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Current methods for characterising mixing and flow in microchannels

This article reviews existing methods for the characterisation of mixing and flow in microchannels, micromixers and microreactors. In particular, it analyses the current experimental techniques and methods available for characterising mixing and the associated phenomena in single and multiphase flow. The review shows that the majority of the experimental techniques used for characterising mixing and two-phase flow in microchannels employ optical methods, which require optical access to the flow, or off-line measurements. Indeed visual measurements are very important for the fundamental understanding of the physics of these flows and the rapid advances in optical measurement techniques, like confocal scanning laser microscopy and high resolution stereo micro particle image velocimetry, are now making full field data retrieval possible. However, integration of microchannel devices in industrial processes will require on-line measurements for process control that do not necessarily rely on optical techniques. Developments are being made in the areas of non-intrusive sensors, magnetic resonance techniques, ultrasonic spectroscopy and on-line flow through measurement cells. The advances made in these areas will certainly be of increasing interest in the future as microchannels are more frequently employed in continuous flow equipment for industrial applications.

Introduction

Due to the vast application field of micromixers and microstructured mixers, such as homogenisation, chemical reaction, dispersion and emulsification, the efficiency of mixing in these devices is very important for the overall process performance. Indeed, mixing will affect various process parameters including heat and mass transfer rates, process operating time, cost and safety, as well as product quality. For this reason, it is important to understand the mixing process occurring in micromixers; to do this one must to be able to characterise and evaluate the mixing performance and the outcomes of the mixing process.

Several definitions of mixing exist in the field of chemical engineering. [START_REF] Danckwerts | The definition and measurement of some characteristics of mixtures[END_REF] discussed the differences between complete segregation and perfect mixing in the context of reactor design, particularly for binary mixtures of liquids, and defined the intensity of segregation, which is the most cited measure of mixing. Later, [START_REF] Fournier | A new parallel competing reaction system for assessing micromixing efficiency-experimental approach[END_REF], [START_REF] Baldyga | Turbulent Mixing and Chemical Reactions[END_REF] introduced the concepts of macro-, meso-and micro-mixing. More recently, [START_REF] Kukukova | A new definition of mixing and segregation: three dimensions of a key process variable[END_REF] have proposed an alternate approach, which defines segregation or mixing as being composed of three separate dimensions (the intensity of segregation, the scale of segregation and the rate of change of segregation), each existing at three scales of observation (the macro or equipment size scale, the meso scale and the micro scale being the scale at which the smallest phenomena occur). The generic framework of this approach allows for the characterisation of both single and multiphase mixing applications through concentration homogeneity, and length and time scales. This generalised definition of mixing defined by [START_REF] Kukukova | A new definition of mixing and segregation: three dimensions of a key process variable[END_REF] covers the well known definitions of mixing and also introduces new components, which have never explicitly been identified.

In the case of single phase applications in microchannels, mixing is largely controlled by molecular diffusion due to the predominantly laminar flow present in microchannels. In the scale of dimensions considered here, i.e. channel widths/depths ranging from a few hundred micrometers to a few millimeters, the mixing process by molecular diffusion is extremely slow, since the mixing time is proportional to d 2 l =D, where d l is the characteristic diffusional path (typically the channel width) and D is the molecular diffusivity. Extremely slow mixing is especially true for liquids, which have small diffusivities. Thus, in order to mix effectively at this scale in a reasonable time, fluids must be manipulated so that the interfacial surface area between the fluids is increased massively and the diffusional path is decreased, thereby decreasing the time required to complete the mixing process. Various mechanisms for contacting and mixing fluids exist, including hydrodynamic focusing, manifold splitting and recombination, T-and Y-junctions, chaotic mixing [START_REF] Ehrfeld | Microreactors: New Technology for Modern Chemistry[END_REF][START_REF] Hessel | Micromixers-a review on passive and active mixing principles[END_REF]. Therefore, in order to effectively design microchannels for mixing operations, a methodology that enables the mixing performance to be evaluated is required.

For gas-liquid and liquid-liquid mixing applications, the performance of the mixing operation is typically judged by the characteristics of the dispersion generated. These characteristics may include the physical properties of the dispersion, such as droplet or bubble size and size distribution, and also the hydrodynamics of the flow. Both the physical properties of the dispersion and the hydrodynamics are particularly important for mass transport and reaction applications since interfacial area and local hydrodynamics are key parameters, but also for product engineering applications where highly controlled physical properties are of key importance for the quality of the desired product.

Currently, a number of methodologies are employed for characterising the performance of various kinds of mixing operations in micro devices. Both experimental and numerical techniques exist, each of them having their advantages and limitations.

Modelling the mixing phenomena by simulation methods (e.g. computational fluid dynamics, lattice-Bolzmann method) is an attractive option, since it provides local three-dimensional flow information, which may be difficult or even impossible to access with experimental techniques. As a result, there are a large number of computational studies of mixing in single phase flow micro devices, and an increasing number of applications to gasliquid and liquid-liquid dispersions. Although modelling laminar flow in micro devices reduces the difficulties related to turbulent flow modelling, which are often encountered in macro scale reactors, it introduces a number of new physical and computational difficulties related to surface effects (including surface roughness, wall slip, wettability and surface tension) and numerical solution accuracy [START_REF] Fletcher | Modelling of micro-fluidic devices[END_REF]. As a result, there is a continual need for experimental methodologies for mixing characterisation, which will not only help validate and develop the numerical techniques but also enable performance verification in industrial applications. The numerical methodologies for characterising mixing will not be detailed further here, as this review focuses on experimental characterisation methods only.

Understanding the characteristics of the flow, mixing and the outcomes of the mixing process in micro devices through accurate experimental measurements is very important for the design of these devices and their consequent integration in multi scale processes. A number of experimental techniques and methodologies have been specifically developed for the characterisation of mixing in micro devices; others are based on well established methods for the study of mixing operations in macro scale reactors, which have been modified for micro scale applications.

In this paper, the objective is to review and analyse the currently existing experimental methods used for characterising the performance of single phase liquid mixing and the outcomes of mixing gas-liquid and liquid-liquid flows in micro devices. For each characterisation method, the principle, the resulting information, the device requirements, the limitations, as well as some examples are detailed. In addition, for illustrative purposes, some example results have been taken from the literature. The type of information presented has been chosen such that this review may act as a guide for selecting an appropriate methodology that is adapted to the device, application and the type of required information. In addition, it should further enable the identification of mixing characteristics that are not attainable by the reported currently available experimental methods, giving direction to further developments in this area.

Single phase liquid mixing

Mixing quality

Mixing quality in miniaturised devices can be characterised using a number of different approaches, giving qualitative and/or quantitative information on the homogeneity of concentration and the length scales of the mixing system. This section details the principal methods used for characterising mixing in microchannel devices. In addition to the comprehensive information given in the following paragraphs, Table 1 summarizes the main requirements, limitations and associated difficulties of each technique.

Dilution-based characterisation methods

The principle of these methods relies on contacting a dyecontaining liquid stream with a transparent, uncoloured liquid stream in a transparent device (or a device equipped with a viewing window). The spreading of the dye is visualised and monitored along the micro device using a microscope coupled with an imaging technique (video camera or high-speed camera). Mixing is judged complete when the concentration of the dye is uniform across the channel cross section. This method provides qualitative information on the intensity of segregation or the homogeneity of concentration that can be used to compare different devices or operating conditions within the same series of experiments. In a more quantitative manner, an approximate mixing time may also be deduced by determining the length required for visually-complete mixing. There are two principal limitations of this technique. The first is that the microchannel or the zone of interest in the device must be made of optically transparent material. Secondly, visualisation of the mixing process is conducted perpendicular to the direction of the flow. Consequently, images provide information that is averaged over the depth of the microchannel. This means that the difference between a perfectly mixed system and a multi-layered system (whereby the fluid lamellae are bent or arranged horizontally) cannot be distinguished, as will be pointed out in some examples below.

2.1.1.1. Dilution of coloured dyes. Due to the relatively simple experimental set-up, there are a number of studies reported in the literature (see for example [START_REF] Hessel | Laminar mixing in different interdigital micromixers: I. Experimental characterization[END_REF]; [START_REF] Wong | Micro T-mixer as a rapid mixing micromixer[END_REF][START_REF] Sch Önfeld | An optimised split-and-recombine micro mixer with uniform 'chaotic' mixing[END_REF]; [START_REF] Lee | A split and recombination micromixer fabricated in a PDMS three-dimensional structure[END_REF]) that characterize mixing in micromixers via the visualisation of coloured dyes. Fig. 1 shows some examples of these studies and the type of information that can be obtained using this characterisation method. In these examples, concentrated solutions of blue dye, which provides excellent contrast, are contacted with colourless pure water in multilamination, T-and split-and recombine micromixers, respectively. In the multilamination and the splitand-recombine mixers (Figs. 1(a) and (c)) studied by [START_REF] Hessel | Laminar mixing in different interdigital micromixers: I. Experimental characterization[END_REF] and [START_REF] Sch Önfeld | An optimised split-and-recombine micro mixer with uniform 'chaotic' mixing[END_REF], the different coloured fluid lamellae are arranged more or less side-by-side with no vertical superposition. The mixing quality and flow structures can clearly be observed at different positions along the mixer. Fig. 1(b) shows the mixing of dyes in a T-micromixer presented by [START_REF] Wong | Micro T-mixer as a rapid mixing micromixer[END_REF] at Reynolds numbers where flow instabilities and vortices occur. In this case, the different fluid lamellae are no [START_REF] Branebjerg | Application of miniature analysers: from microfluidic components to mTAS[END_REF], [START_REF] Schwesinger | A modular microfluidic system with an integrated micromixer[END_REF][START_REF] Liu | Passive mixing in a three-dimensional serpentine microchannel[END_REF], [START_REF] Kim | A barrier embedded Kenics micromixer[END_REF], [START_REF] Cha | A highly efficient 3D micromixer using soft PDMS bonding[END_REF], [START_REF] Kockmann | Silicon microstructures for high throughput mixing devices[END_REF], [START_REF] Lee | A split and recombination micromixer fabricated in a PDMS three-dimensional structure[END_REF],

Results depend on the acid/base concentration ratios used Predominantly used for mixing in single phase systems

Reactions yielding coloured species Qualitative information on mixing quality Indirect approximation of mixing time Transparent device or device with transparent viewing window The coloured product appears only when the reagents are sufficiently mixed. This avoids the measurement of overly short mixing times with complex multi-layered mixing patterns that is inherent to most of the other visualisation techniques. [START_REF] Mensinger | Microreactor with integrated static mixer and analysis system[END_REF], [START_REF] Hessel | Laminar mixing in different interdigital micromixers: I. Experimental characterization[END_REF], [START_REF] Hardt | Theoretical and experimental characterization of a low-Reynolds number split-and-recombine mixer[END_REF] Some reactions may form a solid product, which limits their use for characterising micromixers.

Predominantly used for mixing in single phase systems

Competing parallel reactions Quantitative information on the yield of the secondary reaction. The greater the yield of the secondary product, the poorer the micromixing quality. No direct information on mixing time is accessible; however, mixing time may be deduced indirectly from the concentration measurements For off-line measurements, there are no particular requirements For on-line measurements using UV-Vis spectroscopy, the measurement cell or the micromixer must transparent For off-line measurements, long time delays between sampling from the mixer and sample analysis may promote (in certain configurations) the secondary reaction if mixing is not complete in the device. [START_REF] Ehrfeld | Characterisation of mixing in micromixers by a test reaction: single mixing units and mixer arrays[END_REF][START_REF] Ehlers | Mixing in the offstream of a microchannel system[END_REF], [START_REF] Panic | Experimental approaches to a better understanding of mixing performance of microfluidic devices[END_REF], [START_REF] Keoschkerjan | Novel multifunctional microreaction unit for chemical engineering[END_REF], [START_REF] Nagasawa | Design of a new micromixer for instant mixing based on the collision of micro segments[END_REF], [START_REF] Aoki | Effects of channel geometry on mixing performance of micromixers using collision of fluid segments[END_REF], [START_REF] Kockmann | Silicon microstructures for high throughput mixing devices[END_REF] For the Villermaux/Dushman reaction, the amount of secondary product (iodine) formed depends strongly on the pH of the reacting solution. The acid concentration employed must be adapted to the flow rates used such that the iodine measurements are sensitive enough to distinguish different mixing performances. It is imperative that the same reaction conditions are used in order to relatively compare different mixing devices.

Predominantly used for mixing in single phase systems

Monitoring species concentration 1-dimensional profiles or 2-dimensional maps of species concentration, depending on the measurement technique used Both types of information allow the characteristic scale of fluid lamellae in the device to be identified, which can be related to mixing time For photometric, fluorescence and Raman (using visible light) detection techniques, the device must be optically transparent.

For infrared detection, the device must be transparent to infrared radiation wavelengths For 1-dimensional concentration profiles, the measurement is representative of the concentration averaged through the depth of the channel or device. It is pertinent only if the flow structure is 2dimensional and the concentrations are constant throughout the depth of the channel. Appropriate for single and two phase systems [START_REF] Hessel | Laminar mixing in different interdigital micromixers: I. Experimental characterization[END_REF], [START_REF] Masca | Detailed evaluation of the performance of microfluidic T mixers using fluorescence and ultraviolet resonance Raman spectroscopy[END_REF], [START_REF] Salmon | In situ Raman imaging of interdiffusion in a microchannel[END_REF], [START_REF] Cristobal | On-line laser Raman spectroscopic probing of droplets engineered in microfluidic devices[END_REF] longer side-by-side but layered on top of one another, which presents a problem in determining the true point of complete mixing since the dye concentration is averaged through the depth of the microchannel. Another example of this is given by [START_REF] Lee | A split and recombination micromixer fabricated in a PDMS three-dimensional structure[END_REF], who present the mixing of a blue dye solution with water in a split-and-recombine mixer as shown in Fig. 1(d). As the blue stream is split and then superimposed the colour intensity oscillates but does not give any spatial information about the mixing quality throughout the depth of the micromixer.

2.1.1.2. Dilution of fluorescent species. When using fluorescent dyes, high energy light (e.g. laser) is required to induce fluorescence, which is monitored using fluorescence microscopy. Typical fluorescent dyes are fluorescein and rhodamine B. An advantage of this particular method is that it is possible to obtain spatial information on the dye concentration throughout the depth of the microchannel if a confocal scanning laser microscope (CSLM) is used. CSLM enables point measurement of the fluorescent dye across the microchannel cross section and allows 3-dimensional data to be retrieved, as will be shown in Fig. 2. Fig. 2 shows some examples of visualising mixing in microchannels using fluorescent dyes. The examples cited in Figs. 2(a) [START_REF] Johnson | Rapid microfluidic mixing[END_REF] and 2(b) [START_REF] Knight | Hydrodyanmic focusing on a silicon chip: mixing nanoliters in microseconds[END_REF] employ conventional fluorescence microscopy whereby the visualisation of the mixing process is conducted perpendicular to the flow in T-and hydrodynamic focusing micromixers. The resulting images provide information on the fluorophore concentration that is averaged over the depth of the microchannel. This may be a limitation in micromixers that create three-dimensional mixing patterns, resulting in some apparent 'smearing' of the marked species across the microchannel and consequently overly short mixing lengths. In mixers whereby a multi-layered mixing pattern is created, fluorescent imaging using confocal scanning microscopy may be preferred. This technique enables scanning pointwise measurements of the fluorescent dye throughout the depth of the micromixer and allows information on the scale of segregation to be retrieved. Figs. 2(c-e) show examples of fluorescent imaging using scanning confocal microscopy in hydrodynamic focusing [START_REF] Knight | Hydrodyanmic focusing on a silicon chip: mixing nanoliters in microseconds[END_REF], T-junction [START_REF] Hoffmann | Experimental investigation of liquid-liquid mixing in T-shaped micro-mixers using m-LIF and m-PIV[END_REF] and chaotic [START_REF] Stroock | Chaotic mixer for microchannels[END_REF] micromixer geometries, respectively. The highly complex 3-dimensional mixing patterns created in the T-junction and chaotic micromixers (Figs. 2(d-e)) highlights the importance of resolving the tracer concentration fields throughout the depth of the microchannel, which allows the distribution of striation thicknesses and therefore the length scales of the system to be determined.

Reaction-based characterisation methods

Three types of reaction-based characterisation methods exist: acid-base reactions, reactions producing a coloured species and competing parallel reactions. These methods rely on contacting two reactant streams, which upon mixing and reaction produce a colour change, or a coloured or analytically detectable product. These methods characterise the intensity of segregation at the molecular scale, providing thus information on micro-mixing reactions inducing a change in colour.

The measurement principals and technical requirements of acid-base and coloured specie reactions are very similar to those of the dilution-base characterisation methods. A change in colour due to reaction is monitored using conventional imaging techniques, which means that there must be optical access to the flow. Mixing is typically judged complete in a qualitative manner when there is no further colour evolution across the mixer cross-section. Again, since these methods employ conventional microscopy, information on the spatial mixing quality in the mixer cross section is not accessible, and therefore may be less adapted to complex 3-dimensional mixing processes.

Acid-base or pH indicator reactions.

The generation of colour change in acid-base reactions relies on the presence of a pH indicator in the basic or acidic solution. A number of different pH indicators have been used for characterising mixing in micromixers and the choice of indicator mainly relies on the contrast of the resulting colour change. [START_REF] Schwesinger | A modular microfluidic system with an integrated micromixer[END_REF] contacted aqueous solutions of chloric acid and pH indicator methyl orange in a split-and-recombine micromixer. In solutions with pH>4.4, methyl orange is yellow in colour and turns red in highly acidic solutions (pHo3.1). A solution of pH indicator bromothymol blue, which is slightly yellow in acidic solution, and a transparent sodium hydroxide solution were used to examine mixing in zigzag microchannels [START_REF] Branebjerg | Application of miniature analysers: from microfluidic components to mTAS[END_REF]. These solutions react instantaneously forming a rich blue colour, since bromothymol becomes blue in alkaline solutions. From these visualisation experiments, [START_REF] Branebjerg | Application of miniature analysers: from microfluidic components to mTAS[END_REF] estimated a mixing time by recording the time of colour change. [START_REF] Kockmann | Silicon microstructures for high throughput mixing devices[END_REF] have used the same pH indicator to evaluate the performance of various micromixer elements integrated onto a silicon chip. The mixing length was determined as the downstream length in the mixer where colour change was no longer visible. To estimate mixing time, the mixing length was divided by the average flow velocity. Another commonly used pH indicator in micromixer studies is the phenolphthalein indicator. The mixing performance in various designs of split-and-recombine and chaotic micromixers has been assessed by contacting water or ethanol solutions of phenolphthalein and sodium hydroxide [START_REF] Liu | Passive mixing in a three-dimensional serpentine microchannel[END_REF][START_REF] Kim | A barrier embedded Kenics micromixer[END_REF][START_REF] Cha | A highly efficient 3D micromixer using soft PDMS bonding[END_REF][START_REF] Lee | A split and recombination micromixer fabricated in a PDMS three-dimensional structure[END_REF]. Phenolphthalein is colourless in acidic or near-neutral solutions (pHo8.2) and turns pink in basic solutions. Examples of results using the phenolphthalein indicator are given in Fig. 3. Fig. 3(a) shows grey scale images taken from [START_REF] Liu | Passive mixing in a three-dimensional serpentine microchannel[END_REF] in a micromixer, which has viewing windows that are perpendicular to the flow direction. These images highlight the formation of the pink colour (shown as dark grey) at the interface of the two solutions and the complex structure of this interface throughout the depth of the channel. After two mixing elements of the chaotic micromixer, the colour is uniform and mixing is considered complete. Figs. 3(b-d), taken from [START_REF] Cha | A highly efficient 3D micromixer using soft PDMS bonding[END_REF], [START_REF] Kim | A barrier embedded Kenics micromixer[END_REF] and [START_REF] Lee | A split and recombination micromixer fabricated in a PDMS three-dimensional structure[END_REF] respectively, show colour images of the phenolphthalein indicator reaction in different split-and-recombine mixers. Layered fluid flow structures are evident in these and care must be taken in the analysis of data and the determination of the endpoint in mixing.

It should be pointed out that some care must be taken when comparing the performance of different devices or operating conditions since different results may be obtained if different acid/base concentration ratios are used. Furthermore, the quality and the resolution of the images are also important for the evaluation of mixing performance and determination of the endpoint, especially if a statistical analysis (e.g. calculation of the coefficient of variance) is done on the concentration field.

Reactions yielding coloured species.

Ultimately, different reactions resulting in the formation of a coloured specie can be used for characterising mixing using this method; however, a practical requirement of the test reaction is the formation of a soluble coloured species. One test reaction reported in the literature to characterise a split-and-recombine micromixer is the reduction of potassium permanganate in alkaline ethanol [START_REF] Mensinger | Microreactor with integrated static mixer and analysis system[END_REF]. The initial reacting solution is purple and changes to green as manganate is formed, and then to a yellowbrown colour when the final compound manganese dioxide is formed. A disadvantage of this reaction is the formation of a solid product, which necessitates the cleaning of the micromixer with sulphuric acid. Another test reaction is the iron rhodanide reaction, which has been used to characterise mixing in interdigital [START_REF] Hessel | Laminar mixing in different interdigital micromixers: I. Experimental characterization[END_REF] and split-and-recombine [START_REF] Hardt | Theoretical and experimental characterization of a low-Reynolds number split-and-recombine mixer[END_REF] micromixers. An example of the visual results obtained is given in Fig. 4. In this reaction, a transparent colourless solution containing SCN À (thiocyanate) ions is reacted with a transparent but slightly yellow solution containing Fe 3 + ions to form a dark reddish brown compound. In Fig. 4, the product ferric [START_REF] Wong | Micro T-mixer as a rapid mixing micromixer[END_REF]; reproduced with permission); (c) Contacting of a dyed solution (water-blue) (dark lamellae) and a transparent solution of 85% glycerol (light lamellae) in a split and recombine mixer [START_REF] Sch Önfeld | An optimised split-and-recombine micro mixer with uniform 'chaotic' mixing[END_REF]; reproduced with permission); (d) Mixing of a blue dye solution and water in a split-and-recombine micromixer. It can be see that when the blue streams are superimposed, the colour intensity changes and thus illustrating the difficulty in differentiating layered flow and well-mixed states with this simple dilution method [START_REF] Lee | A split and recombination micromixer fabricated in a PDMS three-dimensional structure[END_REF]reproduced with permission). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) thiocyanate is clearly visible as dark lines at the interface of the reactants. The advantage of this reaction over the dilution-based methods is that the coloured product only appears once the reactants are completely mixed at the molecular scale. The drawback, which is inherent to the conventional imaging and microscopic techniques employed for visualisation, is that no information on the spatial mixing quality throughout the depth of the micromixer can be obtained, which can lead the under-or over-estimation of mixing times/lengths.

Competing parallel reactions.

The principle of this method is to carry out two reactions in parallel that both use a common reactant, which they compete for. One of the reactions should be very fast, and therefore proceeds only if mixing is ideal (i.e. extremely rapid). The other reaction should be fast (but slower than the first reaction) and it takes place when there is an excess of the common reactant, i.e. when mixing is slow and non-ideal. Quantitative information can be obtained on the yield of the secondary (slower) reaction. Consequently, mixing performance is characterised by the amount of secondary product formed: the greater the yield of the secondary reaction, the poorer the micromixing quality.

Two types of competing parallel reaction systems have been reported for characterising mixing in micromixers. The first reactive system is known as the Villermaux/Dushman or the iodide-iodate method. This method is based on a technique originally developed for the characterisation of micromixing in stirred tanks [START_REF] Fournier | A new parallel competing reaction system for assessing micromixing efficiency-experimental approach[END_REF][START_REF] Guichardon | Characterisation of micromixing efficiency by the iodide-iodate reaction system. Part I. Experimental procedure[END_REF] and has been the most commonly used method for evaluating micromixer performance [START_REF] Ehrfeld | Characterisation of mixing in micromixers by a test reaction: single mixing units and mixer arrays[END_REF][START_REF] Keoschkerjan | Novel multifunctional microreaction unit for chemical engineering[END_REF][START_REF] Panic | Experimental approaches to a better understanding of mixing performance of microfluidic devices[END_REF][START_REF] Nagasawa | Design of a new micromixer for instant mixing based on the collision of micro segments[END_REF][START_REF] Aoki | Effects of channel geometry on mixing performance of micromixers using collision of fluid segments[END_REF][START_REF] Kockmann | Silicon microstructures for high throughput mixing devices[END_REF]. The first reaction (1) is the neutralisation of an acid, which is an almost instantaneous process. The second slower process is the reaction (2) of potassium iodide with potassium iodate, which is catalysed by an acid to form iodine.

H 2 BO À 3 þ H þ 3H 3 BO 3 ð1Þ 
5I À þIO À 3 þ 6H þ 33I 2 þ3H 2 O ð2Þ 
In the case where mixing is slow, the first reaction is not complete and there is an excess of acid (H + ). This acid catalyses the second reaction and thus promotes the formation of detectable iodine. The amount of iodine formed is detected as a tri-iodide complex using an ultraviolet-visible (UV-Vis) spectrometer; the tri-iodide complex has its characteristic absorption bands centred at 286 and 353 nm, which are in the upper UV spectrum. For on-line UV-Vis spectroscopic measurements, a transparent micromixer or measurement cell is required. Off-line measurements are also possible; however care must be taken as long time delays between sampling and analysis may promote the secondary reaction if mixing is not complete in the micromixer. From the measurement of iodine concentration, the performance of micromixers has most often been compared on the basis of the segregation index, as defined in the original experimental protocol [START_REF] Guichardon | Characterisation of micromixing efficiency by the iodide-iodate reaction system. Part I. Experimental procedure[END_REF]. This index returns a value between 0 for perfectly mixed systems and 1 for totally segregated systems. The mixing time in a particular device can further be determined with knowledge of the segregation index and the use of an additional mixing model [START_REF] Falk | Performance comparison of micromixers[END_REF]. It is important to point out that the segregation index is a function of the experimental protocol since the amount of iodine formed depends strongly on the concentration of the acid reactant and therefore the pH of the reacting solution. Therefore, in order to obtain iodine measurements that are sensitive enough to distinguish different mixing performances, the acid concentrations in the experimental protocol must be adapted to the flow rates employed in the micromixer [START_REF] Panic | Experimental approaches to a better understanding of mixing performance of microfluidic devices[END_REF]. As a result, it is recommended that the same reaction conditions are used when relatively comparing micromixer devices.

The second competing parallel reaction system that has been used for characterising the mixing performance of different microreactors is the simultaneous diazo coupling of 1-and 2-napthol with diazotized sulfanilic acid. This is known as the second Bourne reaction scheme and was also originally developed for studying micromixing in stirred tanks [START_REF] Bourne | An improved reaction system to investigate micromixing in high-intensity mixers[END_REF]. The primary reaction (3) of 1-naphthol and diazotized sulfanilic acid is very fast and produces two isomers. The secondary reaction (4) involving 2-naphthol is about 100 times slower than reaction (3) and produces a third isomer.

1-Naphtholþ diazotized sulfanilic acid-isomer o-R þ isomer p-R ð3Þ 
2-Naphtholþ diazotized sulfanilic acid-isomer Q ð4Þ 
In the case of slow mixing, the primary reaction is not complete and the diazotized sulfanilic acid continues to react with the 2-naphthol. The ratio of isomer Q to isomers R increases with decreasing mixing efficiency. The amounts of R and Q isomers produced are measured by UV-spectrophotometry, which as mentioned above requires a transparent micromixer for on-line measurements or a transparent measuring cell for off-line acquisition. Although this reaction system has been successfully applied to characterize the performance of a micro-jetmixer [START_REF] Ehlers | Mixing in the offstream of a microchannel system[END_REF] it is relatively difficult to use, which explains the preference for the Villermaux/Dushmann method using the protocol given by [START_REF] Panic | Experimental approaches to a better understanding of mixing performance of microfluidic devices[END_REF].

Monitoring of species concentration

The spatial or temporal in-situ monitoring of species concentration is a quantitative method for measuring mixing and is one largely used when evaluating the performance of stirred tanks and macro-scale static mixers via the coefficient of variance (Paul et al., 2004). Sampling may be carried out on a line transect in order to obtain a 1-dimensional concentration profile, over a plane in the flow to obtain 2-dimensional concentration fields, or at a point. For all three sampling strategies, the temporal or spatial mean and variance can be calculated to give a measure of the intensity of segregation and therefore the 'evenness' of concentration. However, the purpose of a transect is most often to profile concentration and to determine a striation thickness distribution, thus giving information about the scales of segregation. In micromixing devices, the detection of the species concentration is typically carried out using photometric and fluorescence methods, as well as Raman (Vis, UV, IR) techniques. These measurement techniques require an optically transparent micro device or one that is transparent to IR radiation in the case of IR Raman.

Fig. 5 shows examples of concentration measurements in micromixers using various detection methods. [START_REF] Hessel | Laminar mixing in different interdigital micromixers: I. Experimental characterization[END_REF] quantified mixing (dilution of blue dye) in an interdigital micromixer by plotting 1-dimensional concentration profiles taken along a transect that is projected over the cross-section of the micromixer, as shown in Fig. 5(a). This measurement is representative of the concentration averaged over the depth of the channel or device. In the case of the interdigital micromixer presented in the study, this type of concentration measurement is pertinent since the flow structure is primarily 2-dimensional and the blue dye concentrations are constant throughout the depth of the channel. As a result, the concentration profiles give direct information on the thickness of the fluid lamellae. In the case of more complex layered 3-dimensional flows, the same profiles would be less meaningful since the real concentration gradients throughout the depth of the device would be smeared in the 1-dimensional profile. For such flows, it would be more appropriate to extract a plane of concentration data, such as that shown in Fig. 2(d,e), and then conduct analysis on the whole volume or plane of data, or along selected line transects. In addition to confocal fluorescence microscopy used to obtain the concentration fields shown in Fig. 2(d,e), Raman spectroscopy is another technique that enables the measurement of local concentrations of chemical species. [START_REF] Masca | Detailed evaluation of the performance of microfluidic T mixers using fluorescence and ultraviolet resonance Raman spectroscopy[END_REF] demonstrate the use of ultraviolet resonance Raman spectroscopy to follow mixing via the evolution of species concentration at different points in a T-micromixer. Fig. 5(b) shows concentration profiles measured using scanning confocal Raman microspectroscopy in a simple Y-micromixer [START_REF] Salmon | In situ Raman imaging of interdiffusion in a microchannel[END_REF]. In these experiments, the height of the sampling volume was much greater than the depth of the microchannel. As a result the Raman spectra are averaged over the channel depth. The concentration profiles are however pertinent since in this case a large aspect ratio channel (channel widthcchannel depth) was used and the flow is essentially 2-dimensional.

Hydrodynamics

The mixing performance in all types of reactors and mixers is highly dependent on the flow occurring within the device. In order to better understand the mixing phenomena, the hydrodynamics in the device must be known. To characterise local hydrodynamics in micro devices, a number of methods can be used; most of these have been adapted from conventional macro scale techniques.

Micro particle image velocimetry (m-PIV)

Micro particle image velocimetry (m-PIV) has been developed specifically for the determination of instantaneous fluid velocity fields within microchannels [START_REF] Santiago | A particle image velocimetry system for microfluidics[END_REF][START_REF] Meinhart | PIV measurements of a microchannel flow[END_REF]. It is a non-intrusive optical technique that enables local analysis of the flow at a high spatial resolution (down to $ 1 mm). The principals of m-PIV are based on those of conventional PIV: micro-sized seeding particles are introduced into the flow and illuminated by laser light; two successive images (separated by a very short time interval) of the particles are then taken; these two particle images are correlated in order to determine the distance travelled by the particles during the time interval and subsequently, the instantaneous velocity field in the flow. However, in contrast to conventional PIV, the entire volume of the Fig. 4. Characterising mixing in a split-and-recombine micromixer with a reaction generating a coloured compound [START_REF] Hardt | Theoretical and experimental characterization of a low-Reynolds number split-and-recombine mixer[END_REF]reproduced with permission). The reaction used here is between a transparent colourless solution containing SCN À (thiocyanate) ions and a transparent but slightly yellow solution containing Fe 3 + ions to form a dark reddish brown compound at the interface of the reactant solutions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) microchannel flow is illuminated in m-PIV and a microscope is used to focus on a near 2-dimensional measuring plane, whereby the velocity field is determined. Typically, two in-plane velocity components are measured.

As for other optical measurement methods described in this article, m-PIV requires that the microdevice is transparent or is at least equipped with a transparent viewing window in the region of interest. Furthermore, when applying m-PIV to characterise a flow, there are a number of additional technical aspects to consider. Firstly, the m-PIV technique relies on images of tracer particles that seed the flow. Due to the small dimensions of microchannel devices, an appropriate seeding particle size must be chosen such that it is small enough to avoid channel clogging but large enough to emit light with sufficient intensity. Secondly, the resolution of the measurements, the field of view, as well as the working distance (distance between the measurement plane and the objective) are determined primarily by the magnification and the numerical aperture of the microscope objective. Generally, as the magnification (M) and the numerical aperture (NA) of the objective increase, the depth of correlation (thickness of the measurement plane), the working distance and the measurement field size decrease. For example, with a 10 Â /0.3 (M/NA) objective, the depth of correlation is $27 mm, the working distance is approximately 6 mm and the field of view $1 mm 2 . On the other hand, with a 40 Â /0.6 objective the spatial depthwise resolution is approximately 6 mm, however the working distance and the field of view are reduced to o3 mm and 200 Â 200 mm 2 , respectively. With higher magnification, there is a gain in the spatial resolution of the measurement; however the measurement plane in the micro device must be very close to the microscope objective, which is often technically difficult due to obstructions by the inlet and outlet tubing and the thickness of the transparent reactor wall. Measurements taken with objectives of lower magnification are technically easier to set-up as the working distance is larger. However, in such cases, the depth of correlation is often the similar, to or larger, than the depth of the [START_REF] Bottausci | An ultrashort mixing length micromixer: the shear superposition micromixer[END_REF]. The m-PIV measurements capture the formation of two recirculation vortices due to the pulse flow from the side channels, which enable the high-speed mixing of two fluid streams.

It is also worthwhile pointing out some of the developments being made in m-PIV that deal with the limitations and associated In most of the flow field, the measurements agree with a CFD solution of the flow within the experimental uncertainties. However, the authors do point out that the accuracy of the out-ofplane velocity measurement is restricted by the misalignment of the two focal planes in the stereomicroscope.

Micro particle tracking velocimetry (m-PTV)

In m-PTV the velocity field in a plane is determined by tracking individual particles from image to image, instead of crosscorrelating the displacement of a group of particles in a selected interrogation area as done in PIV. This results in a two-component velocity field with an enhanced spatial resolution compared with that obtained using m-PIV, since in principle a velocity vector is obtained for each particle tracked. In order to correctly identify each particle from image to image, typically a low seeding density is required. However, the use of 'super resolution' algorithms that employ PIV cross-correlation in a first step to guide PTV particle matching in a second step enables a higher density seeding to be used, and results in a higher resolution of the velocity fields. An example of this is given by [START_REF] Devasenathipathy | Particle imaging techniques for microfabricated fluidic systems[END_REF]. They In a channel with a micro-step, [START_REF] Bown | Threedimensional, three-component velocity measurements using stereoscopic micro-PIV and PTV[END_REF] have shown that the scatter in velocities of individual particle tracks can be reduced by the 3-dimensional averaging of velocities over small control volumes.

Since the size and position of the control volumes can be set by the user and the particles belong to a particular control volume based on their 3-dimensional position, the out-of-plane resolution of the measurement is no longer dependent on the microscope objective used. [START_REF] Park | Three-dimensional micro-PTV using deconvolution microscopy[END_REF] developed an alternate three-dimensional m-PTV technique that uses a single camera with deconvolution microscopy. This method tracks the out-ofplane location of the seeding particles by correlating the diffraction ring pattern size of the particles with the defocus distance from the focal plane. Using a 40  /0.75 objective, the authors demonstrated highly resolved (5.16 mm  5.16 mm  5.16 mm) measurements of the three velocity components in a 100 mm  100 mm section microchannel.

Molecular tagging velocimetry (MTV)

MTV relies on the use of special molecules that become tracers when exited by photons of an appropriated wavelength. A pulsed laser is used to excite and ''tag'' the molecules in particular regions of the flow. The displacement of these tagged fluid regions is then followed over time with sequential camera images. An algorithm, similar to that used in PIV, is employed to determine the velocities of the fluid regions by the spatial correlation of two successive images. For application in micro devices, laser light patterns the fluid by a mask that defines a line of tagged fluid or a grid of tagged fluid regions (Fig. 9(a)). When a line of fluid is tagged, only velocities normal to the line can be measured. However, tagging a grid of fluid regions enables a two-component 2-dimensional velocity field to be determined. Experimental constraints require that the device is optically transparent and that volume illumination of the flow has to be used, like that applied in PIV. Consequently, the tagged fluid regions are in fact small volumes of fluid and the resulting velocity field is averaged throughout the depth of the device, which limits the resolution of the measurement. Nevertheless, the advantage of MTV over the PIV and PTV techniques is that it does not require seeding particles and can offer significant gains when the presence of seeding particles can be detrimental to the operation of a device or the flow process. There are several examples of MTV along a single line in microchannel flows (see for example [START_REF] Maynes | Velocity profile characterization in sub-millimeter diameter tubes using molecular tagging velocimetry[END_REF][START_REF] Mosier | Photobleached-fluorescence imaging of microflows[END_REF]; however the application of 2-dimensional MTV is more recent. [START_REF] Roetmann | Micro-flow analysis by molecular tagging velocimetry and planar Raman-scattering[END_REF] have demonstrated the use of 2-dimensional MTV to measure the velocity fields within the mixing chamber (5 mm  5 mm  200 mm) of a microfluidic device. Fig. 9(b) shows the time averaged velocity field of stationary flow in the mixing chamber obtained using 10 instantaneous velocity fields. In principle, an instantaneous vector field only contains vectors at pixels that belong to tagged regions of the flow, like those shown in Fig. 9(a). However, since the tagged regions move with time, the entire flow field becomes visible as the time averaging routine proceeds. These authors have also addressed the problem of spatial resolution throughout the depth of the microchannel with this type of measurement and the resulting effects on the quantitative evaluation of the flow field. This has led to the modification of the MTV algorithms for the determination of velocity values. The measured velocities are corrected such that they correspond to the velocities of a pure 2-dimensional velocity profile positioned in the middle of the channel. A quantitative comparison of the MTV measurements obtained with the modified algorithm with m-PIV measurements performed in the same microchannel shows good agreement. 

Electrodiffusion diagnostics

The electrodiffusion technique is one of only a few methods suitable for measuring the liquid velocity in close proximity of a wall. The principle is based on the measurement of the limiting electric current passing through a small electrode mounted flush with the wall of the experimental channel. A voltage applied to the electrochemical cell, represented by the working electrode and a larger counter electrode, drives a redox reaction at the electrode surfaces. Under the conditions for which the rate of the electrochemical reaction is fast enough to justify the assumption that the concentration of the reacting ions is zero at the working electrode, the measured current is fully controlled by the convective diffusion only. If the length of the electrode in the flow direction is sufficiently small, the concentration boundary layer on the working electrode is thin. The flow velocity varies linearly throughout the thickness of this boundary layer, whilst the measured current is proportional to the shear rate at the wall. The advantages of this non-invasive technique are that it can provide information on the shear stress distribution and the direction of the liquid flow very close to the channel wall, as well as mass transfer coefficients. This type of near-wall information is typically difficult to obtain with other measurement techniques like m-PIV, m-PTV and MTV. In addition, it does not require transparent fluids or devices since it relies on small probes built into the device. Although this technique is well established for the study of single phase flow in macro-scale applications (e.g. [START_REF] Mizushina | The electrochemical method in transport phenomena[END_REF][START_REF] Hanratty | Measurement of wall shear stress[END_REF][START_REF] Sobolı ´k | Calibration of electrodiffusion friction probes using voltage-step transient[END_REF][START_REF] Tihon | Near-wall investigation of backward-facing step flows[END_REF][START_REF] Tihon | Electrodiffusion detection of the near-wall flow reversal in liquid films at the regime of solitary waves[END_REF][START_REF] Tihon | Solitary waves on inclined films: their characteristics and the effect on wall shear stress[END_REF], it has only recently been applied to the measurement of flows in miniaturised devices [START_REF] Huchet | Electrodiffusion diagnostics of the flow and mass transfer inside a network of crossing minichannels[END_REF]. [START_REF] Huchet | Electrodiffusion diagnostics of the flow and mass transfer inside a network of crossing minichannels[END_REF] have used the electrodiffusion method to characterize the local flow structure and the global wall mass transfer (liquid-solid) within a network of crossing minichannels. Fig. 10 shows the fluctuations of the near-wall shear rate, FR, measured by the electrodiffusion method as a function of the Reynolds number, which are used to identify the transitional zone between the laminar and turbulent flow regimes at different axial positions x/H in the minichannel network.

Nuclear magnetic resonance (NMR) velocity imaging

NMR imaging techniques are based on the interaction of the nuclear magnetic properties of atom nuclei with magnetic fields that leads to resonance phenomena to obtain an image. NMR imaging also allows the detection and quantification of motion which, in a simplified manner, can be determined by measuring the displacement of nuclear spins over a certain time. As a result, NMR imaging can provide an estimate of velocity fields. The details of NMR velocity imaging will not be given here, however, the readers are referred to [START_REF] Stapf | NMR Imaging in Chemical Engineering[END_REF] and [START_REF] Gladden | Quantifying physics and chemistry at multiple length-scales using magnetic resonance techniques[END_REF] for introductory material on the technique and its application to chemical engineering problems.

NMR velocimetry is an established technique for characterising flow in large scale devices (see for example [START_REF] Stapf | NMR Imaging in Chemical Engineering[END_REF], since it is an interesting alternative to other measurement methods. In addition to its non-intrusive nature, it allows local velocity measurements through both opaque and transparent media; in particular, it is advantageous for measurements in nontransparent fluids. Although measurements may be taken through opaque devices, NMR imaging is not compatible with magnetic or metallic materials. It is only recently that NMR velocity imaging has been applied to the flow in micro devices [START_REF] Ahola | Monitoring of fluid motion in a micromixer by dynamic NMR microscopy[END_REF][START_REF] Raguin | Multiple echo NMR velocimetry: fast and localized measurements of steady and pulsatile flows in small channels[END_REF]. [START_REF] Ahola | Monitoring of fluid motion in a micromixer by dynamic NMR microscopy[END_REF] have used NMR velocity imaging to measure velocity fields within a commercial interdigital micromixer made of glass. As shown in Fig. 11, the spatial resolution of the measurement (set by the size of the detector coil) was chosen such that the flow in the entire micromixer was imaged. Since in NMR velocity imaging the measured flow properties are pixel-averaged, the resolution used by [START_REF] Ahola | Monitoring of fluid motion in a micromixer by dynamic NMR microscopy[END_REF] enabled the average velocity in each channel to be determined. However, since all microchannels were imaged simultaneously, heterogeneities in the flow distribution and local clogging in the mixer were clearly identified. The authors point out that by using a smaller detector coil, a higher resolution measurement can be obtained in the region of interest. [START_REF] Raguin | Multiple echo NMR velocimetry: fast and localized measurements of steady and pulsatile flows in small channels[END_REF] have also employed NMR velocity imaging to monitor average velocities in six parallel microchannels. In particular, they use a NMR technique that has a short acquisition time (32 ms per velocity component measurement), which enables velocities of unsteady flows to be tracked accurately.

Gas-liquid dispersions

In this section, the experimental methods currently used for characterising the hydrodynamics and mixing in gas-liquid flows generated in microreactors are presented, as well as techniques for measuring the gas-and liquid-phase characteristics (e.g. bubble velocity and size, and liquid slug length).

Local hydrodynamics and mixing

Some of the techniques used for evaluating mixing and hydrodynamics in single phase flow in micro devices can also be employed for characterising gas-liquid flows. These methods enable a better understanding of mixing and flow phenomena, particularly in the liquid phase of the dispersion, which is necessary for the design and the enhanced performance of microreactors.

Dilution-based and reaction-based methods

Dilution-based and reaction-based experiments (Sections 2.1.1 and 2.1.2) can be applied to dispersed gas-liquid systems and offer qualitative information on mixing quality with similar technical limitations to the single phase experiments. Typically, measurements are made in the liquid phase of a gas-liquid slug flow. For this, two different but miscible liquid streams are first contacted together and then contacted with the gas phase to create the gas-liquid dispersion. For dilution-based methods, one of the liquid streams contains the tracer; for the reaction-based methods the liquid streams are constituted of the reactants. The evolution of the mixing of the tracer or the appearance of the reaction product is monitored in the same manner as for single phase mixing applications. The mixing is judged complete when the concentration of the dye or product is uniform within the liquid slug.

An example of applying a dilution-based method to study mixing in the liquid phase of a segmented gas-liquid flow is given by G ünther et al. (2004). They used a fluorescent tracer (Rhodamine B) in ethanol to study mixing in the liquid phase of a gas-liquid dispersion in straight and meandering microchannels. Fig. 12 shows the instantaneous fluorescence images of Rhodamine B at different positions along the straight (left) and meandering (right) channels. The results show that the recirculation motion within the liquid segments enhances mixing between the two miscible liquid streams. Furthermore, the mixing in the liquid slug is faster in the meandering channel than in the straight geometry.

Micro particle image velocimetry

The application of m-PIV to gas-liquid flows in micro devices is the same as that used for measuring single phase flow; however, generally the velocities in only one of the phases are determined. Typically, measurements are made in the liquid phase, which requires seeding with appropriate tracer particles. As in single phase experiments, this method enables the determination of instantaneous planar velocity fields comprising two in-plane velocity components. An additional difficulty of performing m-PIV measurements in gas-liquid flow is the possible obtainment of spurious velocity vectors due to the gas bubbles and reflections at the gas-liquid interface. These artefacts can be removed by using filters specific to the seed tracer or in an image post-processing step.

There are several examples of the use of m-PIV for measuring liquid flow in gas-liquid dispersions in microchannels. In addition to the dilution-based fluorescent tracer experiments described above, G ünther et al. ( 2004) used m-PIV to better understand flow and mixing improvement in the liquid slugs of segmented gas-liquid flow. Fig. 13(a) shows the instantaneous velocity fields and corresponding 2-dimensional streamlines in the liquid plug for the straight (left) and meandering (right) microchannel geometries. In both cases, there is recirculation motion within the liquid plug, which explains the enhancement of mixing in the liquid phase for these segmented flows. In addition, in the case of the straight channel the flow is composed of two symmetric but counterrotating circulation loops, whereas the circulation loop in the case of the meandering channel is off-centred. This asymmetry of the flow pattern also explains the enhanced mixing performance in the meandering microchannel. [START_REF] Fries | Gas-liquid two-phase flow in meandering microchannels[END_REF] have since shown that the asymmetric flow in liquid slugs in meandering channels depends on the channel dimensions, the radius of curvature, the turning angle, as well as the superficial velocities of the gas and liquid. They used m-PIV not only to determine the flow patterns but also to calculate the 2-dimensional vorticity and swirling strength of the recirculation motion. [START_REF] Waelchli | Two-phase flow characteristics in gas-liquid microreactors[END_REF] also used m-PIV to investigate the effects of channel dimensions and the physicochemical properties of the fluids on the recirculation of the liquid phase in gas-liquid flows in a straight microchannel. Fig. 13(b) shows the flow patterns within the liquid slug for water-nitrogen (left), water-ethanol (centre) and water-glycerol (right) flows. Their results suggest that the recirculation motion within the liquid phase is affected more so by the interfacial forces than the liquid viscosity. In fact, the interfacial tension between the gas and the liquid phases determines in part the shape of the leading and trailing edges of the bubbles, which affects the liquid recirculation.

m-PIV can also be used to better understand the bubble formation process of gas-liquid flows in microchannels. Van [START_REF] Van Steijn | m-PIV study of the formation of segmented flow in microfluidic T-junctions[END_REF] have shown with several planar m-PIV measurements throughout the depth of a T-microchannel, that at no instant does the gas phase occupy the entire channel crosssection before bubble formation and that a significant amount of liquid flows over the forming bubble (Fig. 13(c)). By quantifying liquid flow rate passing over the forming bubble from the m-PIV measurements, the bubble and liquid slug lengths to able to be correctly predicted. [START_REF] Xiong | Formation of bubbles in a simple co-flowing micro-channel[END_REF] have also used m-PIV to investigate the effect of liquid flow on the bubble formation process in a co-flowing gas-liquid microreactor. 

Flow regimes and characteristics of the gas and liquid phases

Knowledge of the gas-liquid flow regime and the characteristics of the two phase flow are important for the performance of microreactors used for both physical and chemical transformations. For chemical reactions, the characteristics of the gas-liquid flow determine the specific interfacial area between phases and the mass transfer efficiency. For physical transformations, such as the generation of foams, the stability and the physical attributes of the dispersion depend on the structure and characteristics of the two-phase flow. To identify flow regimes and the characteristics of the gas and liquid phases in micro devices, classical microscopy imaging techniques are typically used; however, some other non-intrusive sensors have also been developed. The experimental techniques described below typically give information on the scale of segregation between the gas and liquid phases.

Imaging techniques

Flow imaging using a digital camera coupled with a lens or a light microscope for magnification is the most often used technique to characterise gas-liquid flow in micro devices. This method provides qualitative information about gas-liquid flow patterns in micro devices and gives access to quantitative information on the individual phases, including bubble frequency, size and velocities, and liquid slug lengths (when applicable). The set-up for gas-liquid flow visualisation using such imaging techniques is straight forward and the only essential requirement is direct optical access to the micro channel flow. Limitations do exist when applying the method to multi-layered channel networks since flow visualisation is conducted perpendicular to the device. This limitation restricts flow visualisation to the first layer of channels only. The specifications of the microscope and the camera used depend largely on the type and resolution of the information required. For sharp definition of the gas-liquid interface, high magnification and high resolution cameras with sufficiently short shutter times are recommended. For recording fast transient events, such as bubble formation or break up, high speed digital cameras that enable the acquisition of up to several thousand frames per second are usually needed.

There are a large number of studies in the literature that employ visualisation techniques for characterising gas-liquid flows in microchannels and other miniaturised devices. For illustrative purposes and to guide the reader to some initial literature, a selection of these studies and the information acquired is listed in Table 2. From this it is apparent that a simple set-up of a digital camera and magnification system (microscope or objective) is sufficient to visualise gas-liquid flow regimes and bubble sizes in microchannels. However, if information of a more precise nature (e.g. bubble breakup, velocities and frequencies) is required, a high speed camera is needed to capture the transient phenomena. Some example images of gas-liquid flow obtained by different imaging systems are shown in Fig. 14. Fig. 14(a) shows gas-liquid flow regimes visualised using a digital camera and a stereomicroscope [START_REF] Haverkamp | Hydrodynamics and mixerinduced bubble formation in micro bubble columns with single and multiphase channels[END_REF]. The stereomicroscope has the quality of a large working distance and depth of field, as well as 3-dimensional viewing. Although the different flow regimes can be seen the contrast between phases is rather poor; this highlights the importance of lighting when visualising flows in microchannels. [START_REF] Waelchli | Two-phase flow characteristics in gas-liquid microreactors[END_REF] used fluorescent rhodamine in the liquid phase and laser light to increase the contrast between the gas and the liquid phases, as shown in Fig. 14(b). The distinction between phases is clear, the gas phase being shown by dark areas. Fig. 14(c) shows bubble breakup visualised with a high speed camera (1000 fps). Of course, this transient behaviour can only be captured using a camera with a higher frequency than the phenomenon itself. Although fluorescence has not been used here, the contrast between phases is very good, which is possible with appropriate lighting.

Methods using non-intrusive sensors

Flow imaging using digital cameras and microscopes typically requires a significant financial investment since the equipment is relatively expensive. Its application is also limited to transparent micro devices and single layer channel networks. In response to some of these limitations, there has been some interest in the development of non-intrusive sensors that can be integrated into micro devices relatively simply and cheaply, while allowing sufficient flow monitoring and characterisation. [START_REF] Wolffenbuttel | Novel method for nonintrusive measurement of velocity and slug length in two-and three-phase slug flow in capillaries[END_REF] have used infrared absorption sensors at two streamwise positions in small size glass capillary tubes to discriminate between phases in gas-liquid slug flow. This low-cost measurement method, which is simple to use, enables determination of the bubble and liquid slug lengths, as well as the velocities, with sufficient resolution. Another recently developed non-intrusive sensor for gas-liquid flows is that based on the total internal reflection of light at the gas-liquid interface [START_REF] Kraus | An integrated multiphase flow sensor for microchannels[END_REF]. This integrated velocimetry technique employs pairs of sensors to characterise the gas-liquid flow distribution and to measure gas and liquid slug lengths, gas-slug frequencies and velocities. Although this method relies on laser light, the integration of waveguided optical flow sensors has the advantage of enabling the measurement and characterisation of gas-liquid flow in channels within a multilayer microchannel network and not just the top layer of channels [START_REF] De Mas | Scaled-out multilayer gas-liquid microreactor with integrated velocimetry sensors[END_REF]. [START_REF] Leung | Continuous real-time bubble monitoring in microchannels using refractive index detection[END_REF] report on continuous real-time bubble monitoring in microchannels using a method based on refractive index detection. A laser beam is directed to the gas-liquid flow in the Table 2 Examples of the information that can be obtained on gas-liquid flow in microdevices with various imaging systems.

Reference

Imaging system Information obtained

Waelchli and von Rohr (2006)

Digital camera with microscope (spatial resolution of 0.99 mm).

Lighting with laser.

Gas-liquid flow patterns

Rhodamine B was added to the liquid phase to improve contrast between gas and liquid phases.

Van High speed camera (10 000 fps, shutter speed 12 ms) with microscope (spatial resolution of 3.6 mm).

Bubble and liquid slug lengths Bubble velocity Bubble frequency [START_REF] Kristal | Electrochemical microreactor and gas-evolving reactions[END_REF], [START_REF] Kristal | Study of gas-liquid flow in the thin-gap channel[END_REF] Digital camera. Bubble size distribution in an electrochemical microreactor with a gas-evolving reaction microchannel and as it passes through the flow, it is refracted to varying degrees depending on the medium (i.e. gas or liquid) it is passing. The refracted light is collected by a position sensitive detector, which registers a voltage signal. This simple and costeffective technique for monitoring bubbles in micro devices, which requires direct optical access to the flow, enables information on the size and frequency of bubbles to be obtained. Another optical method to characterise bubbles and gas-liquid flow regimes has been described by [START_REF] Revellin | Characterization of diabatic two-phase flows in microchannels: flow parameter results for R-134a in a 0.5 mm channel[END_REF][START_REF] Revellin | Experimental investigation of velocity and length of elongated bubbles for flow of R-134a in a 0.5 mm microchannel[END_REF]. They use two laser beams and photodiodes positioned at two streamwise locations to measure the variation of the light intensity as the gas and liquid phases move through the microchannel. The resulting voltage signal from the photodiodes is measured at a rate of 10 000 measurements/s. From these measurements, the gas-liquid flow regime (bubbly flow, slug flow, semi-annular flow and annular flow) can be identified, in addition to the bubble frequency and length.

Liquid-liquid dispersions

Hydrodynamics and mixing

As for dispersed gas-liquid flows, accurate measurements and visualization of the flow and mixing in liquid-liquid dispersion are important for understanding the physical phenomena and to improve process performance. Again, some of the techniques developed for single phase flow characterisation can also be applied to liquid-liquid flow.

Dilution-and reaction-based methods, and concentration profiling

The dilution-and reaction-based experiments described in Sections 2.1.1 and 2.1.2 can also be conducted in liquid-liquid systems. Typically, these experiments are carried out in the dispersed phase (i.e. within the droplet) of a liquid-liquid flow. However, characterisation of mixing in the continuous liquid phase is also possible, in a manner similar to that described for gas-liquid flows (Section 3.1.1). In both cases, two different but miscible liquid streams are first contacted-one stream containing a tracer, or alternatively each stream containing reactants. These are then contacted with an immiscible liquid stream. Mixing is assessed in a similar way to the single phase systems. Fig. 15 presents selected examples of studies that have investigated mixing within droplets in liquid-liquid flows in micro channels. [START_REF] Tice | Formation of droplets and mixing in multiphase microfluidics at low values of the Reynolds and the capillary numbers[END_REF] compare two dilution-based methods to study mixing within droplets generated in microchannels. The first dye system involves concentrated organic food dyes. Fig. 15(a) shows the formation of droplets with red and green coloured aqueous streams and water. The authors found that the highly concentrated organic dyes affect the interfacial properties of the aqueous phase, which leads to modification of flow patterns within the drop, the drop shape and therefore mixing. To observe mixing within the droplets without modifying the interfacial properties, an aqueous solution of Fe(SCN) x (3-x) + complex, which is red in colour, was diluted with colourless water streams. Fig. 15(b) shows the effect on mixing of the position of the tracer injection in the drop formation process.

The switching of the position of the coloured stream leads to the formation of drops with complementary dye distributions, and was shown to affect the evolution of mixing within the drop along the channel. In a second study, [START_REF] Tice | Effects of viscosity on droplet formation and mixing in microfluidic channels[END_REF] used the same inorganic complex Fe(SCN) x (3-x) + to investigate the effect of contacting streams with different viscosities on mixing. The upper images in Fig. 15(c) show the mixing behaviour within the drop when all three drop reagents are non-viscous and have the same viscosity. In the lower images, a dyed viscous aqueous stream is injected in the left most inlet and contacted with two non-viscous streams to form the droplets. By monitoring the dilution of the organic dye within the drops, it was observed that aqueous reagents of differing viscosities may mix more rapidly than aqueous reagents with match viscosities. Fig. 15(d) shows mixing in aqueous droplets using xylene cyanol dye [START_REF] Sarrazin | Mixing characterization inside microdroplets engineering on a microcoalescer[END_REF]. The strong contrast between the dyed and the undyed reagents facilitates the image analysis procedure, which enables mixing time to be determined from grey scale levels in the images. [START_REF] Sarrazin | Mixing characterization inside microdroplets engineering on a microcoalescer[END_REF] have also employed an acid-base reaction to study mixing in droplets, whereby a sodium hydroxide solution coloured with bromothymol blue indicator is contacted with hydrochloric acid. This reaction is instantaneous, resulting in the bleaching of the blue indicator to yellow, and allows the poorly mixed zones within the drop to be identified, as indicated in Fig. 15(e). [START_REF] Wang | Optical measurement of flow field and concentration field inside a moving nanoliter droplet[END_REF] have used a fluorescent dye to follow the mixing of between two coalescing water droplets. Fluorescein disodium salt was added to one aqueous phase before coalescence with the other aqueous phase and the dilution of the tracer was followed using a CCD camera (30 Hz). In order to obtain qualitative information on the progression of mixing of fluorescein between the coalescing drops, a concentration profile across the coalescing drops was determined, as shown in Fig. 15(f). This approach provides information on the global length scales of mixing at the scale of the drop. It is clear from the graphs shown Fig. 15(f) how the pixel size of the images is important for the spatial resolution of the mixing quality. Fig. 15(g) shows concentration profiles measured using scanning confocal Raman microspectroscopy within dispersed aqueous droplets [START_REF] Cristobal | On-line laser Raman spectroscopic probing of droplets engineered in microfluidic devices[END_REF]. For these measurements, the sampling volume was a very small cylinder with a diameter of 5 mm and a height of 15 mm. As a result, the line scans made are highly resolved and very close to a true 1-dimensional transect with zero thickness.

For the results shown in Fig. 15(g), the Raman signals have been averaged over 350 droplets, as well as continuous phase slugs.

With respect to this averaging procedure, the authors point out the importance of identifying the individual signals scattered by the aqueous droplets and the continuous oil phase from the total scattered signal. The authors also address the modification of the concentration profile by the curvature of the droplets and suggest a normalisation procedure to obtain the concentration profiles within the droplets (Fig. 15(g)), hence allowing the temporal evolution of the state of mixing in the droplets to be followed.

Micro particle image velocimetry

The measurement of velocity fields in liquid-liquid dispersions in micro devices is possible using the m-PIV technique, as described in Section 2.2.1. Typically, in the application of m-PIV to liquid-liquid flows, the hydrodynamics of only one phase is studied at a time. Most often, the velocity fields in the dispersed phase (i.e. the droplets) have been measured. These measurements generally provide instantaneous planar velocity fields comprising two-in plane velocity components. However, extension of the technique with confocal microscopy enables 3-dimensional, three component velocity fields to be obtained.

In addition to the usual technical requirements (e.g. optical access to the flow, seeding), the application of m-PIV to liquid-liquid flows requires the matching of refractive indices of the working fluids and the channel material to be matched in order to minimize the refraction of light at the liquid-liquid and liquidsolid interfaces.

Several studies in the literature report the use of m-PIV to measure the velocity fields within droplets and/or the surrounding liquid. Fig. 16 shows some selected results from a range of studies reported in the literature. Fig. 16(a) shows the relative velocity fields at different horizontal cross-sections in an aqueous droplet suspended in silicon oil in a microchannel of width 60 mm and depth 50 mm [START_REF] Sarrazin | Experimental and numerical study of droplets hydrodynamics in microchannels[END_REF]. The measurements have been taken with a 20  objective with a numerical aperture of 0.5; this gives a resolution in the depth-wise direction of $ 9 mm, thus allowing several velocity fields to be measured within the droplet. [START_REF] King | PIV measurements of flow within plugs in a microchannel[END_REF] have used m-PIV to investigate the effects of bulk fluid velocity and droplet size on the recirculation patterns within droplet in a microchannel. They found that the velocity profile in the droplets tended towards a flat zero-gradient profile for lower velocities and shorter drops, therefore hindering the recirculation within (Fig. 16(b)). Fig. 16(c) shows 3-dimensional maps of the three relative velocity components within an aqueous drop in a microchannel obtained using highspeed confocal m-PIV [START_REF] Kinoshita | Three-dimensional measurement and visualisation of internalflow of a moving droplet using confocal micro-PIV[END_REF]. This measurement system allows planar images to be obtained at a frequency of 2000 frames/s and a depth-wise resolution of 1.88 mm. The measurements directly provide 3-dimensional 2-component velocity fields, however, the high resolution in the vertical direction enables the third velocity component to be calculated using the measured velocity data and the equation of continuity. [START_REF] Wang | Optical measurement of flow field and concentration field inside a moving nanoliter droplet[END_REF] have measured the velocity fields within aqueous droplets moving in high aspect ratio microchannels (1000 mm  100 mm). Fig. 16(d) shows the image of the tracer particles in the droplet (left), as well as the absolute (centre) and the relative (right) velocity fields in the droplet. Their results show that the recirculation field within the droplet depends on the droplet size relative to the width of the microchannel. Fig. 16(e) shows the velocity fields within (left) and around (right) a silicon oil droplet forming in an aqueous cross-flow [START_REF] Timgren | Application of the PIV technique to measurements around and inside a forming drop in a liquid-liquid system[END_REF]. The m-PIV measurements, performed by seeding either the continuous or dispersed phase, have allowed the hydrodynamics of drop formation and shear-stress levels at the liquid-liquid interface to be determined, which are crucial for understanding the physical drop formation process.

Drop characterisation

Characterisation of the length scales of liquid-liquid dispersions via determination of the drop size and the drop size distribution is important for evaluating the performance of liquid-liquid mixing and dispersion processes in microchannels and microreactors. In particular, the characteristics of the droplet population are necessary as they are directly linked to the physical quality of the dispersion (e.g. product stability, controlled product properties), as well as the performance of transport and reaction processes.

The techniques described below are known methods for the characterisation of emulsions, and not restricted to emulsions generated in micro devices. Since emulsions typically have a small characteristic size regardless of the processing equipment used, and that characterisation is most often carried out off-line on small samples, most of the known conventional characterisation methods are applicable to emulsions generated in micro devices. Nevertheless, many of the techniques have not yet been employed for characterising microchannel dispersions. The following paragraphs detail the various techniques available for characterising emulsions and drop size, and provide the main requirements, limitations and associated difficulties of each technique. In addition, Table 3 provides a summary of the main characteristics, advantages and Fig. 15. Examples of the application of dilution-type and reaction-type experiments for studying mixing within droplets. (a) Observation of mixing in aqueous droplets using concentrated organic food dyes; all organic dyes were found to affect the interfacial properties of the drops, modifying drop shape and mixing within [START_REF] Tice | Formation of droplets and mixing in multiphase microfluidics at low values of the Reynolds and the capillary numbers[END_REF]reproduced with permission). (b) Effect of switching the injection position of the red aqueous solution (Fe(SCN) x (3 À x) + complex) with respect to two colourless aqueous streams of KNO 3 on the mixing within droplets [START_REF] Tice | Formation of droplets and mixing in multiphase microfluidics at low values of the Reynolds and the capillary numbers[END_REF]reproduced with permission). (c) Dilution of a red (dark) aqueous solution (Fe(SCN) x

(3 À x) + complex)
to study the effect of viscous fluids on mixing in aqueous drops; all three aqueous streams are non-viscous with mE2 mPa s (top); the dark stream is viscous (mE18 mPa s) and colourless streams are non-viscous (m E2 mPa s) (bottom) [START_REF] Tice | Effects of viscosity on droplet formation and mixing in microfluidic channels[END_REF]; reproduced with permission). (d) Mixing of water and a dark dye (xylene cyanol) in droplets carried in a continuous phase of silicone oil [START_REF] Sarrazin | Mixing characterization inside microdroplets engineering on a microcoalescer[END_REF]reproduced with permission). (e) Evolution of mixing in aqueous drops using an instantaneous acid-base reaction and bromothymol blue indicator [START_REF] Sarrazin | Mixing characterization inside microdroplets engineering on a microcoalescer[END_REF]reproduced with permission). (f) Dilution of a fluorescent tracer in aqueous droplets and corresponding concentration profiles at coalescence (left) and some time after coalescence (right) [START_REF] Wang | Optical measurement of flow field and concentration field inside a moving nanoliter droplet[END_REF]; reproduced with permission). (g) Evolution of concentration profiles of K 4 Fe(CN) 6 () and K 3 Fe(CN) 6 (J) solutions in dispersed droplets along a microchannel (top four images) [START_REF] Cristobal | On-line laser Raman spectroscopic probing of droplets engineered in microfluidic devices[END_REF] reproduced with permission). The species concentration is measured by confocal Raman microspectroscopy along a transect within the droplet. Mixing performance is evaluated by following the standard deviation of the species concentration about the mean value along the length of the microchannel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) limitations of the methods, enabling rapid comparison between them.

Microscopy

Microscopic techniques are able to provide information about structure, dimensions, and organization of the components within liquid-liquid dispersions. In the forthcoming paragraphs, the microscopic methods that are most extensively used for the examination of the different levels and types of structural organization of liquid-liquid dispersions are detailed.

Conventional optical microscopy.

Conventional optical or light microscopy has been widely applied to characterise emulsions, and in particular, their droplet size distribution. In light [START_REF] Wang | Optical measurement of flow field and concentration field inside a moving nanoliter droplet[END_REF]reproduced with permission). (e) Velocity fields within (left) and around (right) a silicon oil droplet forming in an aqueous cross flow of 0.11 m/s [START_REF] Timgren | Application of the PIV technique to measurements around and inside a forming drop in a liquid-liquid system[END_REF]; reproduced with microscopy, the magnified images are formed by means of a light or photon beam focused by glass lenses. Considering this, the resolution of an optical microscope, i.e. the shortest distance between two points on a specimen that can still be distinguished by the observer or camera system as separate entities, depends basically on the objective numerical aperture and the wavelength spectrum of light used to image a specimen. Under optimal conditions, resolution may range between 200 and 500 nm. Therefore, conventional optical microscopy has limited application since many emulsions, like mini-and micro-emulsions, contain structures below the lower limit of resolution [START_REF] Aguilera | Microstructural Principles of Food Processing and Engineering[END_REF]. Although imaging an emulsion with light microscopy does not require any sample preparation, the poor contrast between the phases in emulsions makes it difficult to reliably distinguish the phases from each other using conventional bright-field optical microscopy. Contrast can be improved by chemically staining one phase of the emulsions or by modifying the design of the optical microscope; for instance, phase contrast or differential interference contrast microscopes are means to overcome limitations related to contrast [START_REF] Murphy | Fundamentals of Light Microscopy and Electronic Imaging[END_REF].

Conventional optical microscopy, however, can provide valuable information about the size distribution of emulsions containing large droplets and enables the visualisation of flocculation and coalescence phenomena [START_REF] Mikula | Emulsion characterization[END_REF], which may control emulsion stability. Nowadays, with the coupling of optical microscopes and high speed digital cameras, the use of conventional light microscopy has opened new applications, such as the monitoring of droplet-formation during the emulsification process-for instance during micro-channel emulsification as shown in Fig. 17 [START_REF] Sugiura | Interfacial tension driven monodispersed droplet formation from microfabricated channel array[END_REF][START_REF] Van Der Zwan | Visualization of droplet break-up in pre-mix membrane emulsification using microfluidic devices[END_REF]-and rheo-optics, which combines optical microscopy and mechanical tests for analysing the breakdown of flocculated droplets in shear fields [START_REF] Van Der Linden | Rheo-optics and food systems[END_REF].

Confocal scanning laser microscopy (CSLM).

CSLM is an optical microscopic technique that was commercially developed in the early nineties and has several advantages over conventional optical microscopy and electron microscopy. Illumination is achieved by scanning one or more focused beams of light, usually from a laser, across the specimen. This point of illumination is brought to focus in the specimen by the objective lens, and laterally scanned using some form of scanning device under computer control. The sequences of points of light from the specimen are detected by a photomultiplier tube through a pinhole, and the output from the photomultiplier is built into an image and displayed by the computer [START_REF] Ferrando | Review: confocal scanning laser microscopy. A powerful tool in food science[END_REF].

CSLM can be used in transmission and reflection modes, but fluorescence imaging proves to be the most powerful technique when applied to emulsions. One of the main advantages of the confocal microscope is the exclusion of out-of-focus blur. The fluorescence emissions from the illuminated regions of the specimen above and below the in-focus point are not allowed to reach the photomultiplier, as a pinhole in front of the detector ensures that only light from the in-focus point is collected. This is clearly seen in Fig. 18(a), which shows a planar section of an oil-in-water emulsion. Different focus levels make optical sectioning possible and a thick specimen can be imaged in three dimensions; this is one of the most useful properties of CSLM. By combining the information on several focal planes that is on optical slices stored in a computer, a 3-dimensional image that describes the object can be reconstructed as shown in Fig. 18(b).

As in conventional optical microscopy, the limits of CSLM are related to the resolution of measurement. Resolution in CSLM is primarily a function of the numerical aperture of the optical system and the wavelength of the light, but it can be also limited if the signal levels represent so few quanta that the signal lacks the statistical precision to produce a 'visible' feature or if the data is not correctly sampled because the pixels are two large. In the best cases, the CSLM resolves 200 nm in the focal plane (x,y) and only 500-800 nm along the optical axis (z).

To improve the visualization of the emulsion structure, the natural auto-fluorescence of certain compounds, fluorescent chromophores that bind selectively to specific components (e.g., proteins, fat, or carbohydrates) or fluorescent dyes that are more soluble in one phase than the other (e.g., oil vs. water) are used to prepare the emulsions.

CSLM can be employed for the determination of droplet size distributions [START_REF] Van Dalen | Determination of the water droplet size distribution of fat spreads using confocal scanning laser microscopy[END_REF], but it also enables the characterisation of emulsion stability by monitoring droplet creaming and flocculation [START_REF] Dickinson | Stability and rheology of emulsions containing sodium caseinate: combines effects of ionic calcium and non-ionic surfactant[END_REF] or by following changes in interfacial composition on emulsion droplets [START_REF] Heertje | Observations on emulsifiers at the interface between oil and water by confocal scanning light microscopy[END_REF]. CSLM has also been used, although not in microchannels, to study the structural organization of concentrated emulsions and the droplet interactions within (Brujic et al., 2003a, b), as well as for the characterisation of double emulsions [START_REF] Koo | Emulsion-based synthesis of reversibly swellable, magnetic nanoparticle-embedded polymer microcapsules[END_REF]. [START_REF] Guillot | Stability of parallel flows in a microchannel after a T-junction[END_REF] have used CLSM and high speed imaging to visualise the formation of droplets in a T-junction microchannel. The CLSM has enabled the 3-dimensional structure of the flow to be observed in real-time, and therefore provided insight into the blocking-pinching mechanism responsible for drop formation. (transmission electron microscopy) and SEM (scanning electron microscopy). Electron microscopes form the image using an electron beam for the illumination source, which is focused by magnetic lenses. In principle, the smallest size that can be resolved by electron microscopy is about 0.2 nm, however, in practice it is usually about 1 nm due to limitations in the stability and performance of the magnetic lenses. SEM and TEM differ essentially in the method of image formation; SEM is used to examine surfaces from which a 3-dimensional image of the topography of the specimen is produced, whereas TEM visualises the internal structure of the specimen by producing a 2-dimensional image of a thin slice [START_REF] Aguilera | Microstructural Principles of Food Processing and Engineering[END_REF]. Both methods require great effort for sample preparation because imaging is carried out under vacuum conditions. High water content samples are therefore typically dried or frozen prior to measurement. The development of environmental SEM (E-SEM), however, has reduced the problems associated with artefact generation during sample preparation. These instruments are capable of obtaining images of specimens in a gaseous environment and, therefore allow the imaging of emulsions in their near natural state. Fig. 19 shows an example of an oil-in-water emulsion imaged by E-SEM [START_REF] Stokes | Direct observation of water-oil emulsion systems in the liquid state by environmental scanning electron[END_REF]. The droplets of oil are seen as dark circles in the continuous phase of water.

4.

In TEM, a cloud of electrons, produced by a tungsten cathode, is accelerated through a small aperture in a positively charged plate to form an electron beam. This beam is focused and directed through the specimen by a series of magnetic lenses. Part of the electron beam is either absorbed or scattered by the specimen, while the rest is transmitted. The beam of transmitted electrons is magnified by a magnetic lens and then projected onto a screen to create an image of the specimen. Electrons are highly attenuated by most materials and therefore one of the limitations of this technique is that the specimens must be extremely thin (approx. 0.05-0.1 mm) in order to allow enough of the electron beam to be detected.

SEM relies on the measurement of secondary electrons generated by a specimen when it is bombarded by an electron beam. In SEM, a focused electron beam is directed at a particular point on the surface of the specimen. Some energy associated with the electron beam is absorbed by the material and causes it to generate secondary electrons, which are recorded by a detector. An image is obtained by scanning the electron beam in an x-y direction over its surface and then recording the number of electrons generated at each location. Although sample preparation in SEM is difficult, it is considerably easier than for TEM and it has the advantage of producing fewer artefacts than the sample preparation for TEM since ultra thin samples are not required. However, the resolution of TEM can be between 0.2 and 1 nm, whilst SEM resolution is of the order of 3-6 nm.

TEM and SEM have been used widely to determine the size of emulsion droplets and the surface morphology of droplets (e.g. [START_REF] Mikula | Characterization of emulsions and suspensions in the petroleum industry using cryo-SEM and CLSM[END_REF][START_REF] Li | Microemulsions of N-alkylimidazolium ionic liquid and their performance as microreactors for the photocycloaddition of 9-substituted anthracenes[END_REF]. Examples of the use of electron microscopy for the characterisation of emulsions generated in microchannels are, however, scarce. This mostly has to do with the difficulties related to sample preparation and the fact that on-line measurements are not possible. New techniques such as E-SEM, which has been applied successfully for the in situ monitoring of 'emulsion-like' structures [START_REF] Rizzieri | A study of the large strain deformation and failure behaviour of mixed biopolymer gels via in situ ESEM[END_REF], may therefore be interesting for measuring drop characteristics in microchannels.

Atomic force microscopy (AFM)

. AFM can provide 3-dimensional imaging of surfaces with nanometer resolution. The AFM imaging principle is not optical and images are obtained by measuring changes in the magnitude of the interaction between the probe and the sample surface as the surface is scanned beneath the probe. A laser beam is focused onto the end of the cantilever, and then reflected onto a position-positive photodiode detector after being reflected by a mirror. When the sample is scanned, the topography of the sample surface causes the cantilever to deflect as the force between the tip and the sample changes. The map of the surface topography from the measured cantilever deflection is generated by computer and is shown on the monitor. In its usual mode of operation, the deflection of the cantilever is maintained at a predetermined value as the scan progresses in order to keep the forces acting between tip and sample constant. By monitoring the movements of the scanner that are required to maintain the deflection of the cantilever constant, the sample topography is revealed as a 3-dimensional image [START_REF] Khulbe | Synthetic Polymeric Membranes: Characterization by Atomic Force Microscopy[END_REF].

The lateral resolution of AFM depends mainly on tip sharpness, shape and size of the probe and image pixelization. The radius of curvature of the end of the tip will determine the highest lateral resolution obtainable with a specific tip; e.g., if the sample surface is an atomically flat periodic lattice, it would be possible to achieve atomic resolution. In commercial instruments, typical values of lateral resolution are on the order of nanometers, whilst the axial resolution is in the order of tenths of nanometers. A particular feature of AFM is the relatively small scan size (in the range of a few micrometers), which could be a limitation if the area of interest is relatively large. In addition, imaging requires long scanning time, which limits the application of AFM to low speed and static phenomena. Consequently AFM has not been applied to monitor droplet formation during emulsification.

Commercial instruments based on this technology are widely available and are increasingly being used in industry. The main applications of AFM to characterise emulsions are focused on measuring the local properties at the interface. With AFM or with AFM related set-ups, the electric double-layers at the droplet interface can be analysed, and it is possible to measure the force between an oil drop and the other immiscible liquid [START_REF] Butt | Force measurements with the atomic force microscope: technique, interpretation and applications[END_REF]. AFM has also been used to visualise the molecular organization of emulsifiers at planar interfaces, as shown in Fig. 20, where imaging is employed to investigate the competitive adsorption of proteins and low-molecular-weight surfactants [START_REF] Pugnaloni | Competitive adsorption of proteins and low-molecular-weight surfactants: computer simulation and microscopic imaging[END_REF].

Static light scattering

Analytical instruments based on static light scattering have been commercially available for many years, and are widely used in industry for research, development, and quality control purposes. In particle size analysers that use static light scattering (also called laser diffraction), light from a laser is shone into a group of emulsion droplets; the droplets scatter the light, the smaller droplets scattering the light at larger angles than the bigger particles. The scattered light can be measured by a series of photodetectors placed at different angles. The angular dependency of the intensity of the light emerging from the emulsion is known as the diffraction pattern of the sample. By using a mathematical model to relate the diffraction pattern of the emulsion sample to the droplet characteristics, the particle size distribution and concentration are determined [START_REF] Hiemenz | Principles of Colloid and Surface Chemistry[END_REF]. Although several correlations and theories exist on light scattering, the most comprehensive and rigorous theory is that of Mie, which is based on Maxwel's electromagnetic field equations that describe the propagation of an electromagnetic wave through an ensemble of particles. There are two assumptions made in this theory that are significant to the result obtained: (i) the particle is assumed to be spherical and (ii) the suspension is dilute. The particle concentration is assumed to be so low that scattered radiation is directly measured by the detector (i.e. single scattering) and not rescattered by other particles before reaching the detector (i.e. multiple scattering).

In modern particle sizing instruments, the scattering pattern recorded by the detectors is sent to a computer, where it is stored and analysed. The particle size distribution that gives the best fit between the experimental measurements and those predicted by Mie theory is calculated. This calculation requires information about the refractive index of both the droplets and the continuous phase at the wavelength of the laser used. The range of droplet size that can be measured using this kind of particle size analysers depends on the range of angles over which the instrument measures the intensity. Most commercial equipment is able to measure droplets with diameters in the range of 0.2-2000 mm [START_REF] Hiemenz | Principles of Colloid and Surface Chemistry[END_REF]. As aforementioned, the fraction of the dispersed phase in the sample is required to be relatively low ( o0.1 wt%) to avoid multiple scattering effects. As a result, many emulsions need to be diluted significantly before analysis, which can cause appreciable alterations in particle size distribution, and this is particularly true for emulsions containing flocculated droplets.

In recent years, new mathematical algorithms have been developed to extend the concentration range over which laser diffraction can be used. Multiple light scattering has been reported to monitor droplet sizes in concentrated emulsions during ultrasound emulsification [START_REF] Abismail | Emulsification processes: on-line study by multiple light scattering measurements[END_REF]. In addition, effective sample extraction and preparation systems have been designed to obtain a representative sample stream that is appropriate for analysis from a concentrated emulsion (Schmitt). In this way the applicability of the technique has been significantly extended and commercial equipment with flow through cells for measurements in industrial emulsification devices are available. For example, the direct measurement of the drop size distributions and concentration of the oil-in-water emulsions that make up oil rig effluent streams may be undertaken in-line using a high-pressure cell (10 bar maximum operating pressure). The recent developments of this technique and the possibility to carry out in-line measurements pave a promising future for its application to continuous microchannel equipment.

Dynamic light scattering (DLS) and diffusing wave spectroscopy (DFW)

When a beam of light passes through an emulsion, the droplets scatter some of the light in all directions. When the particles are very small compared with the wavelength of the light, the intensity of the scattered light is uniform in all directions (Rayleigh scattering). If the light is coherent and monochromatic, as it is from a laser, it is possible to observe time-dependent fluctuations in the scattered intensity using a suitable detector, such as a photomultiplier that is capable of operating in photon counting mode. These fluctuations arise from the fact that the particles are small enough to undergo random thermal (Brownian) motion and the distance between them is therefore constantly varying. Constructive and destructive interference of light scattered by neighbouring particles within the illuminated zone gives rise to the intensity fluctuation at the detector plane which contains information about droplet motion. Analysis of the time dependency of the intensity fluctuation can therefore yield the diffusion coefficient of the droplets from which, via the Stokes Einstein equation and with knowledge of the viscosity of the medium, the hydrodynamic radius or diameter of the droplets can be calculated [START_REF] Horne | Light scattering studies of colloid stability and gelation[END_REF]. The diameter obtained by this technique is that of a sphere that has the same translational diffusion coefficient as the particle being measured. The translational diffusion coefficient will depend not only on the size of the particle 'core', but also on any surface structure, as well as the concentration and the type of ions in the medium. This means that the size can be larger than that measured by electron microscopy, for example, where the particle is removed from its native environment.

Commercial analytical instruments based on dynamic light scattering instruments (photon correlation spectroscopy and Doppler shift spectroscopy) have mostly been developed to analyse emulsions where the laser beam undergoes single scattering before reaching the detector. These droplet size analysers can determine droplet diameters between 3 nm and 5 mm. The maximum concentration of dispersed phase that the sample can have depends however on the method used by the DLS equipment measure the scattered light intensity fluctuations [START_REF] Horne | Light scattering studies of colloid stability and gelation[END_REF]. Some instruments measure the light that has been transmitted through an emulsion and are therefore only suitable for analysis of dilute emulsions ( o0.1 wt% of dispersed phase). Other instruments measure the light that has been backscattered from an emulsion and are therefore suitable for analysis of dilute and concentrated emulsions (up to 10 wt% of dispersed phase).

A more recent technique, diffusing wave spectroscopy (DWS) must operate in a highly turbid medium (or ''multiple scattering'' regime) because it treats the photon path through the sample as a diffusive process. In other words, with this extensive multiple scattering, the light waves move through the system in a way that can be modelled mathematically as a diffusion process [START_REF] Scheffold | Particle sizing with diffusing wave spectroscopy[END_REF]. Similar to dynamic light scattering, DWS is able to provide information about the local dynamics of droplet emulsions, without restrictions on droplet concentration and turbidity. DWS has been used to provide information about physicochemical phenomena that influence the mobility of emulsion droplets, for instance, droplet size, droplet-droplet interactions [START_REF] Hemar | A diffusing wave spectroscopy study of the kinetics of Ostwald ripening in protein-stabilized oil/water emulsions[END_REF], flocculation [START_REF] Hemar | Monitoring of flocculation and creaming of sodium-caseinate-stabilized emulsions using diffusing-wave spectroscopy[END_REF], interface properties [START_REF] Wooster | Beta-Lactoglobulin-dextran Maillard conjugates: their effect on interfacial thickness and emulsion stability[END_REF] or changes in continuous phase rheology [START_REF] Harden | Recent advances in DWS-based micro-rheology[END_REF]. This technique is also capable of following the kinetics of destabilization of concentrated emulsions. In addition, it can detect differences at the microstructural level between the different types of destabilization processes, without any sample disturbance and at concentrations close to the reality of formulations used in industrial processes.

Electric pulse counting

Electrical pulse counting techniques (also called electrozone sensing or Coulter counter techniques) are based on measurable changes in electrical resistance produced by droplets, with much lower electrical conductivity than the continuous phase, suspended in an electrolyte. In the sensing zone each particle displaces its own volume of electrolyte. The volume displaced is measured as a voltage pulse; the height of each pulse is proportional to the volume of the particle. These techniques are capable of determining the size distribution of droplets between 0.4 and 1200 mm [START_REF] Mikula | Emulsion characterization[END_REF].

In order to size an emulsion, a sample of it must be probed with two electrodes. One electrode is placed within a glass tube that has a small hole in it, though which the emulsion is sucked. The electrical pulse created by each droplet, due to the lower electrical conductivity than the continuous phase, is recorded and its size is calculated. Typically, droplets between 2 and 60% of the diameter of the aperture can be reliably analysed. If an emulsion contains a wide range of droplet sizes it may be necessary to use a number of glass tubes with different aperture sizes to determine the full droplet size distribution. Equipment based on this principle has been commercially available for many years and is widely used in industry.

This technique presents some limitations that have to be considered depending on the characteristics of the emulsion to be analysed [START_REF] Lines | The electrical sensing zone method (the Coulter principle)[END_REF]. Electrical pulse counting instruments normally require the droplet concentration to be relatively low ( o0.1 wt%) so that only a single particle passes through the hole at time. Consequently, emulsions with a higher concentration need to be diluted before analysis, which may alter the sample microstructure. In addition, the emulsion droplets must be suspended in an electrolyte solution to ensure that the electrical conductivity of the aqueous phase is sufficiently large to obtain accurate measurements.

Ultrasonic spectroscopy

The interactions between ultrasonic waves and emulsions are used to obtain information about droplet size distributions and concentration. Ultrasonic spectroscopy relies on measurements of the change in ultrasonic attenuation and/or ultrasonic velocity as a function of frequency. As an ultrasonic wave propagates through an emulsion some of the ultrasonic wave energy is lost; the characteristics of this will depend on the thermophysical properties of the component phases, the frequency of the ultrasonic wave, and the concentration and size of the droplet.

The operating principles of an ultrasonic spectrometer are straightforward. The equipment generates sound pulses that pass through a sample system and then measured by a receiver. The passage through the sample system causes the sound energy to change in intensity and phase. The instrument measures the ultrasonic attenuation (sound energy losses) and the ultrasonic velocity (sound speed). The analysis of the attenuation data to obtain droplet size distributions involve a degree of complexity in fitting experimental results to theoretical models based on various acoustic loss mechanisms. Ultrasonic spectroscopy instruments contain the mathematical models that can predict the ultrasonic spectrum of an emulsion from the droplet characteristics (size, concentration) and the physical properties of the dispersed and continuous phases, such as ultrasonic velocity, ultrasonic attenuation, thermal conductivity, specific heat capacity, thermal expansion coefficient, density and viscosity [START_REF] Dukhin | Ultrasound for characterizing emulsions and microemulsions[END_REF].

Commercial ultrasonic spectrometers size emulsion droplets with diameters between 10 nm and 1000 mm and are able to provide reliable droplet size information of both concentrated (above 40% phase volume fraction) and diluted (phase volume fractions of 0.1%) emulsions. Ultrasound is a non-destructive and non-intrusive technique that has been successfully applied to determine the droplet size distributions and concentrations in food emulsions (e.g., [START_REF] Coupland | Analysis of droplet characterstics using low-intensity ultrasound[END_REF]) and microemulsions [START_REF] Dukhin | Acoustic and electroacoustic spectroscopy for characterizing concentrated dispersions and emulsions[END_REF]). A major advantage of ultrasonic spectroscopy is that it is transparent to most materials and can be used to analyse emulsions in situ; it is therefore particularly suitable for on-line measurements (e.g., [START_REF] Gancz | In situ study of flocculation of whey protein-stabilized emulsions caused by addition of high methoxyl pectin[END_REF]).

The main limitations of the ultrasonic technique are related to the high amount of thermophysical data required to interpret the results and the fact that small air bubbles can interfere with the signal from the emulsion droplets [START_REF] Coupland | Analysis of droplet characterstics using low-intensity ultrasound[END_REF].

Nuclear magnetic resonance (NMR)

In emulsion characterization, NMR is used to measure selfdiffusion, which is exploited to determine droplet size distribution. The measurement of self-diffusion of molecules in a liquid by NMR relies on the use of magnetic field gradients. NMR techniques use interactions between radio waves and the nuclei of, typically, hydrogen atoms. The sample to be analysed is placed in a static magnetic field gradient and a sequence of radio frequency pulses is applied to it. These pulses cause some of the hydrogen nuclei in the sample to be excited to higher energy levels, which generates a detectable NMR signal. The decay of this signal depends on the movement of the nuclei sample and can be used to study molecular motion.

In a bulk liquid, the distance that a molecule can move in a certain time is governed by its translational diffusion coefficient. When a liquid is contained in an emulsion droplet, its diffusion may be restricted by the interfacial droplet boundary. If the movement of a molecule in the droplet is observed over a long time, the diffusion is restricted because the molecule cannot move further than the droplet diameter. Considering this, it is possible to identify when the diffusion becomes restricted by measuring the attenuation of the NMR signal at different times. From this time-resolved signal, the emulsion droplet size distribution and structural organization of the droplets within an emulsion can be inferred [START_REF] Johns | Characterisation of emulsion systems using NMR and MRI[END_REF].

NMR measurements are not influenced by the optical or dielectric properties of the system. Therefore, both transparent and opaque emulsions and dispersions can be tested in optically opaque devices. Low-frequency NMR spectrometers operating at 2-20 MHz suffice for time-resolved signal applications and are most commonly used in industrial applications. The range of droplet sizes that can be determined precisely with these methods is between 0.2 and 100 mm and a typical NMR test can take between 1 and 20 min. The advantages of this technique are that it is non-intrusive and requires only a small sample size (0.5 g approx.) without any further preparation (Pen ˜a and Hirasaki, 2006).

NMR methods are particularly adapted for sizing opaque and very viscous emulsions such as water-in-crude oil emulsions and food emulsions [START_REF] Johns | Characterisation of emulsion systems using NMR and MRI[END_REF], which are not readily suitable to alternative droplet sizing techniques. In addition, the NMR technique is particularly useful to determine the actual size of the individual droplets in flocculated emulsions [START_REF] Lee | Experimental characterization of emulsion formation and coalescence by nuclear magnetic resonance restricted diffusion techniques[END_REF]. It has also been applied to monitor droplet growth in emulsions due to droplet coalescence and Ostwald ripening (e.g., [START_REF] Hedin | Ostwald ripening of an emulsion monitored by PGSE NMR[END_REF][START_REF] Pen ˜a | Chemically induced destabilization of water-in-crude oil emulsions[END_REF]. Additionally, there has been some development of the NMR technique for the characterisation of emulsions in dynamic flow conditions and for in situ measurements. [START_REF] Johns | Sizing of emulsion droplets under flow using flowcompensated NMR-PFG techniques[END_REF] developed a flow-compensating pulsed field gradient that enables the drop size distribution of emulsions in continuous laminar flow to be characterised. [START_REF] Hollingsworth | Fast emulsion droplet sizing using NMR self-diffusion measurements[END_REF] reported a NMR method that enables fast measurement of drop size, thus allowing the time evolution of drop size distribution to be determined in situ. Although the characterisation of liquidliquid dispersions in microchannels using NMR methods has not yet been reported, the recent developments of this technique with respect to fast in situ measurements and continuous flow systems suggest that it is a promising method for future microchannel applications.

Electroacoustics

Electroacoustic spectroscopy deals with the interaction of electric and acoustic fields. When the charged particles of a dispersed system are placed in an acoustic field, they lead to the generation of an alternating electric field, and consequently to an alternating electric current. Considering this, two possible implementations of electroacoustic spectroscopy can be distinguished. One can apply an acoustic field and measure the resultant electric current, which is referred to as the colloid vibration current (CVC), or one can apply an electric field and measure the resultant acoustic field, which is referred to as the electronic sonic amplitude (ESA).

Both electroacoustic parameters, CVC and ESA, can be experimentally measured. The CVC or ESA spectrum is the experimental output from electroacoustic spectroscopy. Both of these spectra contain information about droplet size distribution and zeta potential, which is related to the electrical charge of the droplet. Particle/drop sizing instruments based on the electroacoustic principle are commercially available and are capable of analysing droplets with sizes between 0.1 and 10 mm. By combining electroacoustic spectroscopy with ultrasonic spectroscopy the droplet size range can be extended from 10 nm to 1000 mm [START_REF] Dukhin | Acoustic and electroacoustic spectroscopy[END_REF].

The major advantage of electroacoustic techniques is that they can be applied to concentrated emulsions (up to 50% phase volume fraction) without the need of any sample dilution. Nevertheless, they can only be used to analyse emulsion droplets that are charged and that have a significant density difference to the surrounding liquid and, the viscosity of the continuous phase must be known at the measurement frequency.

Electroacoustics have been applied to measure particle size distributions and, in some cases the zeta potential of emulsion droplets, in a wide variety of different oil-in-water (e.g., Hunter, 2001, Hsu and[START_REF] Hsu | Behavior of soybean oil-in-water emulsion stabilized by nonionic surfactant[END_REF] and water-in-oil emulsions (e.g., [START_REF] Magual | Acoustic and electroacoustic spectroscopy of water-in-diluted-bitumen emulsions[END_REF]. Some commercial instruments have been developed for on-line processes.

Conclusions

This review reports the existing experimental methods available for characterising mixing, and the outcomes of mixing, of miscible and immiscible liquids, as well as gas-liquid flows in micro devices. Some of the these techniques have been adopted from the characterisation methods commonly used in chemical engineering for assessing macroscopic flow systems (see for example [START_REF] Fournier | A new parallel competing reaction system for assessing micromixing efficiency-experimental approach[END_REF][START_REF] Thakur | Static mixers in the process industries-a review[END_REF][START_REF] Boyer | Measuring techniques in gas-liquid and gas-liquid-solid reactors[END_REF][START_REF] Chaouki | Non invasive tomographic and velocimetric monitoring of multiphase flows[END_REF]; others are modifications of methods originally developed in the field of biology (e.g., techniques based microscopy) or analytical chemistry (e.g., UV-Vis and IR spectroscopy, NMR). The report provides concise information on each method concerning the main principles, the type of information obtained, the limitations of the technique, and some referenced examples. In this format, it is hoped that the review will help guide the micro device user (industrial or academic) in the choice of mixing characterisation methods that are appropriate for the device and the application (single or multiphase), and that enable the required information to be obtained. In addition, this review highlights the limitations of these existing methodologies, thus allowing the mixing performance characteristics that are not yet measurable with the existing techniques to be identified.

The limitations of the existing characterisation techniques are particularly important to understand for industrial applications of micro devices. From this review, it can be seen that the majority of the experimental techniques available for characterising mixing and two-phase flows employ optical methods, which require that the micro device is transparent or has a transparent viewing window. In the process industries, however, transparent construction materials may not be entirely adapted for the harsh environment of the chemical and physical processes encountered and these characterisation methods may not be applicable. This shows the importance of coupling academic-type studies with industrial problems, when possible, for the improvement and control of process performance. Needless to say, the monitoring of industrial mixing and contacting operations may still of course be required for the adequate control of process performance. For single phase mixing operations the direct characterisation of mixing performance most likely will not be feasible, although concentration measurements that provide indirect information on the mixing quality may be more easily accessible using conventional analytical techniques or integrated non-intrusive sensors. For the monitoring of gas-liquid flow in industrial micro devices non-intrusive sensors that do not require direct optical access to the flow are required. Some development in this area has been started, as previously mentioned in the body of this review. Additionally, it is worth mentioning the possibility of employing methods that are already successfully applied for the characterisation of macro scale operations. In particular electrodiffusion diagnostics is a useful non-intrusive, non-optical tool for monitoring near-wall flow and gas-liquid flow regimes, as well as for the measurement of the bubble size and bubble velocity in macro scale devices [START_REF] Kashinsky | Downward bubbly gas-liquid flow in a vertical pipe[END_REF][START_REF] Magaud | Experimental study of bubble column hydrodynamics[END_REF][START_REF] Michele | Liquid flow and phase holdup-measurement and CFD modeling for two-and three-phase bubble columns[END_REF]. Its application to the measurement of single flow in microchannels has already been demonstrated and extending its application to gas-liquid flows in micro devices is expected to be relatively straight forward. For characterising liquid-liquid dispersions and emulsions, most available methods require either optical access to the sample and sample dilution, thus off-line characterisation. Currently, the most widely used techniques for drop characterisation are microscopy-based methods that do not require difficult sample preparation. These are important experimental techniques since they allow information concerning emulsion structure, as well as dynamic processes such as drop formation and coalescence mechanisms to be obtained in situ. In particular, CSLM is of great interest since it can provide 3-dimensional information on the emulsion structure. Ultrasonic spectroscopy and NMR may be promising methods for the on-line monitoring of liquid-liquid dispersions in micro devices as they allow in-situ measurements without requiring optical access to the liquid-liquid dispersion. Static light scattering methods that can be used on-line with flow through cells may also be useful. Further developments of these methods may be needed for their application to the characteristic size of micro devices.

  Using conventional microscopy, the resulting information is averaged over the depth of the device.[START_REF] Knight | Hydrodyanmic focusing on a silicon chip: mixing nanoliters in microseconds[END_REF][START_REF] Johnson | Rapid microfluidic mixing[END_REF],[START_REF] Stroock | Chaotic mixer for microchannels[END_REF][START_REF] Hoffmann | Experimental investigation of liquid-liquid mixing in T-shaped micro-mixers using m-LIF and m-PIV[END_REF] Associated with confocal scanning microscopy, which enables pointwise measurement of the fluorescent dye through the depth of the micro device, 3-dimensional concentration data throughout the mixer can be retrieved.Appropriate for mixing in single and two phase systems Acid-base or pH indicator reactions Qualitative information on mixing quality Indirect approximation of mixing time Transparent device or device with transparent viewing window Visualisation of the mixing process is conducted perpendicular to the direction of the flow. Consequently, no information on the spatial mixing quality through the depth of the device is obtained.

Fig. 1 .

 1 Fig. 1. Examples of diluting dyed fluid streams to characterise mixing quality: (a) Contacting of high concentrations of blue water and pure water in a multilamination hydrodynamic focusing micromixer followed by a sudden expansion (Hessel et al., 2003; reproduced with permission); (b) Mixing of a commercial blue coloured dye solution and deionized water in a T-mixer at different Reynolds numbers (Wong et al., 2004; reproduced with permission); (c) Contacting of a dyed solution (water-blue) (dark lamellae) and a transparent solution of 85% glycerol (light lamellae) in a split and recombine mixer (Sch önfeld et al., 2004; reproduced with permission); (d) Mixing of a blue dye solution and water in a split-and-recombine micromixer. It can be see that when the blue streams are superimposed, the colour intensity changes and thus illustrating the difficulty in differentiating layered flow and well-mixed states with this simple dilution method (Lee et al., 2006; reproduced with permission). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2 .

 2 Fig. 2. Examples of visualising the dilution of fluorescent dyes to characterise mixing: (a) Fluorescence microscopy using rhodamine B in a T-mixer with (left) and without (right) ablated wells (Johnson et al., 2002; reproduced with permission); (b) Dilution of a fluorescein solution in a hydrodynamic focusing geometry visualised by fluorescence microscopy (Knight et al., 1998; reproduced with permission); (c) Three dimensional images of fluorescein in a hydrodynamic focusing geometry visualised by confocal scanning microscopy (Knight et al., 1998; reproduced with permission); (d) Three dimensional concentration maps of rhodamine B entering via inlet 1 in a T-mixer, visualised by confocal scanning microscopy[START_REF] Hoffmann | Experimental investigation of liquid-liquid mixing in T-shaped micro-mixers using m-LIF and m-PIV[END_REF] reproduced with permission); (e) Mixing patterns in the cross section of a chaotic micromixer visualised using fluorescein and confocal scanning microscopy[START_REF] Stroock | Chaotic mixer for microchannels[END_REF] reproduced with permission).

Fig. 3 .

 3 Fig. 3. Examples of characterising mixing quality using the phenolphthalein pH indicator reaction: (a) Cross sectional slices showing the mixing of phenolphthalein and sodium hydroxide in ethanol solutions in a passive serpentine micromixer-the formation of the pink indicator is represented by the dark grey scale (Liu et al., 2000; reproduced with permission); (b) Mixing is shown to be complete when the pink colour remains constant, this is after the 7th mixing element in this split-and-recombine micromixer (Cha et al., 2006; reproduced with permission); (c) Mixing and the acid-base reaction in a barrier embedded Kenics micromixer (Kim et al., 2004; reproduced with permission); (d) Mixing performance in a straight microchannel and a split-and-recombine micromixer. The latter illustrates the effectiveness of these 3-dimensional geometries, which promote convection and mixing by stretching and folding the miscible fluid interface (Lee et al., 2006; reproduced with permission). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

  microchannel and therefore the measured velocity field represents an average of the flow field throughout the depth of the microchannel.There are now a large number of literature examples that employ m-PIV for characterising hydrodynamics in micro channel devices. Fig.6presents a selection of these studies that particularly concern micromixers. Fig.6(a) shows the velocity profiles of water and diluted glycerol contacted in a hydrodynamic focusing micromixer whereby two outer sheath streams of one fluid focus on a central sample stream[START_REF] Wu | Hydrodynamic focusing in microchannels under consideration of diffusive dispersion: theories and experiments[END_REF]. In these experiments, a 4  objective was used to measure the velocity fields in a wide shallow microchannel (900 mm  50 mm). Consequently, the depth of measurement is relatively large and the velocity fields represent an average throughout the channel depth. By seeding both the viscous glycerol stream and the water stream, the measurements enable a quantitative assessment of the flow patterns when equal stream flow rates are used. Hoffmann et al. (2006) have employed m-PIV to investigate the effects of high laminar flow Reynolds numbers on the flow in T-micromixers (Fig. 6(b)). They used a 20  /0.4 objective which gives approximately a 13 mm measurement depth to determine flow fields in 100 and 200 mm deep channels. This small measurement depth thus allows several planes of measurement throughout the channel depth. Fig. 6(b) compares the velocity profile at the centre plane for a Reynolds number of 120 (left), where the velocity profile is parabolic, with that of a Reynolds number of 186 (right) where the velocity profile in no longer parabolic due to the transition to engulfment flow. Fig. 6(c) presents an instantaneous 2-dimensional velocity field in a micromixing device based on the time dependent pulsing of flow via secondary channels
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 56 Fig. 5. Examples of monitoring the concentration of chemical species in microdevices: (a) Concentration profiles on a transect across an interdigital micromixer (right) taken from dilution-based visualisation experiments (left) (Hessel et al., 2003; reproduced with permission). Since the flow in this type of micromixer is essentially 2-dimensional, the concentration profile provides information on the thickness of the fluid lamellae. (b) Two dimensional Raman images of chloroform (top) and methylene chloride (middle) taken along the length of a Y-micromixer (Salmon et al., 2005; reproduced with permission). The corresponding concentration profiles (bottom) of the chloroform (J) and methylene chloride (.) taken at xE45 and xE1800 mm are representative of the species concentration averaged through the depth of the microchannel.

  have used m-PTV with a super resolution algorithm to determine two-component planar velocity fields in a micro cross-channel system. Fig.8shows the superior spatial resolution of the flow that is obtained by tracking individual particles with m-PTV (right) compared with m-PIV (left). In addition to the improvements made in the resolution of m-PTV measurements, developments have also been made to simultaneously map 3-dimensional velocity fields. Stereoscopic m-PTV uses two cameras to track the 3-dimensional coordinates of individual particles and determine the 3-component flow field.

Fig. 7 .Fig. 8 .

 78 Fig. 7. Examples of stereoscopic m-PIV measurements to obtain three-component velocity fields. (a) Three-dimensional scan of stereo-PIV measurements in the mixing zone of a T-mixer at Re= 120 (Lindken et al., 2006; reproduced with permission). The vectors are coloured by the out-of-plane component. The velocity fields in the lower half of the micromixer are shown only. (b) Three-component vector map of the flow field across the micro-step at a resolution of 45 Â 45 Â 109 mm (Bown et al., 2006; reproduced with permission). The vectors are coloured by their out-of-plane velocities. (For interpretation of the color bar legends in the figures, the reader is referred to the web version of this article.)

Fig. 10 .

 10 Fig. 10. Evolution of the fluctuation rates, FR, of the wall shear stress in a network of minichannels with the Reynolds number, Re (Huchet et al., 2007; reproduced with permission). The different measurement points are taken by individual probes at various axial positions, x/H, within the device.

Fig. 11 .

 11 Fig.11. Nuclear magnetic resonance velocity imaging in an interdigital micromixer[START_REF] Ahola | Monitoring of fluid motion in a micromixer by dynamic NMR microscopy[END_REF] reproduced with permission). The flow map is coloured by velocity magnitude (mm/s) and clearly identifies flow inhomogeneities across the channels. (For interpretation of the color bar legends in the figures, the reader is referred to the web version of this article.)

Fig. 12 .

 12 Fig. 12. Characterising mixing quality by the dilution of a fluorescent tracer in the liquid phase of a gas-liquid segmented flow in straight (left) and meandering (right) microchannels (G ünther et al., 2004; reproduced with permission). Images depict instantaneous fluorescence fields at different hydraulic diameters down the microchannels. Fluid recirculation in the liquid slugs enhances mixing along the microchannel; fluid mixing is further enhanced in the meandering channel.

Fig. 13 .

 13 Fig. 13. Examples of liquid velocity fields measured by m-PIV in gas-liquid flow in microchannels. (a) Comparison of vector fields and streamlines in the liquid plug of segmented flow in straight (left) and meandering (right) microchannels (G ünther et al., 2004; reproduced with permission). (b) Flow patterns in the liquid slug of waternitrogen (left), ethanol-nitrogen (centre) and glycerol-nitrogen (right) flows (Waelchli and von Rohr, 2006; reproduced with permission). The interfacial tension between the fluids modifies the shape of the bubbles, which affects the recirculation motion within the liquid phase. (c) Liquid flow patterns around a forming bubble in a T-microchannel (van Steijn et al., 2007; reproduced with permission). Quantification of the liquid flow rate passing over the forming bubbles from the velocity fields enables the prediction of bubble and liquid slug lengths.

Fig. 14 .

 14 Fig. 14. Examples of gas-liquid flow imaging. (a) Nitrogen-isopropanol dispersion in one 1100 mm  170 mm channel of a microbubble column composed of 64 parallel channels. Images are obtained with a stereomicroscope and a CCD camera (Haverkamp et al., 2006; reproduced with permission). (b) Nitrogen-water flow patterns visualised using Laser Induced Fluorescence and captured with a digital camera coupled with a microscope (Waelchli and von Rohr, 2006; reproduced with permission).The laser light is used to excite Rhodamine B in the liquid phase, which is visualised as the light grey areas in the images. (c) The formation of air bubbles in a sugar solution flowing in a 250 mm channel is captured with a high speed camera (1000 fps) and a microscope with a 4  objective[START_REF] Yu | Experiment and lattice Boltzmann simulation of two-phase gas-liquid flows in microchannels[END_REF] reproduced with permission).

Fig. 16 .

 16 Fig. 16. Examples of m-PIV measurements in liquid-liquid systems. (a) Velocity fields in the reference frame of the droplet taken at different heights in the droplet; x/ D = 0.42 corresponds to the horizontal centre-line of the drop; x/D =0 is in line with the microchannel wall (Sarrazin et al., 2006; reproduced with permission). (b) Relative velocity profiles within an aqueous drop of length of 2.5 mm for bulk mean velocities of 10 and 50 mm/s (King et al., 2007; reproduced with permission). (c) Threedimensional views of the relative velocity components inside a moving droplet measured using confocal micro PIV: V x (top); V y (centre); V z (bottom) (Kinoshita et al., 2007; reproduced with permission). (d) m-PIV measurement of the velocity field inside an aqueous moving droplet (channel size= 100 m  1000 m, total flow rate= 1100 L/h, flow rate ratio= 10:1. (Left) Digital image of particles. (Centre) Absolute velocity field. (Right) Velocity field relative to the drop reference frame[START_REF] Wang | Optical measurement of flow field and concentration field inside a moving nanoliter droplet[END_REF] reproduced with permission). (e) Velocity fields within (left) and around (right) a silicon oil droplet forming in an aqueous cross flow of 0.11 m/s[START_REF] Timgren | Application of the PIV technique to measurements around and inside a forming drop in a liquid-liquid system[END_REF] reproduced with 

Fig. 17 .

 17 Fig. 17. Examples of images obtained using a microscope coupled with a high speed camera for monitoring drop formation in micro devices. (a) Time evolution of triolein droplet formation in water within a microchannel (Sugiura et al., 2001; reproduced with permission) (b) Different drop formation processes of n-hexadecane drops in water; flow from left to right (van der Zwan et al., 2006; reproduced with permission); (i) snap-off due to localized shear forces; (ii) snap-off due to localized shear forces; (iii) break-up due to interfacial tension effects-Rayleigh instability; (iv) break-up due to steric hindrance between droplets; (v) break-up due to interfacial tension effects-Laplace instabilities.

Fig. 18 .

 18 Fig. 18. Examples of CSLM images of liquid-liquid dispersions. (a) Two-dimensional CSLM micrograph of an oil-in-water emulsion containing 75 wt% oil (Romero et al., 2008; reproduced with permission). (b) Three-dimensional reconstruction of CSLM micrographs of an oil-in-water emulsion obtained by Premix membrane emulsification with Tween20 2% as emulsifier. X, Y and Z axes in pixels (Xpixel size= Ypixel size =0.25 mm; Zpixel size= 0.3 mm).

Fig. 19 .

 19 Fig. 19. Example of an oil-in-water emulsion imaged by ESEM (Stokes et al., 1998; reproduced with permission). The droplets of oil (dark regions) are clearly seen in the continuous phase of water (light regions).

Fig. 20 .

 20 Fig. 20. Example of AFM for imaging the organisation of a surfactant at liquidliquid interfaces. In this image a b-lactoglobulin film is displaced by surfactant Tween20 in an oil-water dispersion (Pugnaloni et al., 2004; reproduced with permission). The image is 0.8 Â 0.8 mm.

  

Table 1

 1 Summary of resulting information, requirements and limitations of current experimental methods for characterising mixing.

	Selected examples							
	Advantages/limitations/associated difficulties		Visualisation of the mixing process is conducted perpendicular to the	direction of the flow. Consequently the information obtained is	spatially averaged over the depth of the micromixer. This makes it	difficult to distinguish perfectly mixed systems and complex multi-	layered mixing patterns, and may result in the measurement of overly	short mixing times.	Appropriate for mixing in single and two phase systems
	Micro device requirements		Transparent device or device with	transparent viewing window				
	Resulting information		Qualitative information on mixing quality	Indirect approximation of mixing time				
	Characterisation	method	Dilution of coloured	dyes				
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Table 3 Summary of resulting information, advantages and limitations of experimental methods for determining the characteristics of liquid-liquid dispersions and emulsions.

Characterisation method

Resulting information

Resolution of measurement Advantages/limitations/associated difficulties 

Microscopy