitored by
CCD to have a process visual inspection. A detailed description of the experimental set-up and the signals
pre-processing is given in [5].

The trends of the signals acquired by the two photodiodes {phl, ph2} for F=0.2 ml/min are shown in
Fig.1(b) As discussed widely in [5], the signal acquired by the photodiode was correlated with the video
acquired by the CCD-camera to give a physical interpretation of the signal. In particular, the top level
represents the water presence in the channel, while the lower level the air slug passage. The two lowest peaks
reveal the slugs fronts and rears. During the slugs passage the intensity of the light signal decreases suddenly
due to the difference between the refraction index of COC (Ncoc=1.5) and air (Nai=1), so the air slug contour
becomes darker than the inside of the slug and the chip wall. This effect is less evident during the water
passage being the water refraction index (Nwaer—=1.3) closer to the one of the COC. Thanks to this
phenomenon it is possible to distinguish clearly the air slug passage in the optical signals.

In Fig. 2(a) the trends of the raw optical signals are plotted in a time window of 2 s for the experiments
Fe{0.2,0.4, 0.6, 0.9} ml/min and 0.5 s for the experiment F=0.9 ml/min.

It is evident that, nevertheless the process nonlinearity do not allow to have a regular passage of the slugs, a
clear change in the slug flow patterns can be detect: from long water slugs interlaced with air slugs one after
another (F=0.1-0.2 ml/min), to water slugs followed by a train of smaller water/air passages (F=0.3-0.8
ml/min), and finally only a train of smaller air/water slug (F=0.9 ml/min). A slower dynamics can be
generally correlated to the passage of long water slug for Fe [0.1,...,0.8], and a fast dynamics associated to
trains of smaller water/air slugs of the same length for F=0.9.

For establish the frequency of the slug flow passage two approaches previously used by the authors based on
the optical signal’s analysis were implemented and compared. The first is based on the spectral analysis used
in [5] and the second is based on the dual-slit methodology presented in [12]. The data were acquired for 20
s and a time window of 10 s were used for the analysis, excluding the first and last 5s.

The procedure for the flow characterization in frequency domain was implemented by computing the
spectrum of optical signal (ph2) for each experiment. The mean frequency of the slugs passage was extracted
by the peak detection in the spectrum. The profile of the spectrum was approximated with a Gaussian model.
In previous works, this procedure was used for the slug flows classification [5] and for the real-time feed-
forward control of the mean frequency of the slugs’ passage in micro-channels [7]. In both cases the attention
was focused in one dominant peak.

As shown in Fig.2(b), due to the difference in the fluids physical properties, even using the same input flow-
rates, two peaks can be detected in spectral analysis. These two dominant frequencies are correlated at the
different duration of the passages of water slugs, longer, and air slugs, smaller. In Fig. 2(b) the spectrum of
the optical signal for the experiments Fe {0.2, 0.4, 0.6, 0.9} ml/min are shown. When the input strength is
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enough strong the flow pattern converges to the behavior of the experiment F=0.9 ml/min, a sequence of
water/air slugs of almost the same length (see Fig.2a), so only one dominant peak can be detected in its
spectrum.

The procedure for the flow characterization in the time domain was implemented by computing the cross-
correlation between the optical signals {phl, ph2} for each experiment. The peak detected in the cross-
correlation is representative of the time delay of the two signals and can be correlated with the time need to
the slug to move from one investigation area to the second. Being known the distance between the two
photodiodes positions is possible to establish the slug passage velocity.

In Fig. 2(b) the cross-correlation functions obtained for the experiments Fe {0.2, 0.4, 0.6, 0.9} ml/min are
shown. The cross-correlation functions are plotted versus the samples in a time window of 0.1 s (200
samples) for F=0.2 ml/min and 0.05 s (100 sample) for Fe{0.4, 0.6, 0.9}. A sharp peak can be always
detected. As expected the increase of the input flow rate leads to a time delay reduction. For the experiment
F=0.9 ml/min the characteristic of the flow pattern, as fast train of air and water slugs, is reflected in the
oscillatory trend of the cross-correlation.

The other two experimental campaigns {expe-set-2, expe-set-3} were performed using the same experimental
set-up but varying the input flow rate conditions in unbalanced conditions. In both cases, the water input
flow rate was varied Fwe{0.1, 0.2, 0.3, 0.4} ml/min. In the expe-set-2 the air input flow rate was set to
Fae{0.15, 0.3, 0.45, 0.6} ml/min having Fa=1.5% Fw. In the expe-set-3 the air input flow rate was set to
Fae{0.2, 0.4, 0.6, 0.8} ml/min having Fa=2* Fw. Based on the input flow rates established for the three
experimental campaigns {expe-set-1, expe-set-2, expe-set-3} the Air Fraction (AF) was respectively AFe
{0.5, 0.6, 0.67}.
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Figure. 1 (a)The flow chart of the experimental set-up. (b)The trends of the signals acquired by the two photodiodes
{phl, ph2} for the experiment with an input flow-rate F=0.2 ml/min. In the insert the micro-channel geometry and the
positions of the two-photo-diodes.

3. RESULTS

In this works initially the analysis in frequency domain was applied for the expe-set-1, the spectrum of the
optical signal was computed in time windows of 10 s. For the experiments Fe {0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
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0.7, 0.8} ml/min two frequency peaks were extracted, one in the low frequency range was associated to the
longer water-slug passage (fw), the second in the high frequency range to shorter air-slug passage (fa). For
the experiment F=0.9 ml/min only one peak was detected having a fast train of water/air slug at /=80 Hz of
the same duration. The two peaks are plotted in Fig.3 versus the input flow rate (F=F,=F,). The peaks
detected in the low frequency are in Fig.3(a), whereas the peaks at high frequency are in Fig.3(b). Fig.3
evidences the ranges of variation of the mean frequency of the water slugs duration passage fw €[0.5 — 3.5 ]
Hz and air frequency fa e [1 - 48] Hz by varying the input flow rate. Therefore a water slug passage can last
from Ty, € [0.3 — 2] s and an air slug passage T,€ [0.02 -1] s. Additionally for F=0.9 ml/min in the air-water
train sequence the average duration of the slug passage is f=0.012 s.
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Figure. 2 Dynamics of the slug flows in the expe-set-1 for the experiments Fe {0.2, 0.4, 0.6, 0.9} ml/min (a) The
trends of the raw optical signals acquired varying the input flow rate. It is evident the change of the flow patterns from
long water-slugs interlaced by air-slugs one after another (F=0.2 ml/min), to longer water-slugs (F=0.4-0.6 ml/min)
followed by a train of smaller air/water passages and finally a train of smaller water/air slugs (F=0.9 ml/min). (b) The
spectra of the optical signals for the experiments and the peaks detected (c) The cross-correlation between the signals
acquired through the two photodiodes and the peak detected.
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Figure. 3 For the exp-set-1, the values obtained for the two frequency peaks {fw, fa}are in the y-axis: (a) the frequency

of the water slugs passage (fw) and (b) the frequency of the air slugs (fa). The input flow-rate is in the x-axis. The black
line is for the linear interpolation obtained.
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Figure. 4 For the three experimental campaigns {exp-set-1, exp-set-2, exp-set-3} the two peaks identified in the spectra
{fw,fa}were plotted versus the water input flow rate F r. In the y-axis of each plot there are the frequency of the slower
water slugs’ passage (fw) in blue dots and the faster frequency of the air slugs’ passage (fa) in red dots. The black line is
for the linear interpolation obtained.

The linear fitting f(F) =pl+F +p0 (eq.(1)) of the two graphs was computed to establish a

mathematical relation between the increase of the frequency of the water/air passage fe {{fw, fa} varying the
input flow rate in the balanced condition {F=Fw=Fa}. The experiment F=0.9 ml/min was excluded in the
fitting, being representative of a limit behavior with a different flow pattern. The linear fitting was chosen for
a comparison between the {fw, fa} plots setting p0=0. The optimal fitting for the fa variation vs F is
quadratic trend. It is worth to notice that the increase in the air slug frequency is more than one order greater
than that of the water slug frequency. To speed up the water it is necessary to move in the condition F=0.9
ml/min.

Then, the analysis in the frequency domain was extended to other two experimental campaigns {expe-set-2,
expe-set-3} having unbalanced input flow rate conditions respectively F,=1.5* F,, and F,=2* F,, with
Fwe{0.1,0.2, 0.3, 0.4} ml/min. The flow rates {Fy, F,} are always below the values F=0.9 ml/min, identified
as a critical values. The two peaks detected in the spectra were plotted versus the water input flow rate Fy, in
Figs.4(a) 4(b)- 4(c) respectively for the three experimental campaigns {exp-set-1, exp-set-2, exp-set-3}. In
the y-axis of each plot there are the frequencies of the water-slugs’ passage (fw) in blue dots and the
frequency of the air-slugs’ passage (fa) in red dots. Also in this case the linear fitting was performed (eq.1).
In the Figs.4(b)-4(c) for the {exp-set-2, exp-set-3} the trends of {fw, fa} increase at the increase of the F
almost linearly and the effect of the greater air input flow rate (Fa) used in the exp-sez-3 can be correlate with
the greater values of the slops. A different behavior can be noticed by comparing those with the plots and the
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linear fitting obtained for the exp-set-1, reduced for Fye{0.1, 0.2, 0.3, 0.4} ml/min, as reported in Fig. 4(a).
The comparison of the linear interpolation for the {exp-set-1} in Fig.3 and Fig.4(a) shows the some results
for fw and a significant change in fa, that can be justified being the linear interpolation not the optimal one,
as evident in Fig.4(b) for the red dots.

Generally it is worth to notice that in both {exp-set-2 , exp-set-3}, the increase of {fw, fa} are significantly
moderate respect to the {exp-set-1}. Then having balanced input flow rates (AF=0.5) is possible to have
faster slug flow for lower value of {Fa, Fw}. That is also consisted with the results previously obtained [5]
showing a increase of the process nonlinearity with no-dominance of one input flow-rate, so an easy process
regulation possible in unbalanced conditions.

Finally for the exp-set-I the results of the analysis in the frequency domain and time domain were
mathematically correlated. The peak of the cross-correlation function value was extracted and the velocity
computed, this velocity is related to the two-phase flow with no-distinction for the water and air passage. In
the frequency analysis two peaks was detected and associated with the water and air frequency passages. To
establish a relation between this two information was assumed that, in all the cases, an increase in the
frequency has to lead an increase of the velocity. Following this consideration the frequency of the water-
slugs (fw) was the most significant to be correlated with the velocity for Fy, €[0.1,...., 0.5] ml/min whereas
the frequency of the air-slugs (fw) was used in the range Fy €[0.6,...., 0.9] ml/min, as reported in Fig.6. The
nonlinearity of the process and its tendency to move from a flow patter regime to another, as was described
in Fig.2, is evidenced by this results and the difference in the two linear interpolations shown in Fig. 6. The
blue and the red lines represent the mathematical relation between the velocity and, respectively, the fw for
Fw €[0.1,...., 0.5] ml/min and fa for F,, €[0.6,...., 0.9] ml/min.
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Fig. 5 Mathematically relation established for the exp-ser-1 between the results of the analysis in the frequency domain
and time domain. The values of velocity computed by the dual-slit methodology are reported in the y-axis whereas the
frequency peak of the water slug fw for Fw €[0.1,..., 0.5] ml/min and fa for Fw €[0.6,..., 0.9] ml/min are reported in the
x-axis. The blue and the red lines represent the linear correlation established between the velocity and, respectively, the
fw for Fw € [0.1,..., 0.5] ml/min and fa for Fw € [0.6,..., 0.9] ml/min.

4. CONCLUSIONS

A challenge in this work was the development of a velocity detection systems, for the slug flow analysis in
microchannel, based on optical signals monitoring being non-invasive and suitable for on-chip integration.
Being the process highly nonlinear a continuous change in its behavior is expected and the possibility to use
low cost simple procedure to track those behaviors represents an important step in the development of
microfluidic system-on-chip.

In this works the attention has been focused on two-phase flows obtained by the interaction of immiscible
fluids {air and water} in a micro-channels of 320 um side. Three experimental campaigns {exp-set-1, exp-
set-2, exp-set-3} was performed considering balanced (AF=0.5) and unbalanced input flow rates (AF={0.6,
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0.67}). The process was monitored by a photo-diode set-up. Two approaches based on the optical signal’s
analysis in frequency and time domain were implemented and compared. The first was used to analyze and
compare the dominant frequency of the water and air slugs passage obtained in the three experimental
conditions. Two dominant frequencies were detected by the spectral analysis a slow one associated to the
water passage and a fast one to the air passage. The trends of the increase of {fw, fa} varying the input flow
rate were computed experimentally.

The second method based on the dual-slit methodology was used in the exp-set-1 to establish a mathematical
relation between the frequency of the slug passage and the velocity obtained using both photodiode signals
{phl, ph2}.

In future works the investigation about the mathematical correlation between the frequency of the slugs
passage detected by the spectral analysis and the slugs velocity computed by the dual-slit methodology will
be widen and detailed and an real-time procedure for slug velocity detection designed. Additionally a strict
control on the pressure at inlet will be realized, being this work focused on the feasibility of using the data
analysis to extract slug flows information, independently by the input flow conditions, at this step it was not
necessary but it will become for a precise mathematical formulation of the input-output variable relation.
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