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Abstract 17 

The context of this work is to explore the possibility of making bio-sourced foams at high throughput in 18 

microsystems. A fundamental element for the development of new technologies based on biphasic flows in 19 

microchannels is a good characterization and knowledge of hydrodynamics. In this contribution, cross slot 20 

microsystems are tested as a promoter for the formation of train of bubbles in aqueous solutions of xanthan gum. 21 

A flow chart is proposed to present the conditions allowing a dispersed flow regime; i.e. the conditions 22 

guaranteeing the complete incorporation of the gas into the liquid phase (no gas pocket) and then the control of 23 

the void fraction. The foaming is studied under potential industrial conditions, i.e. operating with liquid flow 24 

rates up to 24 L/h. High speed imaging within the channels reveals that the mechanism of formation of bubbles 25 

is related to flow focusing. Bubbles are generated alternatively from each of the two opposite gas inlets. Using 26 

whey protein isolate to enhance foaming points out that the bubble size may be reduced along a long channel by 27 
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tip streaming. The effect of the modulation of the viscosity of the liquid base (xanthan gum content) is also 28 

discussed. 29 

 30 

Keywords: Microchannels, biphasic flow, high throughput, high speed visualization, bubble train, non-31 

Newtonian liquids. 32 

 33 

 34 

Highlights 35 

Design of a foaming process by using microchannels for food or cosmetic applications 36 

Test of two cross slot microsystems at high biphasic throughput (QL= 4.2-24 L/h) 37 

Presentation of flowcharts for nitrogen dispersed in aqueous xanthan gum solutions 38 

Characterization of genesis of bubble and bubble distribution along the channel  39 

Tip streaming phenomenon is observed in the microchannel 40 
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Graphical Abstract 47 

 48 

 49 

1. Introduction 50 

In the last twenty years, miniaturized systems have attracted growing interest in chemical engineering 51 

processes, but also in other fields, and considerable progresses have been made in their knowledge and industrial 52 

development. The use of microchannels is generally part of an intensification purpose aiming to improve the 53 

efficiency, thanks to the easy control of transfer settings, as well as the safety of the process, for the sake of 54 

industrial transition to “green processes” (Poux et al. 2015). The microchannels proved themselves in areas as 55 

diverse as chemical, cosmetic and pharmaceutical industries, especially in improving the quality of the mixture 56 

(Nguyen 2011). The size reduction also coincides with the compacity concept, in the good trend for industrial 57 

plants optimization. In addition, less cumbersome processes allow the establishment of parallel production 58 

methods improving the delays. Another advantage offered by microsystems is a quasi-immediate steady state 59 
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and a perfect reproducibility of the characteristics of the products. A large range of geometries and principles of 60 

operation of micromixers is available in the literature, each kind of apparatus presenting its own interest. 61 

Micrometer-sized channels provide a high specific area, facilitating heat and mass transfers. Indeed, for 62 

a micro reactor it may vary between 10 000 - 50 000 m2 per m3, whereas in the case of conventional reactors, it 63 

remains around 100 m2.m-3 (Kockmann 2008). On the other hand, traditionally neglected phenomena in 64 

conventional processes may have a significant effect in microchannels, as surface micro-roughness, surface 65 

tension phenomena and clogging risk; replacement cycle or regular cleaning are usually needed. A strong 66 

limitation in open loop processes is to ensure acceptable pressure drops, both by the design and the operating 67 

conditions. 68 

All these aspects must be taken into account in the development of micromixers. Optimal designs 69 

heavily rely on the flow regimes (laminar, turbulent and transient) and pressure drop correlations. Understanding 70 

of the parameters governing the flow is thus the subject of recent research in microfluidics (Kumar et al. 2011; 71 

Galletti et al. 2012). The micro-mixers are able to mix efficiently over a quite large range of experimental 72 

conditions. However, they are generally associated with several constraints and limitations that make it difficult 73 

to adapt to the industrial level. Therefore, there is no universal micro-mixer which can satisfy all the 74 

requirements of microsystems technology and that would suit for all kinds of applications.  75 

 76 

The mixing efficiency is directly linked to the flow regime and the geometry. T and cross geometries 77 

are the most studied, as they are most appropriate for the transfer intensification. In these geometries, the mixing 78 

quality improves with the increase of Reynolds numbers and the occurrence of recirculation zones after the 79 

impact of fluids (Srisamran and Devahastin 2006). The magnitude of these vortices increases with the Reynolds 80 

number. These preferential recirculation zones have been observed in microchannels with cross geometry 81 

(Huchet et al. 2008). These cross shaped micromixers are also designated in the literature as cross slot. Although 82 

little studied from the point of view of design, they exhibit excellent transfer performance due to the contacting 83 

of the fluids in an impact zone causing significant shear (Srisamran and Devahastin 2006). It might be added that 84 

more intense turbulent zones are observed in a cross micromixer than in a T, as shown in the experiments from 85 

Huchet et al. (2008) and Ait Mouheb et al. (2010), by using particle imaging velocimetry (PIV) and 86 

electrochemical method. For this, the cross geometry was retained in the present work. 87 

 88 
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For biphasic applications, the flow pattern is the major feature for the foaming performances. In order to 89 

control the flow, the knowledge of the influence of the geometry and size of the micro-mixers, as well as that of 90 

the flow rates, and gas and liquid properties is then essential. Generally, the flow pattern is determined by the 91 

ratio of gas and liquid flow rates (Garstecki et al. 2006), but till now, this knowledge is far to be unified, and 92 

only specific features can be found in the literature. For instance, it is noteworthy that the majority of the tests 93 

presented in the literature were performed with low air and water flowrates (∼µL to mL per hour). Finally, it is 94 

clear that further experiments are needed to clarify flow pattern for higher throughputs, to fully exploit the 95 

potential of this technology for gas/liquid mixing.  96 

 97 

The present study is performed with cross slot geometries, under conditions that match industrial 98 

requirements, i.e. fluid flow rates of several liters per hour. For the sake of food or cosmetic applications, the 99 

liquid is formulated with bio-sourced compounds: whey protein isolate (WPI) is used as foaming agent and 100 

xanthan (XG) as a thickening agent. The liquid base is non-Newtonian with a viscous shear-thinning behavior, 101 

and the gas phase is nitrogen (N2). Biphasic flow charts are established, so as to characterize the proper working 102 

domain, meaning flow conditions that guarantee a dispersed flow pattern, in which it is possible to control the 103 

void fraction in the foam by the flowrates. The originality of this work is to observe and analyze the formation of 104 

bubble train in the impact zone of these two fluids, thanks to high speed visualization. The structure of the 105 

gas/liquid flow is described at different fluids flow rates. The influence of the fluid viscosity on the bubble 106 

formation is qualitatively discussed. 107 

 108 

 109 

2. Materials and methods 110 

 111 

2.1. WPI-XG solutions 112 

As the general context of this work is to explore the possibility of making bio-sourced foams, the foams 113 

are prepared from aqueous solutions of whey protein isolates, at different concentrations of xanthan gum in order 114 

to modulate the viscosity. The WPI are used for their surfactant properties while XG acts as thickener. Xanthan 115 

gum (Cargill, Baupte, France) provides high viscosities to aqueous solutions at low concentrations, with a strong 116 

shear thinning behavior (Sworn, 2011). In food applications, xanthan gum can be used up to a concentration 117 

0.5% (weight per total weight). The particular rheology of aqueous solutions of xanthan gum (see 2.1.1) makes 118 
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this thickener interesting for the presently investigated foaming process: their highly shear thinning behavior 119 

allows to implement high velocity in the small sections of the microchannels without inducing prohibitive 120 

pressure losses. WPI powder, Prolacta95, is purchased from Lactalis Ingredients (Bourgbarré, France). Whey 121 

protein isolates have a molecular weight of about molecular weight about 14-18 kDa. They are known to have 122 

foaming abilities that are even better than those of aggregated WPI (Famelard et al. 2011).  123 

Three WPI-XG solutions are tested in this work. Their formulation includes 3 wt% of WPI as well as 124 

mass contents of respectively 0.2, 0.35 and 0.5 wt% of xanthan gum. The tested range of xanthan content is thus 125 

coherent with usual industrial practices. These solutions are designated as WPI3X02, WPI3X035 and WPI3X05 126 

respectively. A fourth solution is obtained by adding NaCl (0.2 M) to WPI3X035 to test the eventual effect of 127 

the ionic strength on the conformation of the protein and/or xanthan gum. Compositions of these solutions are 128 

recapped in Table 1. At these concentrations, both biopolymers do not interact and are soluble in water 129 

(Benichou et al. 2007). The solutions are prepared by dispersing the powders in batches of about 20 L in a 130 

cylindrical mixing vessel (Guedu, Lavergne, France) at a controlled temperature (40°C) under low speed stirring 131 

(50 rpm) during 5 hours. The pH is adjusted to 7, by addition of 0.1M NaOH solution, for better protein 132 

solubilization (Guimarães Pelegrine and de Moraes Santos Gomes 2008). The batches are then kept at 4°C for 133 

24h to ensure complete hydration of the polymers. 134 

 135 

2.1.1. Viscosity  136 

The viscosity of the WPI-XG mixtures is characterized for each batch using the AR-1000N rheometer 137 

(TA Instruments, USA) with cone-plate geometry (60 mm diameter, 4° cone angle), sweeping the shear rate γ �   138 

in the range [0.3 s-1- 700 s-1]. As all the tests are performed at room temperature, measurements are made at 139 

20°C. 140 

The viscosity of the solutions is affected by the XG concentration, while the addition of sodium chloride 141 

at a given XG concentration slightly decreases the viscosity. As formerly pointed out by Sworn (Sworn, 2000), 142 

flow curves of xanthan gum solution exhibit a shear thinning behavior that can be fitted with a power law for 143 

shear rates between 0.3 and 700 s-1, as seen in Fig. 1: 144 

 � = � �� � (1)  

Where τ is the shear stress, K, the flow consistency and n, the flow index. 145 

According to Sworn (Sworn, 2000), aqueous solutions of xanthan are also characterized by two levelling off of 146 

the viscosity that are designated as the upper and lower Newtonian regions. As an example, the lower Newtonian 147 
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region of 0.5% xanthan gum solution is observed by Sworn (Sworn, 2000) for shear rates higher than 105 s-1, 148 

where the viscosity is about 1.7 mPa s. In the present experimental work, the range of shear rate encountered in 149 

the outlet channels is [0.62-4.3] 105 s-1 (Table 2) which indicates that the aqueous solution of xanthan may 150 

exhibit a Newtonian behavior and a small apparent viscosity in the microchannels. In the range of shear rates 151 

investigated in the microchannels, the apparent viscosity is then estimated using Equation 2, where 	
 is the 152 

viscosity of the solvent ( water) : 153 

 154 

 	� = � �� ��
 + 	
 (2)  

The constant 	
 accounts for the second Newtonian plateau trend. Although it is not accurately determined yet, 155 

this term avoids unrealistic viscosity values given by the Oswald-deWaele model at very high shear rates. 156 

2.1.2. Surface tension  157 

The surface tension σ of the solutions is measured with a tensiometer (K12, Krüss GmbH, Germany) 158 

using the Wilhelmy’s plate method at 20°C during 3h. At a constant WPI concentration, the surface tension is 44 159 

± 1 mN.m-1 at long time (equilibrium value) for all the solutions. It was verified that neither xanthan gum 160 

(Dickinson and Walstra 2011) nor sodium chloride changes the interfacial tension. As mentioned in the literature 161 

(Lee et al. 2012) the interfacial tension of aqueous solution of xanthan at low content (0.1 -0.5 wt%) is about 70 162 

N m-1, provided that no impurity is introduced with the xanthan gum. The composition and properties of the 163 

solutions are gathered in Table 1. 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 
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 177 

 178 

 179 

Table 1.Composition and properties of the aqueous solutions, 20°C 180 

 

Content and 

properties of 

aqueous solutions 

→ 

Designation of 

aqueous solution 

↓ 

WPI 

(wt%) 

XG  

(wt%) 

NaCl 0.2M 

(wt%) 

ρL (kg.m-3) 

± 3% 

K (Pa.sn)  

± 6% 

n (-)  

± 5% 

σ (N.m-1)  

± 3% 

WPI3X02 3 0.2 0 1032 0.89 0.29 0.044 

WPI3X035NaCl 3 0.35 1.2 1046 2.2 0.24 0.044 

WPI3X035 3 0.35 0 1034 3.1 0.20 0.044 

WPI3X05 3 0.5 0 1035 5.2 0.14 0.044 
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 181 

 182 

Fig.1 : Flow curves at 20°C with the four WPI-XG liquid solutions tested in this work. 183 

  184 

 185 

 186 

2.2. Microchannels 187 

2.2.1. Hydraulic loop 188 

The experiments were carried out in two micro devices with similar geometry. Both are cross-shaped 189 

(so called cross slot geometry), composed of four branches with a square section and the same length (20 mm). 190 

As explained in fig.2, two opposite branches are used for the gas inlet, one for the liquid inlet and the last one for 191 

the foam outlet. The fluids are injected perpendicularly to the plane of the channels, thus in the plane of the 192 

microsystem (Fig.3). The two systems differ in the channel section side: 500 µm for the first one, and 600µm for 193 

the second one. Both devices were fabricated in our lab from a polymethylmethacrylate (PMMA) plate 194 

(60×60×15mm), by precision milling, and threaded into another PMMA plate (90×60×15mm). According to the 195 

literature, the value of surface energy of PMMA is about 40 mJ.m-2 at 20°C. The two plates are easily 196 

removable, ensuring an easy cleaning if necessary. They are transparent and resist to pressures up to 20 bars at 197 

least. Sealing is ensured by a gasket and systems of screws, bolts and lock nuts.  198 
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Fig.2. displays the whole experimental loop. A piston pump (AP TrixTM, Armen, France) is used to feed 199 

the microchannels with the liquid and to control its flow rate. Gas is N2 (provided by Air liquid, France). The gas 200 

flow rate is measured using a Coriolis mass flow-meter (Promass 80, Endress+HausserTM, Switzerland); 201 

according to the manufacturer, the maximal uncertainty is ± 0.75%. An analog pressure sensor (Gems sensors, 202 

USA), with adjusted measuring range up to 25 bars, is located before the gas injection. According the 203 

manufacturer, the uncertainty of the measured pressure is 0.25% of the full scale. Teflon tubes (FEP, Inlet 204 

Diameter ID = 0.156 cm) were employed to connect the microchannel device with gas and liquid supplies. The 205 

same kind of tube (FEP, ID = 0.156 cm), of 3.70 m long, is used at the outlet of the microsystem in order to 206 

avoid a too large variation of the hydraulic diameter and to ensure a progressive decrease of the pressure. A 207 

thermocouple (Type K, Omega®, France) is used to record the temperature of the foam in this tube; it is set after 208 

the outlet of the microsystem. Another tube (PVC, ID = 1 cm) of 4.30 m long is added to ensure a back pressure 209 

with a smooth pressure decrease, and to connect the visualization cell. 210 

 211 

Fig.2. Experimental rig : (1) Liquid feed; (2) Pump; (3) Gas supply; (4) Gas expander; (5) Mass gas flow meter; 212 

(6) Absolute gas pressure sensor; (7) Microchannels; (8) Temperature sensors; (9) Visualization cell for foam at 213 

the outlet of the process. 214 
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 215 

Fig.3: plan of the microsystem cross 600 (dimensions are given in mm). 216 

 217 

2.2.2. Image capture with a high speed camera 218 

Image sequences are taken from a speed camera HighSpeedStar 6 (LaVision, Göttingen, Germany) 219 

provided with lenses, that can reach a maximum frequency of 675 000 frames per second (fps). In our tests, the 220 

flow is observed in the outlet channel, in which the two fluids flow. The refractive index of the PMMA is 1.48 221 

and that of water is 1.33. The difference of refractive index is negligible, as previously demonstrated by several 222 

authors (Besagni et al., 2016). A rate of 5000 frames per second is captured with an acquisition time of 1μs. 223 

Thus, the time span between two images is 0.2ms. At the chosen frequency, the image definition is 1024x320 224 

pixels2 and the resolution is 16.4 µm per pixel. With the obtained magnification, about 15 mm of channel length 225 

can be observed in a single field of view. As formerly mentioned, the total length of the outlet channels is 20 mm 226 

but it is not possible to observe its entirety due to the pipe at the outlet that clutters the visualization. The images 227 

are recorded from the camera using a computer equipped with image acquisition software DaVis (LaVision, 228 

Germany). 229 

 230 

2.3. Bubble size distribution at the outlet of the process 231 

The foam can be observed at the output of the whole process at atmospheric pressure through a PMMA 232 

transparent visualization cell placed under a camera which allows image acquisition of 4 x 5 mm field of view 233 

with 5 M pixels definition. The resulting images are analyzed with the software Visilog™7.0 (Noesis, France) to 234 

provide the experimental values of bubbles size distribution. At least 300 bubbles per sample were needed to 235 

converge to the true probability density function (pdf) (Vigneau et al. 2000). The log-normal law fairly fits the 236 

experimental distribution. The mean square deviation (MSD) remains similar for each trial, i.e. around 70%. 237 
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Therefore, the log-modal diameter Dm is computed from the experimental diameter series to represent the typical 238 

size of the bubbles. 239 

 240 

2.4. Gas fraction  241 

The volume fraction is one of the most important control parameters used to characterize the mixing in 242 

biphasic flows. The gas incorporation and breakup depends, among other dynamic parameters, on the ability of 243 

the protein to lower the surface tension between liquid and gas during foaming. In the perfectly dispersed 244 

regime, assuming a zero slip velocity between the two phases, the outlet gas volume fraction α of the foam is 245 

determined from the liquid and gas volumetric flow rates at ambient, respectively QL and QG and reads: 246 

 
������������ =

��

�� + ��

 (3)  

The experimental void fraction is deduced from the amount of gas incorporated in the foam. It is given from the 247 

experimental overrun OV which represents the foaming expansion rate and which is expressed in percentage. It 248 

is calculated from the weight, WL, of the liquid solution filling a given receptacle and that, WF, of the foam filling 249 

the same receptacle, with 0.5% deviation. 250 

 
�� (%) = 100

"� − "$

"$

 (4)  

 
��%&���'����� =

��%

100 + ��%
 (5)  

 251 

 252 

3. Results and discussion 253 

 254 

The purpose of this work is to characterize the structure and typology of the gas/liquid flow in the cross 600 and 255 

in the cross 500. Flow rates of fluids are varied, with the volume liquid flow rate QL ranging between 4.2 and 24 256 

L.h-1. As formerly mentioned, the composition of the liquid base is varied by modulating the amount of xanthan 257 

and using or not sodium chloride. In the absence of or at low shear rate, the apparent viscosities of the different 258 

solutions are significantly different (Figure 1). At the flow conditions tested in the microchannels (Table 2), for 259 

which the lower Newtonian region is approached or reached, this difference is probably very tiny or negligible. 260 

This is a crucial point: the particular shear thinning character of aqueous solutions of xanthan gum explains that 261 

such fluids can be easily handled in microsystems at high throughput.  262 

 263 
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The operating conditions for both fluids are collected in Table 2; they are calculated considering the 264 

conditions at the outlet channel of the microsystem (up flow the back pressure tube).  265 

At the micrometric scale, the flow behavior can be described by several dimensionless numbers. They 266 

account for six variables, density ρ, viscosity μ, surface tension σ, hydraulic diameter DH, superficial velocity Us 267 

and acceleration of gravity g, that are based on the fundamental units of mass, length and time. The Reynolds 268 

number is defined as the ratio of inertial forces to viscous ones: 269 

 
() =  

*+�,-

μ
 (6)  

The capillary number is the ratio of the viscous forces and the surface tension: 270 

 
/0 =  

μ,-

1
 (7)  

The Weber number represents the ratio of inertial forces and surface tension: 271 

 
") =  

*,-
2+�

1
 (8)  

And Bond number takes into account the ratio of gravitational forces and surface tension: 272 

 
34 =  

*g+�
2

1
 (9)  

From these definitions, it appears that the effect of surface tension forces become dominant over the gravitational 273 

forces as the size of the channel decreases. 274 

The wall shear rate, � � , is estimated in the outlet microchannel, making the assumption that the flow is 275 

laminar and established, using the following equation for ducts of square section: 276 

� � =  
6.

8 (9:,<=9:,>) 

?@
  (10)  

Where ,-,� and ,-,�  are respectively the liquid and gas superficial velocities. 277 

Values of Re, Ca, We and Bo are that are reported in Table 2 for the liquid phase, are calculated considering 278 

WPI3X035 only (ρl= 1035 kg m-3, µ l is calculated from Eq. 2). Concerning the gas phase, which is nitrogen, µg = 279 

1.75×10-5 Pa.s at 20°C and at atmospheric pressure (Patm). For pressures below 35 bars, the pressure effect on the 280 

viscosity of the gas is negligible (Crane 1988). 281 

Given the dimensionless numbers, it appears that the flow regime is laminar and that the inertial forces outweigh 282 

the viscous forces in the flow (Re >> 1), while Bo << 1 and Ca <1. According to the literature (Engler et al. 283 

2004; Soleymani et al. 2008; Srisamran and Devahastin 2006; Ait Mouheb 2010), the Reynolds number range 284 

explored here corresponds to a favorable range regarding increased transfer in microchannels. Indeed, if one 285 

refers to the liquid-liquid mixing in these systems, beyond Re = 100 to 150, the quality of the mixture is greatly 286 
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increased. It may be added that the trials with the two-phase system used in this study correspond to an 287 

unexplored situation in the literature. 288 

The residence time in the microchannel output ranges between 0.1 and 1.5 ms with liquid flow rates 289 

between 2 and 24 L.h-1 and gas flow rates between 2 and 50 L.h-1. For these flows, it is crucial to provide 290 

information on the genesis of bubble trains and on the bubble behavior in microchannels, according to the flow 291 

conditions (flow rates and fluid properties) explored. This section presents the results of investigations of 292 

biphasic flow in microchannels using a high speed camera. The frequency used is a compromise that allows 293 

distinguishing bubbles having a size larger than a few pixels (i.e. of the order of 50 µm, knowing that the pixel 294 

size is 16.4 µm) while ensuring that the exposure time (1 μs) does not bias the observation of their morphology. 295 

During the time exposure of 1 µs, a particle can make a maximal displacement of 27 µm, taking into account for 296 

the average velocity in the outlet microchannel corresponding to the highest investigated flowrate, i.e. 24 L h-1. 297 

At this flowrate, some images may seem to be slightly out of focus; this is due to the fact that the image 298 

frequency is no more perfectly fitted to the speed of the fluids. Choosing a higher image frequency would imply 299 

having a smaller image resolution. Using the visualizations conducted, the gas/liquid flow pattern are determined 300 

as a function of the fluids flow rates and liquid viscosity. Then, the effects of fluid flow rates on the size and 301 

morphology of the bubble, the eventual effect of the viscosity of the liquid and also of the presence or absence of 302 

protein on the flow within microchannels are investigated. 303 

 304 

Table 2 : Ranges of operating conditions in the microchannels and characteristic flow numbers, 305 

calculated in the outlet microchannel, for a WPI3X035 liquid base and nitrogen, 20 °C. 306 

 307 

Fluid Parameters Cross 500 Cross 600 

 DH (m) 5×10-4 6×10-4 

Liquid 

 

QL (L.h-1) 

 

Liquid pressure at feeding 

pump Pl (105 Pa) 

 

4.2– 24 

 

4-13 

 

 

US,L(m.s-1) 4.7 – 26.7 3.2 – 18.5 

tresidence,L (ms) 4.2 – 0.75 6.1 – 1.1 
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A�  (105 s-1) 1.1 -4.3 0.62 - 2.5 

ReL (-) 119 – 690 101 – 575 

CaL (-) 0.105 – 0.61 0.077 – 0.42 

WeL (-) 255 – 8.4×103 147 – 4.8×103 

BoL (-) 5.8×10-2 8.3×10-2 

Gas 

QG (g.h-1) 

 

5 – 80 

 

Gas inlet pressure PG 

(105 Pa) 

 

1 – 10 

 

QG (L.h-1) at  PG 4 – 67 

US,G (m.s-1) at PG 4.6 – 74 3.2 – 51 

tresidence,G (ms) at PG 4.3 – 0.27 6.3 – 0.39 

ReG (-) at PG 160 – 2540 130 – 2120 

CaG (-) at PG 1.8×10-3 – 6.3×10-2 7.1×10-3 – 5.3×10-2 

WeG (-) at PG 0.61 – 97 0.35 – 56 

BoG (-) at PG 7.1×10-3 – 7.1×10-2 9.6×10-5 – 9.6×10-4 

 308 

3.1. Flow patterns 309 

When the gas and liquid are injected simultaneously into a pipe, the structure of the mixture depends on 310 

their properties and also on the geometry of the pipe (inclination, diameter, roughness) (Kleinstreuer, 2003). In 311 

the tested microsystems (cross 600 and cross 500), flow patterns are identified by using two kinds of 312 

observations: respectively the aspect of foams produced at the outlet of the process, and the visualizations in the 313 

cross slot microsystem using the high speed camera. It should be recalled that two pipes of respectively 1.6 mm 314 

and 10 mm in diameter and approximately 4 m long each are arranged at the output of the cross for a gradual 315 

release of pressure. If the expansion is too quick, the pressure balance in the cross is different and the flow 316 

transitions are skewed.  317 

As explained above, the regime transitions are visually determined at the outlet of the process. The same 318 

experimental procedure was applied in the two micromixers. For a given value of the liquid flow-rate, the gas 319 

flow-rate is decreased monotonically starting from the maximum value, where the slug flow is observed. Once 320 
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the gas plugs disappear, the corresponding gas flow-rate is recorded as well as pressure drop and gas injection 321 

pressure. Known volumes of produced foams are weighed to determine the experimental void fraction (see eq. 322 

5). The observed biphasic flow patterns are plotted on a classical coordinate flow map (US,G, US,L). In this study, 323 

the limits correspond to the transition between the flow patterns observed in the experimental field; they are 324 

determined using six pairs of flow rates (QG, QL). 325 

It may be noted that at low gas flow, the gas pressure is too low for the two fluids to come into contact. 326 

Therefore, the liquid flows through the other three channels, preventing the gas from entering the cell. This is a 327 

technological limit due to the system geometry and pressure unbalance.  328 

 329 

Two flow structures are visually observed according to the aspect of the foam at the outlet of the 330 

process: 331 

- Dispersed flow is identified at intermediate gas flow, where the two fluids mix perfectly. All the gas introduced 332 

is incorporated in the foam. The void fraction of the resulting foam can directly be determined from the fluids 333 

flow rates. 334 

- Pulsed flow is characterized with gas slugs that appear when the gas flow is too high. The void fraction of the 335 

foam is no longer directly controlled by fluid flows. Pulses of foam with pockets of gas are observed. For the 336 

same liquid flow rate, the pulsation is enhanced when the gas flow rate is high. 337 

 338 

Visualizations within the outlet microchannel using the high speed camera confirm these different flow 339 

transitions. It was formerly verified with the tested solutions that no hysteresis effect occurs if the flow rates are 340 

studied in a random way (thanks to the non-thixotropic behavior of the solutions). Fig. 4 shows examples of the 341 

behavior of the fluids in the mixing zone respectively with dispersed flow pattern and slug flow pattern, with 342 

increasing gas flow intensity. Liquid phase appears transparent in the image capture while the interfaces with 343 

bubbles are dark; thus a good contrast is obtained. According to the flow visualization at the dispersed flow (Fig. 344 

4-a), bubbles formed at the cross junction do not merge during their travel in the outlet channel. In contrast, 345 

when slug flow appears the bubbles quickly come together after their formation and progressively merge to form 346 

a continuous flow of gas at the end of the microchannel. It may be noticed that, despite the poor quality of photos 347 

presented in Fig4-c and Fig 4-d, the biphasic flow observed at the end part of the microchannel is rather closed 348 

to churn flow than to annular slug flow, as it is more chaotic and distorted than annular slug flow. Brauner and 349 

Barnea (1986) have formerly studied the slug/churn transition in upward gas/liquid flow in columns with internal 350 
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diameters at the centimeter scale; they mentioned that churn flow is sometimes referred as to pulsating annular 351 

flow or annular and slug pattern and that it is difficult, at high liquid velocities, to discriminate visually between 352 

churn and slug flow.  353 

 354 

355 
Fig.4 : Example of visualization of flow regimes in microchannels (Frequency 5kHz, 1μs exposure time, 1 pixel 356 

= 17 µm, 0.2ms between each successive image) for WPI3X02 liquid solution with QL = 6 L.h-1: a) dispersed 357 

flow pattern; QG = 15 L.h-1 and α=0,71 - b) slug flow pattern with low pulsations; QG = 25 L.h-1 and α theoretical 358 

=0,81 - c) slug flow pattern with moderate pulsations at the end of the process; QG = 35 L.h-1 and α theoretical =0,85 359 

- d) slug flow pattern with significant pulsations at the end of the process ; QG = 50 L.h-1 and α theoretical =0,89. 360 

 361 

The transitions between the two observed flow patterns are recapped and represented in a flow chart for 362 

the cross 600 (Fig. 5) and cross 500 (Fig. 6) with only two solutions of different viscosities, for clarity. Their 363 

determination is relatively easy and reproducible, with about 8% uncertainty only in the gas flow rate. Fig.5 and 364 
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Fig.6 presents these transitions using superficial velocity of phases; superficial velocity of gas being calculated 365 

at atmospheric pressure.  366 

The lower limit of the dispersed flow is represented by a dotted line while the solid line corresponds to 367 

the upper limit. The dispersed regime is observed in a relatively narrow zone characterized by a range of the void 368 

fraction α ~ [0.35 to 0.51] with WPI3X05 and α ~ [0.5 to 0.7] with WPI3X02 in the cross 600 (Fig. 5). In the 369 

present case, both limits shift to lower fluid velocities when the viscosity of the liquid phase increases. The same 370 

trend was formerly observed using SMX (SULZERTM, Switzerland) (Laporte et al. 2014): a reduction of the 371 

maximum void fraction occurs with an increase in viscosity of the liquid phase.  372 

The upper limit of the liquid flow rates differs between the two crosses: for QL > 24 L.h-1 in the cross 373 

600, the flow become unstable and the liquid flowrate cannot be kept constant, analogously for QL > 18 L.h-1 in 374 

the cross 500. This problem is also encountered with more viscous solutions with different limits according to 375 

the cross section: for the cross 500 the flow is totally unstable, even at low flow rates for solutions with 0.5 wt% 376 

xanthan or more, while for the cross 600, a stable flow is established with 0.5% xanthan. But for higher 377 

concentrations, the flow is unstable in any flow condition. As regards the less viscous solution, containing 0.2% 378 

of xanthan, the obtained foams are not stable enough and the liquid drains too quickly. A flow rate limitation is 379 

also encountered when the gas pressure reaches 10 bar. Thus, there are physical limitations with respect to the 380 

characteristics of the liquid (flow rate and viscosity) due to the micromixer configuration. 381 

As mentioned by Zhao and Middlelberg (2011) in their review, Zhang and Wang (2009) previously 382 

investigated the transition between flow patterns in confined microfluidic glass T-junction channels pointing out 383 

that they depend on both gas and liquid flow rates. Zhang and Wang (2009) noticed that only a given range of 384 

gas inlet pressure allows forming regular bubbles. Under a minimum pressure, no bubble can be generated. On 385 

the other hand, if a too high gas pressure is applied, these authors indicate that “layered laminar flow of gas and 386 

liquid phases would be triggered”.  387 

Concerning the positions of the limit dispersed flow/slug flow observed in our work, it is difficult to 388 

compare them to other studies concerning biphasic flow in microchannels, as the range of gas and liquid 389 

velocities investigated are rather high. Triplett et al. (1999) proposed a flow chart for a biphasic air/water system 390 

in a circular pipe with 1 mm in diameter. The range of velocities studied is large enough to make a comparison. 391 

The position of the limits of the dispersed flow, or so-called bubbly flow, in their work is rather in accordance 392 

with our results. But Triplett et al (2014) describes another limit, for larger gas velocities, which concerns slug 393 

and churn flow regimes. This limit is not observed in our work. It may be emphasized that the flow typology 394 
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shows a transition along the microchannel itself for flow conditions corresponding to the limit of dispersed flow 395 

(see Fig. 4 b). Brauner and Barnea (1986) discussed on churn/slug transition. Despite the fact that their work is 396 

based on columns with internal diameter of the order of one to several centimeters, the presented flow charts 397 

encounter several decades of velocities (about 0,001-10 m/s for the liquid and 0.01-100 m/s for the gas) which 398 

may be of interest for a comparison. The authors propose a predictive model for the churn/slug transition which 399 

is in particular based on a simple criterion. In the case of vertical pipes, “the transition to churn flow is 400 

postulated to occur when the void fraction within the liquid slug reaches the maximum volumetric bubble 401 

packing, i.e. 0.52”. The authors also studied and discussed about the effect of inclination of the tube; they 402 

concluded on the absence of the churn pattern at relatively low liquid flow rates in shallow inclinations 403 

(including horizontal position). However, this conclusion does not seem to be so evident due to the difficulty of 404 

characterizing flow patterns at high fluids velocities. In our case, the upper limits for dispersed flow are observed 405 

with void fraction superior or equal to 0.52. The most interesting is that the location of these limits are in the 406 

same area and have a similar shape than those presented in the flow charts of Brauner and Barnea (1986) for 407 

vertical tube. Moreover, as said, the flow visualization in the microchannel is in favor of a transition of dispersed 408 

flow/churn flow rather than dispersed flow/slug flow after these limits. The locations of the limits and the 409 

visualized flow pattern indicate that the flow charts presented in Fig. 5 and 6 are closer to flow charts obtained 410 

with vertical flows in pipes than with horizontal ones. This discussion would need to be confirmed, with flow 411 

visualization at higher frequency of image acquisition, if possible, and/or with a better resolution of images.   412 

Fig. 7 allows comparing the limit between dispersed flow regime and churn or plug flow regime 413 

observed in the cross 500 and in the cross 600 using a dimensionless number for each phase; Reynolds number is 414 

calculated in the conditions of flow at the entrance of the mixing microchannel. As can be observed, using a 415 

smaller microchannel hydraulic diameter allows shifting the flow regime transition to upper gas Reynolds 416 

number. This is due to a higher needed pressure of gas injection. 417 

 418 
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 419 

Fig.5: Flow regimes transition in the cross 600 for two liquid solutions: WPI3X05 and WPI3X02. The 420 

velocity of gas is given at atmospheric pressure. 421 

 422 

 423 
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 424 

Fig. 6: Flow regimes transition in the cross 500 for two liquid solutions (WPI3X035 and WPI3X02). The 425 

velocity of gas is given at atmospheric pressure. 426 

 427 

Fig. 7: Comparison of the limit between dispersed flow regime and churn or plug flow regime observed 428 

in the cross 500 and in the cross 600. Reynolds number is calculated in the conditions of flow for each phase at 429 

the entrance of the mixing microchannel.  430 

 431 

 432 
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Using these flow charts, it is possible to determine the operating conditions providing a total control of the 433 

amount of gas incorporated into the foam. Fig. 8 shows theoretical (Eq.3) and experimental (Eq.5) values of void 434 

fractions corresponding to the flow boundary between slug and dispersed flow patterns (straight black lines on 435 

Fig.5 and Fig. 6). This shows the accuracy of the control of the fraction of gas incorporated into the foam, and 436 

this for a rather wide range [0.5 to 0.87] considering the complementarity of the two microsystems tested. 437 

 438 

Fig.8: Control of the void fraction in the microchannels. 439 

 440 

 441 

 442 

3.2. Visualizations of the flow in the outlet microchannel 443 

 444 

The tested configuration which consists in using one inlet channel for the liquid and the two 445 

perpendicular channels for the inlet of the gas enhances a kind of flow focusing at the crossing region. But 446 

usually, flow focusing is related to a configuration where the phase to be dispersed is feed in the inlet channel 447 

which is in alignment with the outlet channel. As can be observed in the photos presented in this contribution 448 

(see Fig. 4 and Fig.9), the liquid acts as a plug which laminates the gas. Bubbles are alternatively formed on 449 

each gas inlet. As can be observed in Fig.4, the regime of bubble formation in the dispersed flow regime is the 450 

jetting one. According to Anna (2016), over a CaL value of 0.1, the jetting regime governs the formation of 451 

bubbles. As can be seen in Table 2, in this study most of the value of CaL are larger than 0.1. 452 
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 453 

3.2.1. Surfactant effect of proteins 454 

In order to observe the effect of the proteins on the shape of bubbles, solutions at 0.5 wt % of xanthan 455 

respectively with and without WPI were used. The operating conditions ensure a non-pulsed regime in both 456 

cases and examples of resulting images are aggregated in Fig. 9. 457 

 458 

Fig.9: Mixing in the cross 600 cell with or without WPI (XG = 0.5 wt%), in dispersed regime, for 459 

different liquid flow rates, (1 kHz, acquisition time 1µs, 1 pixel = 16.4 µm). a) QL = 6 L.h-1, QG = 7 L.h-1; b) 460 

QL = 24 L.h-1, QG = 25 L.h-1; c) zoom in the channel where tip streaming is observed (flow conditions 461 

corresponding to the second photo from the left). 462 

 463 
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The bubbles appear to have a substantially similar size with or without protein, but their shapes present some 464 

differences (Fig.9.a and Fig.9.c). In the presence of protein, the bubbles are slightly more rounded at the 465 

upstream side. On their downstream side, they develop a "tail" which could be attributed to the surfactant 466 

character of proteins. It can be assumed that proteins are concentrated at the back of the bubble, probably under 467 

the pressure differential prevailing effect between the front and rear of the bubble, where they promote, by 468 

lowering the surface tension, stretching and fragmentation of the bubbles. This phenomenon is known as "tip 469 

streaming" and has been observed with emulsions (Leonhard 1966; Taylor 1934). For Leonhard’s unpublished 470 

work, refer to Drenckhan and Saint-Jalmes (2015). Also, de Bruijn (1993) proved that this drag is indeed caused 471 

by surface tension gradients, the droplets being saturated with surfactants. Fluids without surfactants present no 472 

tip streaming, as observed in our trials. As can be observed (Fig.9.a), the bubbles progressively reach the center 473 

part of the channel but they mainly pass through the channel close to the wall, where a high velocity gradient 474 

promotes elongation of the tails of bubbles.  475 

At higher speed (Fig.9.b), it is more difficult to quantify precisely the difference between the bubbles obtained 476 

with or without WPI. Despite the relative similarity of the fluid distribution in the outlet microchannel in these 477 

trials, i.e., with or without protein, it should be noted that no stable foam is produced at the outlet of the process 478 

if no protein is added to the solution. In the presence of protein, the device is able to produce foams whose 479 

characteristics are described in a former paper (Laporte et al., 2016). In this work, it has be shown, even with 480 

void fractions below the maximum packing (i.e. till 0.55), that the foam is exploitable from a rheological point of 481 

view, while remaining stable for several hours at least. 482 

 483 

3.2.2. Effect of flow rates 484 

Fig. 10 compares the flow at different flow rates of the same liquid phase and at constant gas fraction. 485 

In these trials a salted solution is used. Previous experiments (Laporte et al., 2016) have highlighted the positive 486 

impact of NaCl addition (0.2M) on the stability of foams at short and large times. This could be related to the 487 

denser and more compact interfacial protein film formed, due to the reduced electrostatic repulsion between 488 

proteins. As can be qualitatively observed on the photos (Fig. 10), the gas bubbles formed in the microsystem 489 

decrease significantly in size with increasing fluid flow rates. No systematic quantification of the size of the 490 

bubbles in the microchannel is proposed here as it would not be accurate, due to the low resolution of the 491 

pictures. At higher flow rates, it is more difficult to observe and describe what is actually happening in the 492 

microchannel: the size and shape of bubbles are more heterogeneous; clusters of bubbles appear along the outlet 493 
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channel and organization of bubbles gets more spread in the channel section which seems to indicate a better 494 

micromixing. Using this type of flow for bubbles production at this scale of systems is rather unusual, as in the 495 

published works, the bubbles are usually generated individually at a lower flow rate, each bubble size being 496 

generally close to that of the channel width.  497 

For information, it may be noted that the apparent average size of bubbles observed from the high speed imaging 498 

in the microchannel appears to be much higher than that of the bubbles in the foam obtained at the outlet of the 499 

process, especially when taking into account the pressure expansion along the process (see Fig 2, the outlet of 500 

the process is located after the visualization cell). As an example, in Fig. 10 at QL=12 L h-1 the apparent 2-D size 501 

of the bubbles in the outlet microchannel is about 300 µm in width x 600 µm in length whereas the modal bubble 502 

size of the foam determined at the outlet of the process, Dm, is 118 µm; moreover, it may be emphasized that the 503 

visualization system located at the outlet of the process does not allow to encounter for bubbles smaller than 20 504 

µm. For liquid flow rates above 12 L.h-1, the bubbles are pressed to the wall and break away in a more 505 

disordered way in the second half of the channel length. For the higher liquid flow investigated (24 L.h -1), the 506 

bubble size distribution observed in the channel becomes wider (Fig. 10, third picture from the left). However, at 507 

the outlet of the process, the foam presents a narrow diameter distribution. This also suggests that breakup 508 

process continues beyond the microchannel itself. Although at this stage no visualization is possible to assess 509 

this hypothesis.  510 

 511 

 512 
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Fig.10: On the left: images of the flow, for WPI3X035NaCl, α = 0.55, cross 600 at different flow rates (5 513 

kHz, acquisition time 1µs, 1 pixel = 16.4 µm). On the right: corresponding lognormal law bubble size 514 

distributions observed in the foam at the outlet of the process (The mean square deviation diminishes from 515 

85 % to 70% with increasing the flowrate).  516 

 517 

Regarding a description of the flow occurring in this configuration in terms of time evolution, the 518 

observation of sequences of images indicate that the bubbles arise alternately and with a remarkable regularity 519 

from each gas inlet, in an area where the fluids undergo a high gradient velocity as well as a high pressure 520 

gradient. Due to the flow configuration of gas and liquid at the inlet of the microsystems, bubbles are created at 521 

the vicinity of the walls. As said, bubbles then circulate close to the wall and progressively migrate in the center 522 

of the microchannel. For a given liquid solution, the shape of the bubble is dependent on the flow rate. At low 523 

rate of the liquid phase (3 to 6 L/h), bubbles detach from the wall quite quickly and their deformation is similar 524 

to that of bubbles observed in previous works in laminar flow regime: they take the appearance of an ogive. 525 

However, the observed bubbles are asymmetrical; they have a longer size at the channel side where they are 526 

created. In Fig. 11, successive photos of the flow captured at 5000 Hz in the cross 500 microsystem operated 527 

with the smallest investigated flow rate of liquid allow to distinguish the genesis of the bubbles. In order to 528 

follow more easily the bubbles, an artefact (probably an air bubble initially present in the aqueous solution) is 529 

marked with an arrow. In these conditions, about 13,300 bubbles appear per second. The kinetic energy of the 530 

liquid is about 100 times larger than that of the gas in the two inputs. It allows the liquid to act as a piston on the 531 

gas. For a liquid flow rate of 12 L.h-1, the size of the bubbles formed is homogeneous and their occurrence 532 

frequency is perfectly stable over time as seen in Fig. 12. This figure gathers four successive images of the flow 533 

captured at 0.2 ms intervals for three flow rates, so that it is possible to follow the bubbles in the channel. As an 534 

example, a same cluster of bubbles is circled in successive images in Fig. 12. A set of bubbles is chosen as a 535 

marker. The path and time interval between successive images allows estimating its velocity. This shows that the 536 

velocity increases as the bubble moves ahead in the channel. This may be explained by a progressive expansion 537 

of the bubbles along the channel as the pressure diminishes (see for example the picture obtained for QL= 12 L/h 538 

in Fig. 12). This implies that the velocity of the liquid is increasing along the channel, as the void fraction is 539 

getting higher, thus bubbles are also conveyed at a larger speed. For higher flow rates, like those presented in Fig 540 

4-b to 4-d, this phenomenon favors the bubbles merging which leads to the formation of slugs and to the 541 

transition to a slug flow pattern. 542 
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 543 

Fig.11: Successive images of the flow in the cross 500, for WPI3X035NaCl, α = 0.72, at QL= 4.2 L h-1 (5 544 

kHz, acquisition time 1μs, 1 pixel = 16.4 µm, width of the channel = 500 µm). 545 

 546 

 547 

Fig. 12 also allows us to estimate a bubble apparition frequency. Thus, for a liquid flow rate QL = 12 L.h-1, 548 

between two images (i.e. 0.2 ms), 7 bubbles are formed which means that about 35,000 bubbles are generated 549 

per second. By doubling the fluid flow rates, this number also increases with a factor 2: for QL = 24 L.h-1 about 550 

70,000 bubbles appear in a second. As can be seen in Fig. 13, the bubble frequency varies linearly with the 551 

flowrate of the liquid phase as well as with the bubble velocity in the investigated range of liquid flow rates [4.2-552 

24 L/h]. A raw estimation of the mean size of the bubbles can be made. Thus, for QL = 12 L.h-1, the bubbles size 553 

is about the channel size, i.e. the 2-D section is 600 microns long to ~ 400 μm wide. For QL = 24 L.h-1, the length 554 

varies a little, ~ 500 µm but the bubbles are more slim, ~ 200 µm wide. At this flow rate, as already mentioned a 555 
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large number of bubbles appear stretched and the size dispersion in the channel is more important. It is difficult 556 

to get an accurate characterization of the bubbles size along their travel in the channel as their shape is changing 557 

significantly.  558 

 559 

 560 

 561 

Fig.12: Successive images of the flow, for WPI3X035NaCl, α = 0.55, CX600, at different flow rates (5 562 

kHz, acquisition time 1μs, 1 pixel = 16.4 µm, width of the channel = 600 µm). 563 

 564 

 565 

  

 566 
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Fig.13: Bubble speed at the entrance of the outlet channel and bubble frequency measured as a function 567 

of the flowrate of liquid phase, QL (at the left). Bubble frequency is also presented as a function of the 568 

velocity of the bubbles in the entrance of the outlet channel (at the right). Data are obtained at a given void 569 

fraction (α = 0.55) with different flow rates of respectively WPI3X035NaCl (CX 600) and WPI3X035 (CX 570 

500). Images are obtained at 5 kHz and the acquisition time is 1μs. 571 

 572 

 573 

3.2.3. Effect of xanthan content 574 

 575 

To analyze the eventual effect of the xanthan content on the flow topology, two liquid solutions 576 

containing respectively 0.5 and 0.2 wt % of xanthan gum, protein-free, were used. The operating conditions 577 

ensure to develop dispersed flow with these two solutions. At a given flow rate and depending on the xanthan 578 

content, the shape of the bubbles is significantly different (Fig. 14). With QL = 6 L/h and QG = 7 L/h, at the 579 

middle length of the channel the bubbles appear to be larger and also more flattened at their back with smaller 580 

concentration of xanthan (X02) whereas they appear to be slimmer with a higher xanthan content, and thus a 581 

slightly more viscous liquid (X05). In the same pictures, it can be observed that, at the end of the channel, the 582 

apparent section of each bubble is much smaller when the xanthan content is higher (X05). This result is 583 

consistent with the trend previously observed, concerning the effect of viscosity on the bubble diameter obtained 584 

in the foam at the outlet of a process based on static mixers SMX (Laporte et al. 2015). In this work, it was 585 

shown that increasing the xanthan content slightly favors the bubble break-up, as smaller bubble diameters are 586 

observed in the collected foam. With QL = 24 L.h-1, QG = 25 L.h-1 (Fig. 14), as formerly mentioned the size 587 

distribution of the bubbles is more spread and their dispersion in the channel is more heterogeneous, making a 588 

comparison more delicate. However, it may be noticed that the size distribution seems to be less spread with the 589 

more viscous liquid phase.  590 
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 591 

Fig.14 : Mixing in the cross 600 cell for liquid bases with 0.5wt% and 0.2wt% of xanthan (no WPI in 592 

these trials), in dispersed regime, for different liquid flow rates (1 kHz, acquisition time 1µs, 1 pixel = 16.4 593 

µm, width of the channel = 600 µm). Two photos in the left: QL = 6 L.h-1, QG = 7 L.h-1. Two photos in the 594 

right: QL = 24 L.h-1, QG = 25 L.h-1. 595 

 596 

 597 

4. Conclusion 598 

 599 

The gas/liquid mixing at high flow rates, in micro channels is likely to have many interesting 600 

perspectives, especially concerning foams formulated for food engineering or cosmetic industry. This 601 

exploratory study proposes observations and analysis of an unusual use of microsystems for such a process, as a 602 

contribution for a better knowledge and understanding on the genesis of bubbles.  603 

This study has identified two flow patterns in the microchannels, dispersed flow and churn or slug flow; 604 

only the first one allowing the total incorporation and controlled gas. The operating limits of these microsystems 605 
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have been determined. The extent of dispersed flow regime is shown to be dependent on the content of xanthan 606 

and thus on the rheological properties of the liquid phase. The section of the microchannels also has an influence 607 

on the extent of the dispersed flow regime. Reducing the size of the microchannel provides greater shear rates, 608 

but this obviously comes at the expense of a narrower available liquid viscosity range. It was impossible to 609 

obtain a stable flow with concentration of xanthan greater than respectively 0.5 wt% in the cross 600 and 0.35% 610 

in the cross 500. The limit of fine bubbles formed is thus shown to be dictated by viscosity threshold 611 

corresponding to a stable flow.  612 

Concerning the effect of the surfactant used, WPI, tip streaming has been observed. The effects of the 613 

liquid flow rates on the bubble size and their frequency of appearance in the outlet channel were also studied; 614 

this latter was shown to vary linearly with the flow rate of liquid. When increasing the flow rate, a narrower 615 

distribution of bubble size was clearly observed in the foam produced at the outlet of the process, whereas the 616 

opposite situation was noticed in the outlet microchannel.  617 

The microsystems such as these used in this study are an interesting tool for research and development 618 

because, due to a residence time of about a millisecond, the system implementation is very fast. A permanent 619 

flow at dispersed flow pattern is quickly reached and the fluids volumes required for these tests are small. These 620 

systems allow considering promising trials with molecules that are currently prohibitively expensive for 621 

industrial use. However, fractioning mechanisms in the whole microsystem and process remain incompletely 622 

elucidated. This study has revealed how the bubbles trains were generated in the channels, which is a first step in 623 

the knowledge of the foam formation in such continuous processes. It also allowed describing the typology of 624 

the flow within the channel for different flow rates and roughly characterized the shape and size of the bubbles. 625 

The link between the characteristics of these bubbles trains and foam properties obtained (bubble size 626 

distribution at the outlet of the process) is not yet fully established. It implies, in particular, to study the effect of 627 

subsequent parts of the process, like outlet tubes in which a progressive pressure relaxation of the foam is 628 

obtained. Concerning the microsystem itself, the implantation of the output ports at 90° may have an impact on 629 

the elongation and further splitting of the bubbles: this effect has not been highlighted separately and should 630 

need additional work. Next work will focus on this effect of the outlet bend, and investigate for scaling laws with 631 

the dimensional parameters to help for the exploitation and design improvement of the microchannel systems. 632 
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