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1. Introduction 3 

 4 

Operations in microchannels have emerged as an important area of research and have 5 

found numerous applications in (bio)chemical analysis and synthesis, intensified reactors, 6 

micropower generation, fuel cells and thermal management systems (Angeli and Gavriilidis, 7 

2008). Many of these systems involve two phases, gas-liquid or liquid-liquid.  Understanding 8 

of the flow characteristics and flow patterns, pressure drop and mass/heat transfer is essential 9 

for the design and the precise control of multiphase micro-devices.  Although there are many 10 

studies concerning gas-liquid flows, only limited ones have reported on the flow behaviour of 11 

two immiscible liquids in small channels.  12 

In liquid-liquid systems, depending on the fluid properties and the channel material, 13 

either phase can wet the channel wall, and for phases with similar wettabilities both phases 14 

can intermittently adhere to the wall, rendering ordered, stable and well-defined patterns 15 

more difficult to form than in gas-liquid flows (Wegmann et al., 2006). Controlling the 16 

hydrodynamics could decrease pressure drop, improve mass transfer, and facilitate product 17 

separation from the reaction mixture (Dessimoz et al., 2008). Two-phase liquid flows in large 18 

channels are mainly dominated by inertia forces and have been investigated using 19 

experimentation together with numerical and theoretical modelling (Angeli and Hewitt, 2000 20 

Brauner and Maron, 1992). In the case of two-phase flow in microchannels, the interfacial 21 

tension and viscous forces are significant because of the small characteristic distances and the 22 

low Re numbers (Re < 2000), while gravity and inertia effects become negligible (Kreutzer et 23 

al., 2005; Foroughi and Kawaji, 2011).  24 

Different patterns can be obtained in microchannels depending not only on 25 

operational conditions, such as flow rates, phase ratio and properties of the fluids (Lin and 26 

Tavlarides, 2009), but also on the geometry of the mixing zone and the channel, and the 27 

channel wall roughness and wettability (Jovanovic et al., 2011). A highly viscous oil-water 28 

system has been investigated by Salim et al. (2008) in microchannels made of quartz and 29 

glass and different flow configurations were observed depending on the fluid that was first 30 

injected into the test channel.  The main flow patterns which have been observed are plug (or 31 

segmented), drop, annular and parallel flow. The formation of plug and parallel flow is 32 

controlled by the competition between viscous and surface tension forces. Plug flow in 33 
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One of the common applications involving the flow of two immiscible liquids is 1 

extraction, which is conventionally carried out using organic solvents. Recently, ionic liquids 2 

(ILs) have been suggested as alternatives to organic solvents because of their negligible 3 

volatility and flammability at common industrial conditions (Freemantle, 2010; Plechkova 4 

and Seddon, 2008), which reduce solvent loss and make them inherently safe and 5 

environmentally friendly. Ionic liquids can be considered as salts with low melting points 6 

(below 100 °C) composed exclusively of ions (Freemantle, 2010). Their properties can be 7 

tuned by the choice of the anion and/or the cation, allowing them to be optimised for a 8 

particular application (Seddon et al., 2000; Stark and Seddon, 2007). The hydrophobicity of 9 

the ionic liquids depends both on the alkyl chain length of the associated cation, and on the 10 

nature of the anion. Imidazolium ions, especially 1-alkyl-3-methylimidazolium, are often 11 

used as the cation.  The bis{(trifluoromethyl)sulfonyl}amide anion, [N(SO2CF3)2]- (also 12 

known as bistriflamide, and abbreviated to [NTf2]-), has become a popular anion choice for 13 

synthesising hydrophobic ionic liquids, that are chemically and thermally robust (Bônhote et 14 

al., 1996).  15 

Although ionic liquids can find a wide variety of industrial applications (chemical 16 

industry, pharmaceuticals, nuclear reprocessing, etc), there is a perception that the industrial 17 

use of ionic liquids is limited by their high costs bringing both real and psychological 18 

economic barriers to their wide use (Birdwell et al., 2006; Deetlefs and Seddon, 2006).  One 19 

approach to circumvent these barriers is by operating within microchannels which require 20 

small solvent hold-up. The reduction in solvent volume is compensated by the high 21 

efficiencies achieved, because of the thin fluidic films formed in the confined spaces of the 22 

small channels, which can significantly reduce mass transfer resistances.  Reactions involving 23 

ionic liquids have already been tested in microchannels, and yields much higher than in 24 

intensely mixed batch processes were found (Pohar et al., 2009). The flow patterns and 25 

associated pressure drop of two-phase flows involving ionic liquids are expected to be 26 

different to those of common organic solvents, because of their generally high viscosities and 27 

their higher densities compared to water. 28 

The present work aims to investigate the flow patterns and the corresponding pressure 29 

drops during the flow of an ionic liquid, 1-butyl-3-methylimidazolium bistriflamide 30 

([C4mim][NTf2]) and de-ionised water in microchannels made from materials that have 31 

different wetting characteristics. Moreover, a comparison with existing pressure drop models 32 
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(Brookfield). Surface and interfacial tensions of the two liquids were measured with a Kruss 1 

DSA 100 drop analyser system by the pendant drop method. The liquid was injected from a 2 

needle, and a droplet was formed on the tip of the needle. The droplet was then optically 3 

observed, and the surface tension was calculated from the shape of the drop using DSA1 4 

software for DSA 100 system. In order to measure the interfacial tension between the two 5 

liquids the needle was immersed into water and a droplet of ionic liquid was formed. The 6 

properties of the fluids used for the experiments are given in Table 2. The contact angles of 7 

the liquids with substrates made from the same materials as the channel walls were also 8 

measured using the Kruss DSA 100 system. Both liquid-air-solid and liquid-liquid-solid 9 

contact angles were obtained. In the former case a drop of the liquid was placed on top of a 10 

flat plate made by borosilicate glass or Teflon in air and the contact angles were found from 11 

the still images taken. In the latter case, the plate was immersed in water and the drop of ionic 12 

liquid was put on top of it. The measured contact angles are summarised in Table 3.  13 

 14 

2.2. Procedure 15 

 16 

Flow patterns and pressure drop measurements were carried out for different flow 17 

rates of the two liquids using both inlets (T- and Y- junction) in all test microchannels. The 18 

flow rates of the ionic liquid varied from 0.065 cm3 h-1 to 11.31 cm3 h-1, and those of water 19 

from 0.0169 cm3 h-1 to 214.9 cm3 h-1.  The ionic liquid volume fraction varied from 0.05 to 20 

0.8. In all cases, the flow rate of ionic liquid was kept constant and that of water was either 21 

increased or decreased. Pressure drop of single phase water and single phase ionic liquid was 22 

measured along the microchannels at various flow rates and very good agreement was found 23 

with the Hagen-Poiseuille equation. The highest Reynolds numbers are expected for single-24 

phase water flow (ReWater) at superficial velocities the same as the mixture velocity (UMixture) 25 

defined below and were up to 540.  26 

 27 

   (1) 28 

 29 

where QIL is the flow rate of ionic liquid, QWater is the flow rate of water and AChannel is the 30 

channel cross sectional area.  31 

Initial experiments with the glass capillary showed that the patterns were highly 32 

affected by the phase that initially filled the microchannel. The air-liquid-solid and the liquid-33 
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liquid -solid contact angles (Table 3) reveal that none of the two liquids preferentially wets 1 

the glass channel wall; in fact the liquid-liquid-solid angle is ~90o.  To ensure that water will 2 

be the continuous phase, in a typical experiment the channel was filled with the minimum 3 

flow rate of water before the required flow rate of the ionic liquid was introduced. When 4 

steady state was reached, the pressure drop was measured and the flow configuration was 5 

recorded. Subsequently, the flow rate of water was increased stepwise.  After a set of 6 

experiments was completed, the same procedure was repeated with the next chosen flow rate 7 

of ionic liquid. The same experiments were also performed by injecting the water at its 8 

maximum flow rate for a particular ionic liquid flow rate and decreasing it stepwise. The flow 9 

patterns and pressure drop recorded were the same for both procedures. A few experiments 10 

were carried out with the ionic liquid initially filling the channel and indicative results will be 11 

discussed. 12 

In the case of the Teflon microchannels, the flow patterns were independent of the 13 

first injected fluid. Nevertheless, for consistency, the same procedure as with the glass 14 

microchannel was followed. Water, however, could not remain as the continuous phase, 15 

because (as can be seen from Table 3) the ionic liquid seems to wet more the Teflon 16 

microchannels (contact angles less than 90o), and becomes the continuous phase. Flow 17 

pattern and pressure drop measurements were recorded for both Teflon microchannels when 18 

steady state was reached.  19 

When a set of experiments was completed, the microchannel was cleaned by injecting 20 

dichloromethane (CH2Cl2) to remove any residual ionic liquid. Air was then injected to dry 21 

the channel. This procedure was performed to ensure reproducibility of the experimental 22 

conditions. 23 

 24 

3. Results and Discussion 25 

 26 

3.1. Flow patterns 27 

 28 

It was found that the configuration of the inlet, T- or Y- junction, did not affect significantly 29 

the flow patterns that were formed or the range they occupied in the flow pattern map. For 30 

this reason, only the flow patterns observed with the T-junction will be discussed. In contrast, 31 

flow rates, phase volume fraction, and channel wettability had a significant effect on the flow 32 

configurations. The main patterns seen in the glass microchannel were plug, plug & drop 33 
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 1 

 2 

A: mixing zone 1: water line BC: 5 cm t1: 0.5 mm ID PTFE (round) 

B, E: pressure port 2: ionic liquid line CD: 10 cm t2: 0.5 mm ID steel (round) 

F: outlet gravity flask  DE: 5 cm t3: test section (round) 

P1, P2: syringe-pump    

Fig. 1. Schematic of the experimental set-up. 3 

4 
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 2 

Fig. 2. Ionic liquid-water flow patterns in the glass microchannel with a T-junction inlet 3 

4 
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 (a) Plug flow 

 
 (b) Disturbed plug 

 
 (c) Plug & drop train flow 

 
 (d) Intermittent flow 

 
 (e) Dispersed flow 

 
 (f) Quasi annular flow 

 
 (g) Throat annular flow 

 
 (h) Rivulet annular flow 

 
 (i) Drop flow 

                     
(j) Irregular flow 

Fig 3. Photographs of ionic liquid-water two-phase flow patterns in microchannels for 

various mixture velocities and phase volume fractions. 

Flow direction 

Plug 

Slug 

Film 
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Fig. 4. Ionic liquid-water flow patterns in the two Teflon, FEP and Tefzel, microchannels 

with a T-junction inlet. FEP: symbols, Tefzel: lines. 
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Fig. 5. Comparison of the flow pattern boundaries in the FEP, Tefzel and glass 

microchannels with a T-junction as inlet.  
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Fig. 6. Average water plug length to channel diameter ratio versus water flow rate in the two 

Teflon microchannels with a T-junction as inlet for equal water and ionic liquid flow rates.  
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Fig. 9. Two-phase pressure drop versus input ionic liquid volume fraction during plug flow at 

different ionic liquid flow rates for the glass microchannel with a T-junction as inlet. The 

pressure drop values for single phase ionic liquid are given on the right  

QIL: (1) = 1.131 cm3 h-1, (2) = 2.262 cm3 h-1, (3) = 5.655 cm3 h-1, (4) = 8.482 cm3 h-1, 

(5) = 11.31 cm3 h-1, (6) =11.31 cm3 h-1  
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Fig. 10. Comparison of non-dimensional pressure drop in the FEP, Tefzel and glass 

microchannels with a T-junction as inlet, at a constant ionic liquid flow rate, 

QIL = 2.262 cm3 h-1.  
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Table 1. Dimensionless number for the characterisation of the two-phase flow. 

 

Dimensionless numbers Definition 

Reynolds number 
 

Capillary number 
 

Weber number 
 

Bond number 
 

 










