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Abstract 

 

 Achieving efficient mixing of flow streams is one of the important challenges of 

microfluidics, because of the difficulty to induce flow transition to the turbulent regime. Of the 

different solutions for devices proposed, T-shaped micromixers stand out, as they have a simple 

geometry and low production cost and showed promising results when asymmetric inlet 

conditions are applied. Starting from experimental results obtained when equal flow rates were 

applied to inlets with different widths, four geometries (one symmetric and three asymmetric) were 

modelled using CAD 3D software Solidworks. Then, the numerical simulation of twelve flows, 

corresponding to the Reynolds number based on the outlet channel range of 25 to 295, inside 

each model was performed. This tool allowed the understanding of how the degree of asymmetry 

influence mixing quality, and the physical characterization of the five flow regimes previously 

identified. This allowed to conclude that increasing asymmetry favours mixing quality and also 

that after transition to engulfment regime, symmetrical micromixers perform better than 

asymmetrical ones. 
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Resumo 

 

A obtenção de misturas de escoamentos o mais eficientes possível é um dos maiores 

desafios do campo dos microfluidos, devido à dificuldade na obtenção de escoamentos 

turbulentos. Dos tipos de micromisturadores existentes, destacam-se os micromisturadores em 

forma de T, devido ao seu baixo custo de fabrico e desempenho promissor na obtenção de níveis 

de qualidade de mistura aceitáveis, quando são impostas condições assimétricas de escoamento 

às suas entradas. Partindo de resultados experimentais de escoamentos onde foram aplicados 

caudais iguais a entradas de larguras diferentes, modelaram-se quatro micromisturadores (uma 

simétrica e três assimétricas) utilizando o software de CAD 3D Solidworks, e procedeu-se à 

simulação numérica de doze escoamentos no interior das geometrias para números de Reynolds 

entre 25 e 295. Esta ferramenta permitiu compreender de que forma o grau de assimetria 

influencia a qualidade de mistura no interior, e também a análise física das estruturas do 

escoamento presentes nos cinco regimes identificados. Com este trabalho, foi possível 

caracterizar detalhadamente os cinco regimes de escoamento identificados anteriormente para 

micromisturadores assimétricos, concluiu-se que o aumento de assimetria favorece a qualidade 

da mistura e que após a transição para o regime engulfment os misturadores simétricos 

apresentam um melhor desempenho face aos assimétricos. 
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Chapter 1- Introduction 

 

1.1 Motivation 

 

Miniaturization is a subject that has had the attention of mankind since the XIII century, 

with the invention of the first clock. Later, in the XVII century, the microscope invention [1] allowed 

for the amplification of small-scaled objects images giving birth to the microscale observation. But 

it was only in the 80’s of the 20th century that the microtechnology development attained a mature 

state with the advent of the MEMS (Micro-Electro-Mechanical Systems). Devices such as 

microvalves, micropumps, microfilters, micro-separators and micromixers are at the origin of a 

branch of fluid mechanics called microfluidics. This field of investigation is defined as the study of 

simple or complex, single or multi-phase flows in micro-systems [2]. Microfluidics is considered 

an emerging scientific field due to developments that allowed for the establishment of new 

protocols of manufacture and utilization, and because of the physical phenomena involved, which 

may be different from the ones at macroscopic scale [3]. The much smaller scale of such 

microdevices implies a much higher surface–to-volume ratio, i.e. the surface forces can no longer 

be overlooked. 

In the 90’s of the previous century, research carried out by Manz et al. [4] gave rise to 

applied devices with designations such as “lab-on-a-chip (LOC)” and “micro total analysis system 

(μ-TAS)”. These devices have led to significant improvements on chemical, biological and 

biomedical experiments, with a remarkable reduction of waste, energy consumption and costs.  

Figure 1. 1 A LOC device for food allergies detection [5] Figure 1. 2 A LOC device for food 
allergies detection [5] 

The high portability is also a great advantage introduced by the LOC and μ-TAS devices 

[1,7] (figures 1.1 and 1.2).  
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The flows associated to such devices occur at very low Reynolds numbers (sometimes 

creeping flows1), so fluid mixing is one of the major challenges due to the high mixing lengths and 

times required [8,9].  

 

1.2 State-of-the-art 

 

Further development of LOC and μ-TAS devices is required, viewing improved and more 

efficient ways of mixing fluid flows at low Reynolds numbers, so that the required times and 

lengths are acceptable within the scale of the devices. 

In the present section, the basics about internal flows and mixing will be presented, 

followed by a description of the current type of used micromixers. Then, special attention will be 

payed to T-shaped micromixers as the flow characterization within these devices constitutes the 

main concern of the present work. The final section of this chapter addresses the parameters that 

influence the performance of micromixers. 

 

1.2.1 Internal Flows 

 

Internal flows are generally classified as laminar, transition or turbulent, depending on the 

Reynolds number 𝑅𝑒 =
𝜌𝑈𝐿

𝜇
, ρ being the fluid density, 𝑈 a characteristic velocity, 𝐿 a characteristic 

length, and μ the dynamic viscosity of the fluid. The Reynolds number represents a ratio between 

inertial and viscous forces [10]. At low Reynolds numbers, the viscous forces are dominant and 

any perturbation is swiftly damped, and the flows have a deterministic nature. It is the so called 

Laminar Regime[11]. Fluid elements are organized as layers or lamellae and mass transport 

occurs mainly along the flow direction. 

At Re≈2000-4000, the flow is in the laminar-turbulent transition regime, characterized by 

an increase of the inertial forces in such a way that any perturbation is advected to the whole field 

before being damped by the viscous forces. As Re continues to increase this behaviour becomes 

more conspicuous, leading to the disruption of the previous organized flow structure [10,11]. 

For higher Re the flow becomes fully turbulent. This regime is characterized by a chaotic 

behaviour and a strongly three-dimensional velocity field, thus allowing for mass, momentum and 

energy transport in all directions [10,11].  

                                                      
1 It should be mentioned that a creeping or Stokes flow is a particular case of laminar flows with 
Re<<1. 
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For a circular cross-section, the internal diameter is usually considered the characteristic 

length in the calculation of Re. As the micromixers tested in the present work have a rectangular 

cross-section, a hydraulic diameter 𝐷ℎ =
2𝐻𝑊

𝐻+𝑊
 is defined instead, with H and W being the height 

and width of the channel, respectively. 

In the present work, where the flow inside T-micromixers the Reynolds number is based 

on the hydraulic diameter of the mixing channel as characteristic length, and the average velocity 

𝑉𝑎𝑣 at the cross section, as characteristic velocity. From the definition of volume flow rate 𝑄 =

𝐴𝑉𝑎𝑣 = 𝐻𝑊𝑉𝑎𝑣, the equation for the Reynolds number used to characterize the flow inside T-

micromixers becomes 𝑅𝑒𝐷ℎ
=

2𝑄𝜌

(𝐻+𝑊)𝜇
. 

1.2.2. Fluid Mixing 

 

 When the mixing of the flows between two different miscible fluids occurs, the gradient of 

concentration of one of the fluids (or species) in the other reduces its intensity continuously until 

they reach equilibrium of concentration. This phenomenon can be mathematically described by 

the convection-diffusion equation [12,13]: 

 

𝜕𝐶

𝜕𝑡
+ ∇. (𝑢⃗ 𝐶) = −∇. (−𝐷∇𝐶)    (1.1) 

 

with 𝐶 being the concentration, 𝑡 the time, 𝑣  the velocity vector and 𝐷 the molecular diffusion 

coefficient.  

 On the right-hand side of equation (1.1) the term −∇. (−𝐷∇𝐶) represents the molecular 

diffusive transport, equal to minus the divergence of the molecular diffusive flux (Fick’s law), 

whereas on the left-hand side the term ∇. (𝑢⃗ 𝐶) stands for the advection transport, equal to the 

divergence of the advective flux. Molecular diffusion smooths the species concentration gradients 

by molecule interactions while advection is related to the macroscopic transport of a property by 

the velocity field. The more intense and three-dimensional the velocity field is the better is the 

mixing. 

 To check the relative importance of diffusion and advection for a species concentration, 

the Péclet number is defined as follows [5]: 

𝑃𝑒 =
𝑈𝐿

𝐷
      (1.2) 

with 𝑉 being a characteristic velocity, 𝐿 a characteristic length and 𝐷 the molecular diffusion 

coefficient. A high value of Pe means that advection prevails, whereas diffusion is predominant 

for a low Pe [7,12]. 
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1.2.3. Mixing Inside Microchannels 

 

 In microfluidic applications the characteristic lengths and the typical average velocities 

are of the order of 100μm and 0.1 to 1m/s respectively. As a result, typical Reynolds numbers for 

water flows range from 10 to 100 (for a kinematic viscosity of water equal to 10−6𝑚2𝑠−1 at 20ºC), 

which means that the flow is laminar [8,12,14]. 

 Therefore, for a purely diffusive process the characteristic mixing time is [1]: 

𝑡𝑑𝑖𝑓𝑓~
𝑙𝑑𝑖𝑓𝑓
2

𝐷
     (1.3) 

where 𝑙𝑑𝑖𝑓𝑓 is the diffusion length. Table 1.1 shows typical values of 𝑡𝑑𝑖𝑓𝑓 for some aqueous 

solutions. 

Aqueous solution Diffusion Coefficient (𝑚2 𝑠⁄ ) 𝑡𝑑𝑖𝑓𝑓(𝑠) 

Small ions in water 2 × 10−9 5 

Sugar molecules in water 5 × 10−10 20 

Enzimes and proteins in a 

micro-reactor 
1 × 10−11 1000 

Table 1. 1 Typical mixing times for mixing processes with a characteristic length of 100μm [15,16] 

 The characteristic mixing time in the third case (enzimes and proteins in a micro-reactor) 

is 1000s, which shows the need to improve the mixing, all the more so because the mixture of 

enzymes and proteins in a micro-reactor is a typical application of LOC and μ-TAS devices. 

 

1.2.4. Micromixers 

 

 Most authors [8,17-19] classify micromixers either by the type of application or by the use 

of external energy sources that promote mixing. The most widespread applications are: chemical, 

which include chemical synthesis, polymerization and extraction; biological, in DNA analysis, 

biological screening enzyme arrays and protein folding; detection/analysis of chemical or 

biochemical content combined with Nuclear Magnetic Resonance (NMR), Fourier Transform 

Infrared (FTIR) or Raman spectroscopies [5]. According to the use of external energy sources, 

the micromixers can be classified as active or passive, the latter operating without any kind of 

energy inputs [8,17-19].  

 In the present work, only passive micromixers will be analysed. 
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1.2.4.1 Active Micromixers 

 

 Active micromixers are devices where the mixing quality is improved by using external 

energy sources, which introduce vorticity in the laminar flow, thereby enhancing molecular 

diffusion [8,10,11,14]. A more accurate classification is shown in figure 1.3, according to the type 

of energy source used. 

 The attention given to this type of micromixers lies in the fact that they are considerably 

more efficient than the passive ones, thus reducing the characteristic mixing times and lengths. 

On the other hand, these systems are more complex, expensive and their application is more 

cumbersome since the external energy source must be coupled with the device itself [14]. 

 

1.2.4.2. Passive Micromixers 

 

 As explained before, passive micromixers are characterized by a mixing enhancement 

obtained from the geometrical configuration of the channels, the only external energy source 

present being the pumps that drive the flows into the micromixer. These devices can be 

categorized according to their purpose and geometry. As a general rule, the geometry should 

maximize the contact area between the fluids, in order to increase the diffusive transport. It should 

also promote local disruption of the deterministic structure of the laminar flow so that the advective 

transport is strengthened [7,8]. Among the micromixers that aim to maximize the diffusive  

Figure 1. 3 Classification of different types of micromixers [20] 

transport, the most relevant are multi-lamination micromixers and split-and-recombine (SAR) 

[7,14,20]. 
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 Both multi-lamination and SAR (figures 1.4 and 1.5, respectively) generate thin liquid 

lamellae, typically in the range of only a few to several tens of micrometres width, guiding them  

into a chamber where mixing occurs. Splitting the inlet streams into several streams and 

recombining them subsequently increases the contact area and promotes diffusion [14]. A 

considerable development has already been achieved in the LOC device [17,14]. 

 Regarding the micromixers designed to promote advection, there are different 

geometrical solutions that increase it by promoting the appearance of non-deterministic flow 

structures. This phenomenon consists of the generation of three-dimensional flow structures, like 

vortices, with cross-flow velocity components that twist and curl the fluids interface, thus 

promoting a larger area of contact between the fluids [7].  

The main geometrical solutions for non-deterministic advection are the following: 

 The T-micromixers (figure 1.6) - among all the micromixers described in the present work, 

this has the simplest geometry. Two fluids, coming from different inlets, meet in the same 

mixing channel. Beyond a critical Reynolds number the interface between both fluids 

begins to twist and curl and is eventually disrupted, causing advective mixing related to 

the centrifugal forces [12,21]. 

 Zig zag micromixer (figure 1.7) - In this geometry, mixing is enhanced by laminar 

recirculation that induces secondary flow cells at the corners. Likewise, the disruption of 

the interface occurs beyond a critical Reynolds number, bellow which mixing is only due 

to molecular diffusion [7]. 

 Micromixers with obstacles, grooves and slots (figure 1.8) - In these geometries, three 

dimensional effects are induced by the insertion of obstacles along the walls of the 

microchannel, or inside the microchannel itself. The presence of obstacles alters the flow 

direction by making it more sinuous, thereby increasing the available mixing length. This 

solution has a low efficiency at low Reynolds numbers (typically bellow 100). Since 

obstacles increase friction losses, the pumping power to drive the fluids inside the 

micromixer also increases. 

Figure 1. 4 SAR micromixers. (a) Join-split-
join, (b) split-join, (c) split-split-join, (d) 
multiple intersecting [20] 

Figure 1. 5 A multi-lamination micromixer [14] 
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The geometry that stands out from all those described above is the T-micromixer. Its 

simple design allows for cheap and fast production methods. In addition, having only two 

inlets and one outlet makes the T-micromixer easy to integrate into μ-TAS systems [22-25,9]. 

Moreover, compared to other solutions, friction losses along the walls are minimized which 

saves pumping power [23]. For these reasons T-micromixers were the choice of mixing 

microdevices made in the present work. 

 

1.2.5 T-Micromixers 

 

 The T-micromixers, as schematized in figure 1.9, have two converging input channels of 

widths 𝑊𝑖𝑎 and 𝑊𝑖𝑏, and a mixing (or outlet) channel of width 𝑊𝑜, where the mixing process takes 

place. The height 𝐻 is constant throughout the geometry. The notation used to express the 

dimensions of a symmetrical micromixer is as follows: 𝑊𝑖 × 𝑊𝑜 × 𝐻, with the dimensions in μm 

[26-29]. 

 

Figure 1. 8 A connected-groove micromixer [7] 

Figure 1. 6 A zig-zag micromixer [7] Figure 1. 7 A T-shaped micromixer [17] 
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 The micromixer channels can also be defined according to their aspect ratio AR: 

𝐴𝑅𝑖𝑎 =
𝑊𝑖𝑎

𝐻
     (1.4.a) 

𝐴𝑅𝑖𝑏 =
𝑊𝑖𝑏

𝐻
     (1.4.b) 

𝐴𝑅𝑜 =
𝑊𝑜

𝐻
        (1.5) 

 

1.2.5.1 Flow Regimes 

 

 Experimental and numerical studies have shown six different flow regimes. They can be 

either steady or transient and both have a strong dependence on the Reynolds number [39]. They 

are defined as follows: 

 Steady 

o Stratified Regime - This regime exists for Re < 50 and is characterized by the 

fact that both fluid streams flow side by side in the mixing channel – see fig. 

1.10.a. The cross-flow mass transfer is negligible [29]. The only mixing 

mechanism present is molecular diffusion. 

o Vortex Regime - For Re > 50 the vortex regime sets in and secondary flows 

arise due to centrifugal forces. Usually, a double vortex pair is observed, but the 

plane of symmetry perpendicular to the inlet channels is preserved. These 

secondary flow patterns cause a slight increase in the mixing quality [29]. 

o Engulfment Regime - Transition to the engulfment regime occurs at Re≈150-

240. This flow regime is characterized by the development of fine lamellae 

leading to a significant decrease in diffusion lengths. Rapid mixing is driven by 

secondary flows like vortices, as well as by boundary layer separation at the 

corners of the inlet channels [29]. 

z 

y 

x 

Figure 1. 9 Representation of a T-micromixer of dimensions 

𝑊𝑖 × 𝑊𝑜 × 𝐻 



9 
 

 

a) b) c) 

Figure 1. 10 Schematic based on numerical results of the three steady flow regimes. a) stratified regime for 
Re=0.1, b) vortex regime for Re=130 and c) engulfment regime for Re=200 

 Transient 

o Periodic Pulsating Flow (Figure 1.11) - At around Re=300, the flow starts to 

exhibit transient characteristics. Periodically, the pair of vortices visible in the 

engulfment regime drifts towards the walls, eventually breaking down [12] and 

dissipating. 

o Quasi-Periodic Pulsating Flow (Figure 1.12)- For 400<Re<500 the flow 

recovers the symmetry present at a lower Re. The interface that separates both 

fluids oscillates horizontally and a pair of vortices containing fluid from the 

opposite side appear at each side. The rotation of these vortices oscillates 

between the clockwise and counter-clockwise direction. This behaviour can be 

parallelized to Kelvin-Helmholtz instabilities, particularly visible when the fluids 

interface is subjected to shear stress gradients due to their different densities or 

viscosities [12]. 

o Chaotic Pulsating Flow - For higher Re the symmetry breaks down and the flow 

exhibits a chaotic2 behaviour at the T-junction. Downstream, the flow becomes 

segregated again [12]. 

It should be noted that in the asymmetrical regimes advective transport exists only at the 

T-junction. Further downstream, in the mixing channel, the flow becomes laminar and molecular 

diffusion prevails again. In the symmetrical regimes, diffusion is the most important mixing 

mechanism in the entire channel. 

 

                                                      
2 The term “chaotic” here, retrieved from the literature, does not contain any turbulence 
connotation, but refers to the non-deterministic character of the secondary flows  
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1.2.6. Mixing Quality 

 

 To evaluate the performance of a micromixer, the definition of a parameter that quantifies 

the mixing quality achieved in such a device is required. 

 The most commonly used parameter takes into consideration the amplitude of the 

variations in concentration during the mixing process. This parameter is the mixing quality 𝛼𝑚𝑖𝑥, 

suggested by Danckwerts, and is defined as [29,30,32,34], 

 

𝛼𝑚𝑖𝑥 = 1 − √𝐼𝑠 = 1 −
𝜎𝑐

𝜎𝑐,𝑚𝑎𝑥
    (1.6) 

 

with 𝐼𝑠 being the segregation intensity, 𝜎𝑐 the standard deviation of the concentration field, and 

𝜎𝑐,𝑚𝑎𝑥 the maximum standard deviation of the concentration field. The value of 𝛼𝑚𝑖𝑥 varies 

between 0 and 1, with 𝛼𝑚𝑖𝑥 = 0 corresponding to a system completely segregated and 𝛼𝑚𝑖𝑥 = 1 

to a homogeneous mixing. In the present case, as complete mixing is mathematically represented 

by mass fraction of a reference fluid equal to 0.5, and the maximum possible deviation from this 

value equals 0.5, Equation (1.6) can be rewritten in the following discrete form: 

𝛼𝑚𝑖𝑥 = 1 −
√∑ (𝑐𝑖−0.5)2𝑁

𝑖=1

0.5√𝑁
     (1.7) 

 

where N represents the number of points with known concentration (in the present thesis this is 

the number of computational cells) considered in the calculation of 𝛼𝑚𝑖𝑥 and 𝑐𝑖 is the mass fraction 

(concentration) of fluid 𝑖, which can be defined in a binary mixture as: 

𝑐𝑖 =
𝑚𝑓𝑙𝑢𝑖𝑑𝑖

𝑚𝑓𝑙𝑢𝑖𝑑1+𝑚𝑓𝑙𝑢𝑖𝑑2
; 𝑖 = 1,2    (1.8) 

Figure 1. 11 Quasi-Periodic Pulsating flow 
regime at Re=390 [30] 

Figure 1. 12 Periodic pulsating flow at 
Re=290 [30] 
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where 𝑚𝑓𝑙𝑢𝑖𝑑1 and 𝑚𝑓𝑙𝑢𝑖𝑑2 stand for the mass of each fluid in a given computational cell. According 

to equation (1.8) 𝑐1 = 1 in a cell where only fluid 1 is present. Otherwise, if in that cell there is only 

fluid 2, then 𝑐1 = 0. A homogeneous mixing corresponds to 𝑐𝑖 = 0,5. In the present thesis, water 

(𝑇 = 293𝐾, 𝜌 = 998.16 𝐾𝑔/𝑚3 and 𝐷 = 4.07 × 10−8 𝑚2/𝑠) flows through both inlets, but fluid1 

was labelled “water” and fluid2 was labelled “bromothymol”. With this definition c represents the 

concentration of “bromothymol” in “water” in each cell. 

 This work introduces a new approach to evaluate the effects of the micromixers 

asymmetry on the mixing quality (the parameter 𝛼𝑚𝑖𝑥). In fact, the usually used independent 

variable (the Reynolds number at the outlet channel) to classify the mixing quality (𝛼𝑚𝑖𝑥) 

[1,2,23,23,29] is certainly indifferent to the asymmetric conditions, i.e. one may have exactly the 

same Reynolds number value for an infinite number of combinations of different inlet flow rates. 

In the search for a parameter capable to account simultaneously for the increase of the Reynolds 

number (that is essential to understand the flow regimes above-described), and for the asymmetry 

of the device and/or inlet conditions, the choice was to use the transported kinetic energy rate at 

both inlets. Being a quantity transported by the fluid elements, this parameter is calculated from 

equation (1.9), where  is the fluid density, 𝑣  is the velocity vector (with a magnitude of 𝑣) and 𝑛⃗  

is the normal to the surface element dA that refers to both inlet channel cross-section areas SC. 

𝐼𝐾𝐸 = ∫
𝜌𝑢2

2
(𝒖⃗⃗ ∙ 𝒏⃗⃗ )𝑑𝐴

𝑆𝐶
     (1.9) 

For the case of a flow in the direction normal to a cell face one has: 

𝜌𝑢𝑧
3

2
∆𝑥∆𝑦     (1.10) 

 

1.2.7. Effect of Inlet Parameters on the Performance of T-

Micromixers 

 

1.2.7.1. Aspect Ratio 

 

 In the process of designing micromixers, the aspect ratio must be carefully controlled as 

this may have a significant impact on its performance.  

 A reasonable value must be assigned to the mixing channel aspect ratio 𝐴𝑅𝑜, otherwise 

a too high or too low value will contribute to the flow stratification [34], downgrading the 

performance of the micromixer.  

A mixing channel with an aspect ratio greater than the sum of the aspect ratios of the two 

inlets, 𝐴𝑅𝑜 > 𝐴𝑅𝑖𝑎 + 𝐴𝑅𝑖𝑏, decelerates the flow at the T-junction, due to an increase of the cross-
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sectional area. This allows for a better mixing of the fluids, increasing the time available for 

diffusion and decreasing the critical Reynolds number for the regime transition [33,35]. 

On the contrary, the use of a mixing channel such that 𝐴𝑅𝑜 < 𝐴𝑅𝑖𝑎 + 𝐴𝑅𝑖𝑏, accelerates 

the flow at the T-junction and promotes segregation, increasing the critical Reynolds number for 

the transition to the engulfment regime [33,35]. 

 In the present thesis, 𝐴𝑅𝑜 will be fixed at a value of around 2 as well as 𝐴𝑅𝑖𝑎 that will have 

a fixed value of around 1. In turn, 𝐴𝑅𝑖𝑏 will vary between 1.5 and 2, to understand how much the 

mixing quality can be improved by imposing geometric asymmetry to the inlets. 

1.2.7.2. Asymmetries Between the Inlet Channels 

 

 A previous numerical work has addressed the subject of micromixers performance 

dependence on the viscosity and mass flow rate [36]. 

 In the case of fluids with different viscosities, the mixing quality can improve as much as 

50%. In the numerical simulations performed by the mentioned authors [36], one fluid had a 

viscosity that was twice the viscosity of the other. Observations have shown that the least viscous 

fluid was able to penetrate the other one near the upper and lower walls of the micromixer, thereby 

increasing the contact area and the mixing quality.  

 In a different work [19], the authors focused on mass flow rate asymmetry by using fluids 

with the same viscosity and imposing different flow rates at each inlet channel, ensuring that the 

experiments were in a range of Reynolds numbers based in the inlet hydraulic diameter between 

125 to 350 and that the flow rate ratios (measured by the inlet flows Reynolds ratio), 𝑅𝑒𝑖𝑎/𝑅𝑒𝑖𝑏 

have values of of 1.24, 1.65 and 2.45. It must be noted that flow rates ratio and Reynolds numbers 

ratio are equivalent only if the viscosity and density of the fluids entering both inlets is the same, 

which, as mentioned before, is the case. Once again the observations have shown that flow rate 

asymmetry favours the mixing quality. Another conclusion drawn by the authors referred to the 

greater impact of the inlet mass flow rates asymmetry on mixing than that of the asymmetry in the 

fluids viscosities. 

 

1.2.7.3. Geometrical Asymmetries of the Inlet Channels  

 

 Recent research shows that using inlet channels with different geometries can improve 

significantly the performance of the T-micromixers [1,2,12]. 

 Two experimental research works, in particular, constituted the starting point for the 

present thesis, using T-shaped micromixers aligned vertically and horizontally, but with different 

widths for the inlet channels. To conduct these experiments, different micromixers were 
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manufactured by soft lithography with poly(dimethylsiloxane) (PDMS) [22,23]. A flow of water was 

imposed at one inlet, and equal flow rate of a very diluted solution of bromothymol was imposed 

at the other. The experiments covered Re (based on the hydraulic diameter of the mixing channel) 

numbers from 50 to 310. Observations have shown five different flow regimes that are described 

below. 

 In Regime I (figure 1.13 a), at Re between 57 and 76, the flow is completely segregated, 

i.e. the inlet streams do not interfere with each other and a well-defined interface between both 

fluids is clearly visible. Molecular diffusion is the only mass transfer mechanism in this case [23]. 

 At Re between 95 and 133, regime II occurs being characterized by the appearance of a 

residual advective mixing. The line defining the interface close to the T-junction deviates from the 

horizontal symmetry axis, which means that the bromothymol solution, entering into the system 

through the wider inlet, is able to penetrate the water side. As a result, advection begins to play a 

pale role in the mixing process [23]. 

 Regime III (figure 1.13 b) occurs for Re between 143 and 172. In this regime there is 

some bromothymol appearing close to the channel side wall in the water side, due to a local 

disruption of the interface separating both fluids [23]. 

  

a) b) 

  

c) d) 

Figure 1. 13 Flow visualization of a) regime I (𝑅𝑒𝑜=50), b) regime III (𝑅𝑒𝑜=100), c) regime IV (𝑅𝑒𝑜=222), d) 

regime V( 𝑅𝑒𝑜=289) [23] 
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 Regime IV (figure 1.13 c), occurring for Re between 229 and 267, is characterized by the 

complete disruption of the interface that separates both fluids, which greatly enhances the mixing 

quality [23] as advection is now playing an important role. 

 Regime V (figure 1.13 d)), for Re above 267, is characterized by the generation of multiple 

vortices inside the mixing channel. The similarities to the symmetrical micromixer engulfment 

regime are clear. In addition, the flow also shows alternating layers of water and bromothymol 

solution superimposed, advection being the most important mechanism of mass transport [23]. 

 The outcome of this research shows that increasing the level of asymmetry between the 

two inlets of the micromixer promotes the mixing quality. The critical Reynolds number for 

transition to regimes where advection plays a major role decreases, allowing for a faster and more 

efficient mixing, even at lower Reynolds numbers.  

 

1.3 Objectives and Main Contributions of this 

thesis 

 

 Among the challenges existent in microfluidics, the ability to develop a device capable of 

promoting homogeneous mixing between fluids is currently one of great interest. 

 The T-micromixers stand out as an interesting solution due to its simple geometry, 

easiness of manufacture and low production costs. As described before, previous works 

[1,2,12,19,22,23,36] show promising results when asymmetrical inlet conditions are applied. 

Despite the fact that in the literature there is extensive work characterizing the flow inside 

symmetrical micromixers, there is no detailed characterization of the flow inside these devices 

when geometric asymmetry is applied. In fact, only global parameters are assessed in 

experimental works due to the experimental technique limitations [17,19,22,23,29,30,34,36]. 

As previous experimental works showed very promising results for geometrical 

asymmetries, but without characterizing the flows in detail due to the inherent limitations of the 

used techniques, the present thesis covers this gap of the knowledge by using numerical 

simulations (CFD – computational fluid dynamics) of the flows in such devices. Such kind of tool 

allows to get three-dimensional analysis of the flows inside T-micromixers and identify the 

physical mechanisms at stake. This makes possible the understanding of the influence of the 

asymmetry between inlets on the performance of the micromixers, and also how the increase of 

the Reynolds number induce the formation, or dissipation, of physical flow structures that define 

the five different flow regimes identified [22,23]. 

Five different geometries were modelled using CAD 3D Software Solidworks 2017. Three 

asymmetrical ones with different widths of the inlet channels, and two symmetrical ones, in which 
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one had smoothed corners in the mixing zone to characterize how geometric imperfections 

influence the mixing inside the micromixer. Then, using the Flow Simulation tool available in the 

above-mentioned software, twelve numerical simulations were performed per geometry, with 𝑅𝑒𝐷ℎ
 

varying from 25 to 295. 

The numerical results were then exported as concentration plots in a section of the mixing 

channel, together with numerical values of concentration in the same section to perform the 

calculation of 𝛼𝑚𝑖𝑥,velocity to perform the calculation of 𝐼𝐾𝐸and three dimensional views of the 

flow to allow for the identification of the physical structures involved. 

 

1.4 Thesis Structure 

 

The present work is organized in four chapters. In the first chapter, the reader is presented with 

the context of the work, the state-of-the-art, and the fundamental concepts that serve as basis for 

the work developed. In the second chapter the numerical techniques implemented in the 

commercial software are presented and explained. Chapter three is where the results obtained 

are presented and discussed. Finally, Chapter four serves as a wrap-up for the work developed 

and discussed previously, bringing conclusions and showing how this work brings innovation 

relatively to the literature. Also, this chapter presents recommendations for future work. 
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Chapter 2- Numerical Modelling 

 

 

 All the results from the numerical simulations were obtained using the commercial 

software Solidworks Flow Simulation 2017 [37]. This choice was made due to the availability of a 

license and the fact that its graphical interface is user-friendly. 

2.1 The studied T-micromixer geometries 

 The problem studied herein refers to the use of CFD to characterize the laminar flows at 

different regimes inside T-micromixers, both with symmetrical and asymmetrical inlet channels. 

Figure 1.9 of the previous chapter shows a geometrical scheme of such micromixers and table 

2.1 displays the dimensions of the simulated micromixers.  

 

Table 2. 1 Geometrical characteristics of the micromixers modelled. S2 geometry is not present as it has 
the same dimensions as S1, apart from the smoothed corners at the mixing zone. 

  

2.2 Governing Equations 

Solidworks Flow Simulation is capable of predicting laminar as well as turbulent flows, but as the 

vast majority of flows are turbulent, this commercial code was developed especially to simulate 

the latter [37]. The governing equations of such turbulent flows, are applicable for a purely laminar 

flow, by setting the parameters 𝑘 (turbulent kinetic energy, usually calculated by solving its 

transport equation) and 𝜇𝑡 (turbulent viscosity) equal to 0, which is the case of the present work. 

Despite the fact that the simulations performed in this thesis correspond to steady state situations, 

the commercial software also solve the transient flow that precede the solution wanted. For that 

reason, in equations presented at the present this section and the ones that follow the time-

dependent terms are not neglected.  

The continuity and Navier-Stokes equations solved in the present work can be written, in 

Cartesian coordinates, as follows: 

 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0     (2.1) 
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𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝑆𝑖            (2.2) 

where xi is the spatial i-direction, ui is the fluid velocity component in the i-direction and ρ is the 

fluid density. The term 𝑆𝑖 is a mass-distributed external force per unit volume and gathers three 

different contributions (i.e. 𝑆𝑖 =𝑆𝑖
𝑃𝑜𝑟𝑜𝑢𝑠 + 𝑆𝑖

𝐺𝑟𝑎𝑣𝑖𝑡𝑦
+ 𝑆𝑖

𝑁𝑜𝑛𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙) from: i) a porous media resistance 

(𝑆𝑖
𝑃𝑜𝑟𝑜𝑢𝑠) – nil in the present case, ii) a volumetric force due to gravity (𝑆𝑖

𝑔𝑟𝑎𝑣𝑖𝑡𝑦
= 𝜌𝑔𝑖, where 𝑔𝑖 is 

the gravitational acceleration component along the i-direction) - nil in the present case and, iii) 

non-inertial effects if the coordinate system is accelerating (𝑆𝑖
𝑁𝑜𝑛𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙) – nill in the present case . 

Moreover, 𝜏𝑖𝑗 is the viscous shear stress tensor, defined as: 

𝜏𝑖𝑗 = 𝜇(
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3
𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑥𝑘
)    (2.3) 

In addition to the previous equations, Flow Simulation also solves the advection-diffusion equation 

for mass transfer in fluid mixtures, which runs for the specific m-component as: 

𝜕(𝜌𝑐𝑚)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑐𝑚) =

𝜕

𝜕𝑥𝑖
(𝐷𝑚𝑛

𝜕𝑐𝑛

𝜕𝑥𝑖
) + 𝑆𝑚         (2.4) 

∑ 𝑐𝑚 = 1𝑚      (2.5) 

 

Where 𝐷𝑚𝑛 is the molecular mass diffusivity tensor and 𝑆𝑚 is the rate of production or 

consumption of the m-component, nill in the present case. Applying the Fick’s diffusion law, the 

diffusivity tensor is: 

 

𝐷𝑚𝑛 = 𝐷𝛿𝑛𝑚     (2.6) 

 

where 𝐷 is a molecular diffusivity. 
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2.3 Numerical Technique 

 

 To solve accurately fluid simulation problems, Solidworks Flow Simulation makes 

available a great variety of techniques and algorithms based on the Finite Volume Method. This 

method entails by subdividing the computational domain into a fixed number of control volumes, 

which constitute the computational mesh [37]. The computational domain includes both the entire 

region of study, i.e. the microchannel volume and the empty space corresponding to the outside 

of the microchannel. This empty space represents a waste of computational effort (mainly 

memory) that must be minimized. Figure 2.1 shows the geometry and computational domain for 

the micromixer A3, used to check the accuracy of Solidworks Flow Simulation and the grid 

independence of the numerical solutions. 

  

Figure 2. 1 Representation of the most asymmetric micromixer A3 and the computational domain used. The 
latter is the volume enclosed by the parallelepiped represented exterior space does not participate in the 
numerical simulation. 
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2.3.1 The Computational Mesh 

 

Since Solidworks Flow Simulation uses Cartesian coordinates, the yielded cells have a 

parallelepipedic shape. Grid generation involves several steps. It starts with the imposition of a 

certain number of cells 𝑁𝑥, 𝑁𝑦 and 𝑁𝑧, along the three orthogonal directions, which yields a basic 

mesh with a total amount of 𝑁𝑇 = 𝑁𝑥 × 𝑁𝑦 × 𝑁𝑧 finite volumes, including fluid cells, solid cells and 

empty space. The second step involves the refinement of the first-built basic mesh, since some 

of the cells intersect the solid walls. This is done with a numerical tool of Solidworks Flow 

Simulation known as Cartesian Cut Cells Approach. With this technique, whenever there is an 

intersection with a solid-fluid interface, the mesh cells are subdivided into smaller polyhedrons in 

order to preserve the solid-fluid interface as close to the reality as the modeller wishes (Figure 

2.2) [37].  

 The next step involves defining the desired degree of refinement. Solidworks Flow 

Simulation defines refinement levels, the basic mesh being level 0, and level 1 resulting from the 

division of each basic mesh cell into 8 cells. Therefore, if the refinement is done uniformly, the 

level 1 mesh has 8𝑁𝑇 cells and the level 9, considered the maximum level of refinement, has 89𝑁𝑇 

Figure 2. 2 Example of a mesh near the solid-fluid interface [17] 
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cells. The refinement can be done in different regions of the computational domain and according 

to different criteria. In the present work, the refinement was applied only in regions where there is 

fluid and is especially important whenever large gradients, of any property, are expected in the 

flow. 

 

2.3.2 Spatial Discretization 

 

 As described above, the method used to discretize the governing differential equations 

constitutes the Cell Centred Finite Volume Method. The aim is to obtain algebraic equations by 

integrating the differential equations in a control volume, which is a mesh cell surrounded by 6 

adjacent cells whose centres are located East (E), West (W), North (N), South (S), High (H) and 

Low (L) of the current cell (Figure 2.3). All variables are computed at the centre P of each cell. 

Applying the divergence theorem, the volume integral of the divergence of the convective and 

diffusive fluxes is equal to the surface integral of these fluxes. Taking, as an example, equation 

(2.4<), the finite volume formulation yields [38] equation (2.7), where 𝑆∗ = 𝑆̅𝑉𝑃 = 𝑆𝑈 + 𝑆𝑃𝑦𝑝 and 

𝐴𝑤, 𝐴𝑒, 𝐴𝑠, 𝐴𝑛, 𝐴𝑙, 𝐴ℎ are the areas of the cell faces and 𝑉𝑝 is the cell volume. 

 

(𝜌𝑐𝑃
𝑡+1̅̅ ̅̅ ̅̅ ̅̅ ̅−𝜌𝑐𝑃

𝑡̅̅ ̅̅ ̅̅ )𝑉𝑝

𝛥𝑡
= (𝜌𝑢𝑐𝑃 − 𝐷

𝜕𝑐𝑃

𝜕𝑥
)
𝑤

𝐴𝑤 − (𝜌𝑢𝑐𝑃 − 𝐷
𝜕𝑐𝑃

𝜕𝑥
)
𝑒
𝐴𝑒 + (𝜌𝑣𝑐𝑃 − 𝐷

𝜕𝑐

𝜕𝑦
)
𝑠
𝐴𝑠 − (𝜌𝑣𝑐𝑃 −

𝐷
𝜕𝑐𝑃

𝜕𝑦
)
𝑛
𝐴𝑛 + (𝜌𝑤𝑐𝑃 − 𝐷

𝜕𝑐𝑃

𝜕𝑧
)
𝑙
𝐴𝑙 − (𝜌𝑤𝑐𝑃 − 𝐷

𝜕𝑐𝑃

𝜕𝑧
)
ℎ
𝐴ℎ + 𝑆∗    (2.7) 

 

The overbars on the left hand side term, stand for the average value in the cell and 𝑆∗ is a space-

time averaged source term. As this method is solved in its fully implicit form, the parameters 

Figure 2. 3 A typical cell. Capital letters represent neighbouring cells and small letters 
the cell faces [20]. 



21 
 

present in the right hand side are evaluated in the instant “t+1” Likewise equation (2.4), which 

represents a mass balance in an infinitesimal control volume, equation (2.7) represents the same 

balance but in a finite control volume [15,37-39]. 

 

 The diffusive and convective fluxes are computed at the centre of each face. For the 

former, a Central Difference Scheme (CDS) is used, in which a linear profile is assumed for the 

variable y, between two adjacent cells. For instance, the diffusive flux between P and E becomes 

[38]: 

(𝐷
𝜕𝑐

𝜕𝑥
)
𝑒
𝐴𝑒 = 𝜆𝑒(𝑐𝐸 − 𝑐𝑃)     (2.8) 

with, 

𝜆𝑒 =
𝐷𝐴𝑒

𝑥𝐸−𝑥𝑃
     (2.9) 

Combining equations (2.8) and (2.9) yields: 

(
𝜕𝑐

𝜕𝑥
)
𝑒
=

𝑐𝐸−𝑐𝑃

𝑥𝐸−𝑥𝑃
     (2.10) 

As far as convective terms are concerned, the scheme used is the Upwind Differencing Scheme 

(UDS). It merely consists in setting the value 𝑦𝑒 equal to its upstream value [38,39]: 

𝑐𝑒 = {
𝑐𝑃   ,  (𝑢⃗ ∙ 𝑛⃗ )

𝑒
> 0

𝑐𝐸   ,  (𝑢⃗ ∙ 𝑛⃗ )
𝑒
< 0

      (2.11) 

The UDS has the advantage of not producing oscillatory solutions that other schemes may 

generate, however it may lead to numerical diffusion.  

 It should be noted that the methods presented so far for equation (2.4), are also valid for 

the discretization of the other equations solved by Solidworks Flow Simulation. 

 

2.3.3 Temporal Discretization 

 

 The continuity and convection-diffusion equations are discretized with an implicit scheme. 

This means that for any variable 𝜙, an equation such as: 

𝜕𝜙

𝜕𝑡
= 𝐹(𝜙)     (2.12) 

becomes, after discretization: 

𝜙𝑡+1−𝜙𝑡

𝛥𝑡
= 𝐹(𝜙𝑡+1)    (2.13) 
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where n stands for the current time step and n+1 for the next time step t+Δt. 

The implicit discretization method is unconditionally stable, i.e. it always produces 

bounded solutions, since the errors inherent to the discretization do not amplify [39]. 

An implicit discretization of the momentum equations implies an iterative procedure. In 

the Solidworks Flow Simulation software this is done with the SIMPLER algorithm [40]. 

 

2.4 The Studied Case 

 

  

a) b) 

  

c) d) 

 

e) 

Figure 2. 4 CAD models of the micromixers. a) General 3D view of the micromixer A1 b), c), d), e) top views 
of longitudinal cross-sections of micromixers A1, S1, A2 and A3 
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2.4.1 Geometries modelled 

 

 To compare the numerical solutions with the corresponding experimental results obtained 

in previous research works [2], four CAD models with the same dimensions as the experimental 

were generated, as shown in figure 2.43. 

 It should be noted that the computational domain is the same for all geometries, avoiding 

several sensitivity analysis regarding grid dependence of the numerical solutions. If the numerical 

results, for the simulation which exhibits the most complex flow patterns, do not depend on the 

grid size and time step, the same behaviour is expected for the other cases. The most complex 

case corresponds to the most asymmetrical geometry, A3, at the highest Reynolds number. 

 

2.4.2 The Computational Mesh 

 

a) 

 

b) 

Figure 2. 5 Computational mesh. a) General view. b) A close-up view of the mixing zone of the A3 geometry 

                                                      
3 The correspondence between the micromixers designations in this work and those of the 
experimental work is: A1-B1, A2-B5, A3-B4, S1-B3 [2] 



24 
 

 Using the software of grid generation and refinement, the mesh obtained for the A3 

geometry is shown in Figures 2.5 a) and b). 

According to the notation of Solidworks Flow Simulation it is a level 4, 30x4x10 mesh. It 

means that the basic mesh has dimensions 30x4x10 and is refined 4 times (24 in each direction), 

so the actual mesh to perform the numerical simulation has dimensions 480x64x160. If the entire 

computational domain were refined, this would result in 4 915 200 cells, but since refinement 

applies only to the region where there is fluid, the total number of cells is 1 246 080. As mentioned 

previously, all the geometries have the same settings for grid generation, which implies that they 

have roughly the same number of fluid cells. Moreover, the computational mesh is uniform, i.e., 

the grid size is constant.  

Theoretically, the mesh should be more refined where velocity (or other relevant 

variables) gradients are expected to be larger, saving computational time. However, preliminary 

results have shown that, in addition to boundary layers and the more obvious mixing zones at the 

entrance region (T-zone), large concentration gradients also occur across most of the mixing 

channel, forcing the need to have a sufficiently refined mesh throughout the entire computational 

domain. Another problem that arises is numerical diffusion. With Solidworks Flow Simulation the 

modeller has no choice between several schemes for the discretization of the convection term. 

Therefore, numerical diffusion can only be controlled choosing an appropriate value of the cell 

Peclet number, which measures the relative importance of convection and diffusion. Since for a 

low Peclet number diffusion prevails, the cell Peclet number should be kept as low as possible to 

avoid numerical diffusion. Of course this implies refining the mesh to maximum possible levels 

(computer-memory dependent) [38-40]. As Cartesian coordinates are being used, a coarse grid 

also exhibits the disadvantage of not being sometimes oriented with the flow, which is another 

major source of numerical diffusion. In the present case, the meshes generated have Peclet 

numbers as high as 14000, the lowest values being around 200. These are quite large numbers, 

so some numerical diffusion is expected in the present results. 

 

2.4.3 Initial and Boundary Conditions 

 

Since the solution method of the algebraic set of equations is iterative, an initial guess of 

the velocity field and mass fraction field is mandatory. Hence, the velocity was set equal to 0 in 

the whole computational domain and equal mass fraction in both inlets, i.e. a mass fraction of 0.5 

for each of them.  

With respect to the boundary conditions, a no-slip condition is imposed, as well as a 

condition of impermeability along the solid boundaries, i.e. tangential and normal velocity 

components are set to zero in these regions.  
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At the outlet, atmospheric pressure is prescribed, and at both inlets the volume flow rate 

is imposed. Solidworks Flow Simulation assumes at the inlets a Poiseuille-type flow in rectangular 

cross-section channels (fully developed in the x-direction), i.e. it assumes the following two-

dimensional velocity profile at both inlets (Figure 2.6, [16]): 

𝑢(𝑥, 𝑦) =
24𝑅𝑒ℎ𝐷(ℎ+𝑤)𝜈

𝜋3ℎ𝑤
∑

1

𝑛3 [1 −
cosh(𝑛𝜋

𝑦

ℎ
)

cosh(𝑛𝜋
𝑤

ℎ
)
]∞

𝑛,𝑜𝑑𝑑 𝑠𝑖𝑛 (𝑛𝜋
𝑧

ℎ
) [1 − ∑

192ℎ

𝑛5𝜋5𝑤
tanh (𝑛𝜋

𝑤

2ℎ
)]∞

𝑛,𝑜𝑑𝑑

−1
 (2.14) 

 

2.4.4 Convergence criteria 

 

 From the various options of Solidworks Flow Simulation for the convergence criterion, the 

one that yielded the best results, with a minimum of computational effort, was the “Global 

Average” with 𝛿 = 5%, where 𝛿 = 𝑀𝑖𝑛(∇𝑐𝑢𝑟𝑟 , ∇𝑎𝑣  ). Note that ∇𝑐𝑢𝑟𝑟 corresponds to the difference 

between the minimum and maximum values the control variable has along the calculation, 

whereas ∇𝑎𝑣 is the difference between the maximum and minimum values of the average value 

of the control variable over the previous iterations. In the present case, the control variables 

considered to check convergence were the average values over the entire computational domain 

of the three components of velocity, total pressure, and mass flow rate. Solidworks assumes these 

variables as “Global”. The value of 5% was obtained by trial and error, assuming first 50% and 

progressively decreasing this value until the results no longer depend on the convergence 

criterion. 

 

2.4.5 Grid Convergence Study 

 

 A grid convergence study was performed to verify the spatial convergence of the 

numerical simulation. As the mesh is refined, the numerical values of a given variable tend 

asymptotically to the exact solution [41].  

Figure 2. 6 Representation of the velocity profile at both inlet streams for a Poiseuille flow inside a 
rectangular cross-section channel [16] 
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 Since the cells do not have a cubic shape, the characteristic grid spacing considered was 

ℎ = √𝑉𝑐𝑒𝑙𝑙
3

, with 𝑉𝑐𝑒𝑙𝑙  being the volume of a cell. For this test, the parameter used was 𝛼𝑚𝑖𝑥, a 

global parameter of mixing quality inside the micromixer. Five simulations were performed. Table 

2.2 shows the evolution of 𝛼𝑚𝑖𝑥 with ℎ: 

 

h (m) 6.20E-05 3.10E-05 1.55E-05 7.78E-06 3.91E-06 

α 0.897 0.644 0.557 0.475 0.471 

index for 
the mesh 

5 4 3 2 1 

Table 2. 2 Evolution of 𝛼𝑚𝑖𝑥 with h (characteristic grid spacing parameter) for the numerical simulations 
performed 

 Some control variables must be defined: the first one is called grid refinement ratio, which 

quantifies how much smaller the cells are, after successive refinements [41]. As after one 

refinement each cell is divided into 8 cells, the coarser grid has a characteristic grid spacing that 

is twice the finer one. This parameter is constant for all refinements and is equal to: 

𝑟 =
ℎ2

ℎ1
      (2.15) 

 

with ℎ1 being the characteristic grid spacing of the finest mesh. For the two most refined meshes, 

and according to table 2.2, 𝑟 = ℎ2/ℎ1 = (7.78 × 10−6) (3.91 × 10−6)⁄ = 1.99 ≈ 2. 

 The second control variable is called order of grid convergence. This parameter quantifies 

the difference between the numerical solution and the exact solution, defined as [41], 

 

𝐸 = 𝑓(ℎ) − 𝑓𝑒𝑥𝑎𝑐𝑡 = 𝐶 × ℎ𝑝 + 𝐻.𝑂. 𝑇.    (2.16) 

 

with 𝐶 being a constant, ℎ the grid spacing, 𝑝 the order of convergence and H.O.T. standing for 

Higher Order Terms. A value of 2 for the order of convergence is generally acceptable. 

The exact solution is estimated using a Richardson Extrapolation, which is defined (adapted for 

the present case and assuming an order of convergence of 2) as follows: 

𝛼𝑒𝑥𝑎𝑐𝑡 ≅ 𝛼1 +
𝛼1−𝛼2

𝑟2−1
     (2.17) 

In the previous equation, 𝛼1and 𝛼2are the mixing quality value for the two most refined meshes, 

respectively (see Table 2.2). Substituting values, equation (2.17) yields: 
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𝛼𝑒𝑥𝑎𝑐𝑡 ≅ 0.471 +
0.471 − 0.475

22 − 1
= 0.470 

 

Neglecting the higher-order terms (H.O.T.) in equation (2.16) and applying the logarithm, yields 

[41]: 

 

log(𝐸) = log(𝐶) + 𝑝 log (ℎ)    (2.18) 

 

From equation (2.19), 𝑝 corresponds the slope of the straight line log(𝐸) as a function of 

log(ℎ), E being defined from Equation 2.18 as: 

𝐸 = 𝛼𝑖 − 𝛼𝑒𝑥𝑎𝑐𝑡     (2.19) 

This straight line is plotted in figure 2.7. 

 The value estimated for 𝑝 is equal 2.2, close to 2. Therefore, the numerical solution has 

a good rate of convergence. 

 The third control variable is the Grid Convergence Index (GCI). This parameter represents 

a percentage of how much 𝛼𝑚𝑖𝑥 is expected to change if a further refinement of the mesh is 

performed. The GCI for a grid refinement (say, using grids 1 and 2) yielding results 𝛼1 and 𝛼2, 

respectively, is defined as [41]: 

𝐺𝐶𝐼12 =
𝐹𝑠|

𝛼2−𝛼1
𝛼1

|

(𝑟𝑞−1)
     (2.20) 

y = 2,2169x - 9,1747
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|

|Log(h)|

Determination of the order of convergence

Figure 2. 7 Plot of Log(E) versus Log(h). Modules have been taken because E and h are 
lower than one 
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where 𝐹𝑠 is a safety factor. A value 𝐹𝑠 = 3 is recommended for the comparison of only two grids 

and 𝐹𝑠 = 1.25 for more than two grids [41]. As the order of convergence was estimated with 3 

grids, 𝐹𝑠 = 1.25 will be considered. The subscripts of the variables (e.g. 𝐺𝐶𝐼12, 𝛼1 𝑎𝑛𝑑 𝛼2) 

point to the values of Table 2.2 used in the calculations.  

Moreover, when consecutive solutions are already in the asymptotic range of convergence, the 

following relation is found[41]: 

𝐺𝐶𝐼23 = 𝑟𝑞𝐺𝐶𝐼12     (2.21) 

where 𝐺𝐶𝐼23 = 𝐹𝑠 |
𝛼3−𝛼2

𝛼2
| (𝑟𝑞 − 1)⁄ , and the index 3 refers to the third grid, i.e. to the value of 

𝛼 correspondent to the third most refined solution – see Table 2.2. 

 The appropriate value of the local order of convergence 𝑞 to be used in equations (2.20) 

and (2.21) can be estimated from the three most refined solutions. According to Roache [41], 

such 𝑞 value is equal to: 

𝑞 =
ln(

𝛼3−𝛼2
𝛼2−𝛼1

)

ln 𝑟
      (2.22) 

Substituting values yields: 

𝑞 =
ln(

0.557 − 0.475
0.475 − 0.471

)

ln 2
= 4.36 

 

With such 𝑞 value, 𝐺𝐶𝐼12 and 𝐺𝐶𝐼23 can now be calculated: 

𝐶𝐺𝐼12 =
1.25 |

0.475 − 0.471
0.471

|

(24.36 − 1)
= 0.000543 

𝐶𝐺𝐼23 =
1.25 |

0.557 − 0.475
0.475

|

(24.36 − 1)
= 0.011046 

Substituting values in equation (2.21) yields: 

𝐺𝐶𝐼23 = 𝑟𝑞𝐺𝐶𝐼12 <=> 𝐺𝐶𝐼23 = 24.360.000543 <=> 𝐺𝐶𝐼23 ≅ 0.011 

 

Table 2.3 represents the evolution of the GCI index from the coarsest to the finest meshes and 

also verifies the equality 2.21 

  



29 
 

 

Index 𝐺𝐶𝐼𝑖𝑗 =
𝐹𝑠 |

𝛼𝑗 − 𝛼𝑖

𝛼𝑖
|

(𝑟𝑞 − 1)
 

𝐺𝐶𝐼𝑖𝑗,𝑎𝑠𝑠 = 𝑟𝑞𝐺𝐶𝐼𝑖−1,𝑗−1 |𝐺𝐶𝐼𝑖𝑗 − 𝐺𝐶𝐼𝑖𝑗,𝑎𝑠𝑠| 

𝐺𝐶𝐼45 0.025183 0.20526 0.1800 

𝐺𝐶𝐼34 0.010011 0.22686 0.2168 

𝐺𝐶𝐼23 0.011066 0.01116 0.00004 

𝐺𝐶𝐼12 0.000544 ---- --- 

Table 2. 3 Analysis of the Grid Convergence Index for the studied meshes 𝐺𝐶𝐼𝑖𝑗 =
𝐹𝑠|

𝛼𝑗−𝛼𝑖

𝛼𝑖
|

(𝑟𝑞−1)
, with 𝑞 = 4.36; 

𝐹𝑆 = 1.25; 𝑟 = 2. 

The value 0.00004 for |𝐺𝐶𝐼23 − 𝐺𝐶𝐼23,𝑎𝑠𝑠| suggests that mesh 1 is already within the asymptotic 

range of the computed solution, so it is considered that grid convergence is achieved. 

  



30 
 

2.4.6 Data Post-Processing 

 

 The data obtained from the numerical simulations done for this thesis that were exported 

for image processing consisted of: 

 velocity components in the entire flow domain for flow visualization using stream tubes 

and isovelocity surfaces ( figure 2.8 a) ). 

 1300 values of water mass fraction in the mixing channel, at a cross section located at 

1057μm away from the common wall to both inlets, exported from Solidworks. 

 water mass fraction in the middle plane of the micromixers (figure 2.8 b) ), and in a plane 

40 μm distant from the middle plane ( figure 2.8 c) ); 

 concentration in a cross section located at a distance from the common wall equal to 

1057μm ( figure 2.8 d) ); 

  

a) b) 

  

c) d) 

Figure 2. 8 Example of exported images and plots exported from SolidWorks Flow Simulation. a) flow 
visualisation, b) water mass fraction in the middle plane of the micromixers, c) water mass fraction in a plane 
at 40 μm distant from the middle plane of the micromixers, d) concentration in a cross section located at a 
distance from the common wall equal to 1057μm. 
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Chapter 3- Presentation and Discussion of 

Results 

 

 One of main goals of this chapter is the identification of the fundamental physical 

structures governing the flow inside asymmetrical T-shaped micromixers, particularly as far as 

mixing effects between streams are concerned, and the way they are affected by the increase of 

the flow rate and/or the geometry. To be more specific, three different degrees of asymmetry are 

going to be studied, namely 0.68, 0.58 and 0.53, as presented in table 2.1. The other main goal 

is the comparison for validation purposes of the numerical predictions with experimental results 

previously obtained by other authors [1,2], the numerical results constituting a complementary 

information that otherwise would not be possible to obtain. 

The reference case is the symmetrical one, due to its greater geometrical simplicity and 

widespread use, exhibiting a number of flow regimes smaller than in the asymmetrical cases, but 

with an abrupt transition between the vortex and the engulfment regimes, which occurs for the 

larger Reynolds numbers4. Moreover, and to understand how geometrical imperfections inherent 

to the manufacture process of microchannels can influence the mixing quality inside the 

micromixer, a comparison will be made between a geometrical model with perfect 90º corners at 

the micromixer junction and a version with such corners smoothed out resembling those of the 

experimental work. 

Next up the flow inside the assymetrical micromixers and its influence on the degree of 

mixing are discussed. The first topic covers the influence of increasing the Reynolds number (and 

higher velocities attained), followed by the study of the influence of different levels of assymetry 

on the performance of the device. 

The parameter used to evaluate the performance is, as discussed before, the 𝛼𝑚𝑖𝑥. This 

parameter has been widely used in the literature [1,2,12,17,21-23] since it is a very effective way 

to compare results from different authors. In the work presented in this thesis 𝛼𝑚𝑖𝑥 is evaluated 

through the use of equation 1.7 with 1300 points from a section of the mixing channel located at 

1057μm away from the common wall of the two inlets. The variable used for the calculation of 

𝛼𝑚𝑖𝑥 was the concentration of one of the streams in the other, as described in section 1.2.6. In 

the experimental work, the fluids used were distilled water and a very diluted aqueous solution of 

Bromothimol. The goal was to have both streams distinguished by their colour intensity, and still 

have similar physical properties.  

As in the numerical simulations both streams are distinguishable even though the same 

fluid enters both inlets, water was set to enter in both. They are distinguished by setting the 

concentration equal do 1 at one of the inlets, and labeling the fluid entering as “Water”, and setting 

the concentration equal to 0 at the opposite inlet, and labeling the fluid entering as “Bromothymol”. 

                                                      
4 It should be noted that the stratified regime is the one occurring for low Reynolds numbers. 
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To accomplish the goals established, four different micromixers were modelled –see table 

2.1. One of them is, as referred above, the symmetrical case. As the name suggests, this 

geometry consists of two inlet channels that are geometrically identical, and an outlet or mixing 

channel. A stream of water and one of a dilute bromothymol solution enter each inlet (at equal 

flow rates), they meet halfway, and continue downstream the mixing channel, where mixing 

occurs. From an experimental point of view, it is very important to figure out a way to visualize the 

flow and discriminate elements of fluid coming from different inlets; so, the logical solution is the 

application of a marker (mostly rhodamine B or bromothymol [1,21-23,37,42,43]) to one of the 

streams to ensure the required contrast for flow visualization and make the evaluation of the 

mixing quality possible. As for the numerical predictions, both streams are distinguishable 

downstream by their colour in the concentration plots set in the commercial software. The colour 

gradient goes from red (water) to blue (bromothymol), and colours in between represent different 

levels of mixing of both. Stream tubes of both fluids have the same colour, but in this case with 

no gradient. A stream tube starting in the narrower inlet is coloured red and a stream tube that 

starts in the larger inlet is blue.  

 The three other geometries modelled are asymmetrical, exhibiting therefore differences 

in the width of the inlets – see table 2.1. Equal volume flow rates are imposed in both inlets, so 

different average velocities, and consequently kinetic energy and momentum transported by fluid 

elements, are expected to improve mixing quality.  

Figure 3. 1 Mixing quality α_mix as a function of the Reynolds number (Re) for the mixers S1 (black circles), 
S2 (yellow triangles), A1 (green squares with red cross), A2 (red diamonds) and A3 (yellow squares with 
black lining). Above the plot there is also a representation of the flow regimes identified for the devices. 
Orange arrows correspond to the three regimes identified for symmetric micromixers, the green arrows stand 
for the regimes identified for A1, and blue arrows represent the micromixers A2 and A3. 
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 The results will be presented and discussed by appealing to different visualizations, such 

as 3D streamlines, plane streamlines, and coloured plots of specific planes, which will facilitate 

the identification of the physical phenomena at play.  

The starting point for this discussion is Figure 3.1, which is a plot that represents the 

variation of the mixing quality parameter 𝛼𝑚𝑖𝑥, with the Reynolds number (Re). Firstly, the 

symmetrical case is discussed, then the attention in turned into the asymmetrical micromixers by 

looking to the influence of Reynolds number increment, and finally a study on the influence of the 

degree of geometrical asymmetry on the performance of these devices is performed.  

 

3.1 The symmetrical case 

 

 In figure 3.1 it is possible to clearly identify 3 flow regimes, similarly to other authors’ 

results [12,17,21,34,35,42]  

Up to Re  50 (Fig.3.2a and b) the so-called Stratified Laminar flow regime exists. It is 

characterised by a segregated flow with straight parallel streamlines in the mixing channel, with 

little, or no advection. Consequently, the only mixing mechanism acting is molecular diffusion. It 

can be observed in the figure 3.1 that for this regime the mixing quality is poor and drops with 

increasing Re. This behaviour is due to the fact that the increase of Re brings an increase of the 

velocity field and, consequently, the residence time of the fluid particles inside de mixing channel 

decreases. As explained before, being the residence time such an important parameter in 

molecular diffusion-driven processes, they have less time to mix [12,21], when the fluid particles 

travel faster. 

 From Re  50 onwards the three-dimensional effects together with the centrifugal force 

experienced by the fluids in the T-junction region become important, and the flow is in the so-

called Laminar Vortex regime (Fig.3.2c and d). This regime is characterized by the appearance 

for each incoming stream of two large and slow counter-rotating axial vortices (parallel to the axis 

of the mixing channel) in the T-junction region – see figure 3.2c and d. These four vortices form 

due to the deflection of both fluid streams caused by the centrifugal force induced by the walls 

presence, but downstream they are dissipated by the viscous forces and the streamlines end up 

straightening [42,44]. Another two small (with strong rotation) vortices form next to the wall 

common to both streams. The geometry of the micromixer implies that the momentum transported 

by both inlet fluid streams is cancelled, inducing the conversion of kinetic energy into pressure 

energy. This increase of pressure in the mixing zone creates a local adverse pressure gradient. 

In the Laminar Vortex Regime, the adverse pressure gradient is already so severe that flow 

separation occurs and one vortex for each side form in the recirculation zone. As Re increases 

the vortices present in the micromixer grow in intensity, but as the interface does not break up, 

the mixing quality remains unchanged. Molecular diffusion is the most important mixing 

mechanism. The growing intensity of the vortices can only make up for the decreasing residence 

time, and worse mixing that comes with it [42]. 
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At Re  225 (Fig.3.2e and f) the fluids interface breaks up, and the flow enters the 

Engulfment Regime. In this regime there are portions of each fluid stream going into the opposite 

side, i.e. penetrating into the other fluid flow. The pairs of vortices of the previous regime 

degenerate into two bigger vortices that promote the mixing of each fluid entering in one side with 

the other coming from the opposite side. Here, the stagnation point in the mixing zone and the 

two adjacent vortices also play their part in promoting the improvement of the mixing quality by 

advection. In Fig.3.3 it is also possible to confirm the absence of flow separation downstream the 

90º corners, by the inexistence of flow recirculation. This phenomenon is likely to be associated 

to the conversion of kinetic energy into pressure energy in the mixing zone, due to momentum 

cancelation of both fluid streams. Consequently, the pressure gradient in the 90º degree corner 

becomes more favourable, and flow separation does not occur.  

Downstream the mixing zone, the streamlines still straighten up, but with no interface 

separating both fluids. Instead, what can be observed is the existence of small lamellae (Fig.3.3a), 

resulting in shorter diffusion lengths, thus improving diffusion mechanisms [23]. Figure 3.3b also 

  

a) b) 

  

c) d) 

  

e) f) 

Figure 3. 2 Images representative of the three identified regimes for the flow inside the micromixer S1. a) 
and b) are for Re=25 in the stratified laminar regime. c) and d) are for Re=150 in the laminar vortex regime. 
Finally, e) and f) show the results for Re=250 in the engulfment regime. The images a), c) and e) represent 
a front view of the mixing channel with 100 stream tubes, 50 for each fluid. Red tubes are water and the blue 
ones are bromothymol. The images b), d) and f) show a colour plot of the mass fraction of water in the middle 
plane between upper and bottom walls of the micromixer. They also show the streamlines in the same plane. 
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shows another interesting mechanism. The two small vortices near the common wall develop at 

different locations, i.e. one of them can be seen in the upper region of the micromixer, whereas 

the other grows towards the bottom region (that is why in the image only one vortex is discernible). 

This structure plays an important role in the mixing process as it deflects the water flow towards 

the mixing channel. It is also interesting to note that most of the water flows to the bromothymol 

side by the upper region. On the other hand, most of the bromothymol flows to the water side by 

the bottom region of the micromixer. It is clear that advection is the mechanism playing the most 

important part in this regime with many flow structures developing, which reflects on the enormous 

increase in the mixing quality.  

Figure 3. 3 Aditional representations of the flow inside micromixer S1 at Re=250. Image a) is a perspective 
that allows to get a general overview of the flow. It was made with 50 stream tubes for bromothymol and 50 
for water. It was also introduced an isosurface for a mass fraction of water of 0.5. The aim was to get an 
estimate for the location of the interfaces water-bromothymol. It is possible to see a colour plot for the mass 
fraction of water for the cross-section where 𝛼𝑚𝑖𝑥 is being evaluated. Image b) shows a colour plot of the 
mass fraction of water in a plane that is 40μm of the midplane. This plot also shows streamlines for the flow 
in this plane. 

For this Reynolds numbers range, although advection is very important for the mixing quality, 

diffusion still plays a relevant role. 

Increasing further the Reynolds number results in a slight decrease of the mixing quality  𝛼𝑚𝑖𝑥, as 

it can be seen in Fig. 3.1. This is expected, since no new structures appear and the 

water/bromothymol interface is already disrupted. Hence, increasing the volume flow rate inside 

the micromixer results in shorter residence times and, therefore, in a lower molecular diffusion 

mixing capacity.  

 

  

a) b) 
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 A final conclusion was drawn on how geometrical imperfections in the manufactured 

microchannels may influence the results. In Figure 3.1 a direct comparison between the results 

for microchannels S1 and S2 evidences that imposing a smoother corner in the mixing zone 

delays the flow transition to Engulfment Regime. The reason for this behaviour is most likely that 

this way the intensity of the pair of vortices induced by the centrifugal forces induced on the fluid 

elements when going round the smoothed corner is lower compared to the ones induced when 

the corner is 90º sharp, thus delaying the rupture of the interface separating both fluids. As rupture 

occurs, micromixer S2 matches S1 in performance, just like in every other simulation before this 

near transition zone. Apart from this phenomenon, S2 exhibits the same physical structures as 

S1. One can therefore state that geometrical imperfections have a significant impact on flow 

transition. Other works from the literature [12,21,35] follow these same conclusions by claiming 

that transition is expected to occur between Re  120 to Re  300, depending on the geometry 

and flow conditions.  

Comparison of Fig.3.4b and Fig.3.2f evidences that the similarities are clear, but with transition 

occurring at Re  156 for the experimental data whereas in the numerical simulation this occurs 

at Re  225. Also, the values calculated for the mixing quality 𝛼𝑚𝑖𝑥 are 0.14 and 0.23 for figure 

3.4 a) and b) respectively. The value for the first case follows closely what was found for S1 in 

the numerical calculations. In the second case, the value is significantly different from the 

magnitude of the values calculated for 𝛼𝑚𝑖𝑥 in the present work. In the experimental work, there 

is geometrical imperfections that influence the performance of the micromixer. But also, 𝛼𝑚𝑖𝑥 was 

calculated from the photographs taken at the microdevices, using the microscope. These images 

were treated, and the contrast of the pixels evaluated to estimate 𝛼𝑚𝑖𝑥. But this value is influenced 

by the focal plane of the microscope. The operator tried to focus the middle plane, but there is an 

uncertainty associated as there are no guarantees that the focal plane was indeed the middle 

plane of the micromixer, and the adjacent planes are likely to influence the picture. Another clear 

factor that may influence the calculation 𝛼𝑚𝑖𝑥 in the experimental work, and can be observed in 

 

 

a) b) 

Figure 3. 4 Images for the flow inside a symmetrical micromixer similar to the one modelled (S1). a) and b) 
stand for Re=140 and Re=156, respectively [2]. 
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figure 3.4 is the presence of noise and inclusions in the acquired images. Although the 

subsequent treatment helps mitigate these effects, in cannot be completely eliminated. 

Figs.3. 5a and b that exhibit other authors’ [34] results also show similarities with the work 

presented herein, but some differences may arise due to geometrical differences, different 

boundary conditions and even different diffusion coefficients (artificially changing the diffusion is 

a common strategy carried out by many authors to keep characteristic Peclet numbers at 

moderate values avoiding the numerical diffusion of coarse meshes). 

 

 

3.2 The Asymmetrical Micromixers 

3.2.1 Effect of the Reynolds number and flow regimes 

 

 Looking at Figure 3.1 from a global point of view, it is clear that the increase of the 

Reynolds results in increasingly better mixing quality, with  𝛼𝑚𝑖𝑥 growing throughout the range of 

the simulations carried on. A first difference in comparison with the symmetrical micromixer is the 

inexistence of a sudden transition to the so-called Engulfment Regime. It is possible to identify up 

to five different flow regimes (that will be discussed in this section), and it is unquestionable the 

superior performance of the asymmetric micromixer in the Re range 75-225. However, the 

symmetrical micromixer yields a higher mixing quality than the asymmetrical one after the 

transition to the Engulfment Regime, with the value of 𝛼𝑚𝑖𝑥 decreasing for larger Re as discussed 

above. This parameter increases steadily for the asymmetrical micromixer, and at Re = 295 the 

performances of the symmetrical and asymmetrical micromixers are similar, with the first having 

 𝛼𝑚𝑖𝑥=0,55 and the latter  𝛼𝑚𝑖𝑥=0,45, but showing very distinct tendencies. The value for the 

symmetrical micromixer follows a slight decreasing trend, while for the asymmetrical ones show 

a consistent increase. 

  

a) b) 

Figure 3. 5 Similar work [34]. a) flow streamlines and tubes for Re=12, Re=80 and Re=240. b) α plot as a 
function of Re for two different values of diffusion coeficient ( D=2×10^(-7)  m^2/s for the squares and 
D=1×10^(-6) m^2/s for the diamonds) 
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3.2.1.1 Regime I 

 At Reynolds numbers bellow 25 the flow inside asymmetrical micromixers is similar to the 

Stratified Laminar regime encountered for the symmetrical case. Figures 3.6a and b show both 

fluids entering the mixing channel with no advection at the outlet channel and the presence of a 

clear interface separating the streams. A slight perturbation in the interface in the mixing zone 

can be observed, which is caused by the larger momentum of the water fluid elements, being able 

to push the flow towards the bromothymol inlet channel. Downstream the mixing zone this 

interface becomes a high concentration gradient zone possessing a thickness that grows as the 

distance to the mixing zone increases (figure 3.6c). This is an evidence of the molecular diffusion 

mechanism at work in this regime. Molecular diffusion is, in fact, the only mixing mechanism 

present in this regime. Up until Re  25, 𝛼𝑚𝑖𝑥 decreases because the fluid particles residence 

time will be smaller with a larger velocity field, so they will have less time to mix. 

  

a) b) 

  

c) d) 

Figure 3. 6 Representative images of the flow inside micromixer A3, the most asymmetrical, at Re = 25. a) 
Perspective view of the mixing zone, is constituted by 50 tubes of each fluid and an isosurface of mass 
fraction of water equal to 0.5. b) View inside the entire mixing channel, constituted similarly to a). c) Colour 
plot of the mass fraction of water in the middle plane between the upper and bottom walls of the micromixer, 
with streamlines. d) Same representation, but now in a plane that is 40μm above the middle one. 
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3.2.1.2 Regime II 

 For Reynolds numbers above 50 it is possible to witness a shift in the above-described 

trend: the mixing quality starts to increase considerably. Although at the midplane the flow inside 

the micromixer exhibits similarities with those at lower Reynolds numbers (figure 3.7e), at the 

upper and lower planes there is bromothymol passing to the water side. The perturbation in the 

water-bromothymol interface is the major responsible for this phenomenon to occur. As explained 

before, this perturbation is caused by the water fluid elements that carry larger momentum than 

those of bromothymol.  

But, in opposition to that occurring in the previous regime, for regime II the bromothymol fluid 

elements divert to the upper and lower planes of the micromixer. Additionally, the shape of the 

water-bromothymol interface in the mixing zone helps to direct bromothymol fluid particles to the 

mixing chamber. In the mixing zone, the interface is slightly shifted to the bromothymol side due 

to the higher kinetic rate and momentum transported by the water fluid elements. This fact also 

contribute for the diversion of bromothymol to the upper and lower planes of the micromixer. The 

combination of these facts results in an improved mixing process as it is possible to see in figure 

3.7a and b. Bromothymol fluid elements that were diverted towards the planes above and below 

the middle one possess more momentum than water fluid elements already in this zone (it should 

be noted that near wall regions are characterized by lower velocities [10,11, 44]), allowing these 

to penetrate the water side. On the other hand, water fluid elements are diverted from the upper 

planes of the mixer channel to the middle planes and into the side walls of the mixing channel. 

This is an evidence of the presence of advection inside the asymmetrical micromixer. Along this 

  

a) b) 

  

c) d) 

Figure 3. 7 Representative images of the flow inside micromixer A3, the most asymmetrical, at Re=75. a) 
perspective view of the mixing zone, constituted by 50 tubes of each fluid and an isosurface of mass fraction 
of water equal to 0.5. b) view inside the entire mixing channel, constituted similarly to a). c) colour plot of the 
mass fraction in the middle plane between upper and bottom walls of the micromixer, with streamlines. d) 
colour plot of the mass fraction, but now in a plane that is 40μm above the middle one 
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regime, as the Reynolds number increases, these mechanisms become increasingly more 

intense, which can be confirmed by the further penetration of bromothymol into the side wall of 

the water stream. Looking from a more global perspective, the dominant mechanism of the mixing 

quality appears to be still diffusion, but now with advection also playing a role. This results in a 

consistent increase of the mixing quality 𝛼𝑚𝑖𝑥. 

 

3.2.1.3 Regime III 

 For the geometries studied in the present thesis, regime III develops from Re100 up to 

Re125. It is quite a narrow range in terms of flow, but the structures that start to unveil in this 

regime are of great importance for mixing.  

The first feature that is possible to observe is the reaching of the water-side wall by the 

bromothymol in the mixing channel, creating multiple water-bromothymol interfaces, thus 

decreasing local characteristic lengths, improving the mixing quality of the micromixer (figures 

3.8a and b). Figure 3.8c displays a recirculation zone in the water side at the channel horizontal 

midplane. This recirculation zone improves asymmetrical micromixers performance by allowing 

bromothymol that flows in the vicinity to have enough time to mix with the water trapped in it.  

In the mixing zone, the water-bromothymol interface is now substantially deformed, being able to 

guide quite well some bromothymol into its side of the mixing channel, and another fraction into 

the water side (by the upper and lower sides) (figure 3.8d). This bromothymol flow forms an 

interface that engulfs the water, as it can be seen in figures 3.8a and b, accelerating it along the 

mixing channel. Also, it is possible to observe the appearance of two counter-rotating vortices. 

  

a) b) 

  

c) d) 

Figure 3. 8 Representative images of the flow inside micromixer A3, the most asymmetrical, at Re=125. a) 
perspective view of the mixing zone, constituted by 50 tubes of each fluid and an isosurface of mass fraction 
of water equal to 0.5. b) view inside the entire mixing channel and it is constituted similarly to a). c) colour 
plot of the mass fraction in the middle plane between upper and bottom walls of the micromixer, with 
streamlines. d) colour plot of the mass fraction, but now in a plane that is 40μm above the middle one. 
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These structures form from the centrifugal forces felt by the water elements flowing in the upper 

and lower parts of the channel being deflected to the centre, and side wall of the mixing channel. 

Downstream the mixing zone, the micromixer appears to lose symmetry (figure 3.8c). This is due 

to the deficit of bromothymol mass flow rate that has gone into the water site, and since there is 

no water going into the bromothymol side, this imbalance translates into the referred asymmetry. 

This lack of symmetry is also a good indicator of the amount of bromothymol flowing into the water 

side: the larger the mass flow rate of bromothymol is going into the water side, the wider the water 

side flow is. In terms of mixing mechanisms, both diffusion and advection play an important role 

in this regime. In the mixing zone, advection is the most important one, with the water-

bromothymol interface being no longer well defined, a recirculation zone and a pair of vortices 

assure that locally the diffusion lengths decrease, with higher residence times. Downstream the 

streamlines straighten up, but with the lamellae created in the mixing zone, the characteristic 

diffusion lengths decrease, improving mixing quality. 

Figure 3. 9 Representative images of the flow inside micromixer A3, the most asymmetrical, at Re=200. a) 
perspective view of the mixing zone, constituted by 50 tubes of each fluid and an isosurface of mass fraction 
of water equal to 0.5. b) view inside the entire mixing channel and it is constituted similarly to a). c) colour 
plot of the mass fraction in the middle plane between upper and bottom walls of the micromixer, with 
streamlines. d) colour plot of the mass fraction, but now in a plane that is 40μm above the middle one. Image 
e) cross section view of the micromixer at a distance of 6μm from the common wall, with streamlines. 

 

  

a) b) 

  

c) d) 

 

e) 
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3.2.1.4 Regime IV 

 

With the flow rates increasing, more bromothymol penetrates into the water-flow side and, as 

displayed in figures 3.9a and b, this flow engulfs even more the flow of water, intensifying the pair 

of vortices due to higher velocities and, consequently, higher centrifugal forces. On the other 

hand, it is now clear that on the bromothymol-flow side a new pair of counter rotating vortices has 

also formed but, again, with a negligible amount of water passing to the bromothymol side. 

Because of the dominating strength of the water-side vortices, the much less strong vortices 

recently formed in the bromothymol-flow side have a weak influence in the mixing process.  

In Regime IV another fact becomes clear. Figure 3.9c shows a clear recirculation zone in the 

water side, which is not present in bromothymol side. In a similar way to the symmetric case, the 

two fluid streams entering the micromixer collide, inducing the conversion of kinetic energy into 

pressure energy. The less adverse pressure gradient induced by the increase in pressure 

prevents the flow separation in the 90º corner of the bromothymol side but the same does not 

happen in the water side. A significant recirculation zone exists due to the more intense velocity 

field. This phenomenon was present in Regime III, but becomes clearer in Regime IV, with the 

recirculation zone growing in size. 

Figure 3.9c shows mixing already occurring at the horizontal midplane inside the recirculation 

zone (which is significantly bigger) on the water side. Above this midplane, at the upper part of 

the mixer, next to the wall common to both inlet channels it is now possible to see that a new 

vortex has formed in the bromothymol side, next to the common wall (figure 3.9d and e), in the 

left side). This pair of vortices has a great influence on the performance of the micromixer as it 

helps directing the flow of bromothymol towards the mixing channel and limits the amount that 

goes to the water side. Again, downstream the mixing channel, the streamlines straighten up and 

vortices end up dissipating, so diffusion becomes the most important mixing mechanism at play. 

On the other side, advection mechanisms are strongly present in the mixing zone and are 

responsible for most of the mixing quality, as the value for 𝛼𝑚𝑖𝑥 is twice the one for Re  25, where 

diffusion prevails. It should be noticed that regime IV lasts for the longest Reynolds number range; 

actually, the parameter 𝛼𝑚𝑖𝑥 does not increase as significantly as in regime II and III, which allows 

one to infer that this regime is characterized by a marked stability, partially balancing the 

mechanisms that accelerate or decelerate mixing, but always with an improvement as 𝛼𝑚𝑖𝑥 keeps 

increasing with the Reynolds number. 
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3.2.1.5 Regime V 

 

 Transition to regime V occurs when the pair of vortices present near the wall common to 

both inlets merge into a single vortex, now visible in the middle plane of the micromixer – see 

figure 3.10c, but shifted towards the interface water-bromothymol.  

Additionally, it was possible to see the formation of a pair of vortices in the bromothymol side, 

near the common wall (figure 3.10e). As this happens 𝛼𝑚𝑖𝑥 starts do increase significantly, as 

shown in figure 3.1 (micromixer A3 and A2). While the pair of vortices identified in the previous 

regime shift to the middle plane and away from the inlet of bromothymol, the flow is no longer 

directed towards the mixing channel, going straight to the water side. As in regime II, as water 

fluid elements transport more momentum and kinetic energy in regime V, bromothymol fluid 

elements are deviated towards the upper and lower sides of the mixing channel. The influence of 

the pair of vortices formed in regime V induce a local constriction that accelerates the 

bromothymol flowing between them. As a consequence, the velocity field is strong enough for the 

interface between the water and bromothymol to be completely disrupted (Figure 3.10).  

In the recirculation zone present near the wall of the water-side it is possible to verify that an 

intense mixing occurs between both fluids (note that the green colour in figure 3.10c stands for 

mass fraction of water equal to 0.5, which is the target value), as a consequence of bromothymol 

entering this zone and remaining there long enough for mixing to occur. The strong velocity field 

results in 3 pairs of vortices, two on the water side, and one on the bromothymol side. As in 

previous cases, with no water going to the bromothymol side, the two vortices present in this side 

have weak influence in the global performance of the micromixer.  

In the water side the opposite occurs. With the interface water-bromothymol completely disrupted, 

figure 3.10b shows stream tubes of water entangled with stream tubes of bromothymol. This has 

as direct consequence an increase of the mixing in spite of the straightening up of the flow 

streamlines downstream the mixing channel (figure 3.10.c), since the characteristic mixing 

lengths are now small enough for diffusion to occur. This is also the reason why 𝛼𝑚𝑖𝑥 increases 

significantly with the Reynolds number. As the flow rate increases, the higher kinetic energy 

transported by the fluid elements will contribute to energize the vortices present, so more flow 

tubes will be entangled allowing for a much better mixing. 
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a) b) 

  

c) d) 

 

e) 

Figure 3. 10 Representative images of the flow inside micromixer A3, the most asymmetrical, at Re=275. 
a) perspective view of the mixing zone, constituted by 50 tubes of each fluid and an isosurface of mass 
fraction of water equal to 0.5. b) view inside the entire mixing channel and it is constituted similarly to a). c) 
colour plot of the mass fraction in the middle plane between upper and bottom walls of the micromixer, with 
streamlines. d) colour plot of the mass fraction, but now in a plane that is 40μm above the middle one. Image 
e) show a cross section view of the micromixer at a distance of 6μm from the common wall, with streamlines. 

 

 

3.2.2. Effect of the Degree of Asymmetry 

 

A direct analysis of figure 3.1 shows that the more asymmetrical the micromixer is, the better is 

the performance. This fact becomes increasingly pronounced at higher Reynolds numbers. The 

reason behind this is most likely the dominating role of the viscous forces at lower Reynolds 

numbers in the momentum balance. Such intensity of viscous forces can damp the flow 

perturbations that arise from geometrical differences. This justifies why regime I from 
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asymmetrical micromixers matches exactly the Stratified Laminar flow from the symmetrical 

micromixers.  

As the Reynolds number increase and inertial forces gain relative importance, the level of 

asymmetry starts to become a significant parameter concerning the mixing quality. Most physical 

structures discussed in the previous section form because there is a difference in the momentum 

carried by fluid elements from both streams. The more asymmetrical the micromixer is, the bigger 

the difference in momentum and kinetic energy carried by both streams is and, ultimately, the 

better is the mixing achieved.  

Observation of figure 3.11 shows that as the mass flow rate increases, the difference in 

kinetic energy rate between different geometries also increase. As already observed in figure 3.1, 

also this new perspective confirms the completely different behaviour between the symmetric and 

the asymmetric micromixers. When the transition from laminar vortex regime to the engulfment 

occurs, the flow structure changes completely and the mixing quality increases in an almost 

asymptotic way. In the asymmetric micromixers were identified five different flow regimes, and 

flow transition is smoother. 

Among the asymmetric micromixers, A1 exhibits the higher values of total inlet kinetic energy rate 

for the same Re at the outlet channel, and the micromixer A3 exhibits the lowest total inlet kinetic 

energy rate. This trend is related to the more intense velocity field present at the inlets of 

micromixer A1, due to the lower width relative to A3. Looking from this point of view, and for the 

same Re in the mixing channel, as higher kinetic energy rates correspond do lower mixing quality, 

one can infer that the kinetic energy transported by the fluid elements represent a source of 
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Figure 3. 11 Plot of the mixing quality versus the kinetic energy rate at the micromixer inlets for the five 
studied geometries 
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energy that helps sustaining the existence of the vortices present in the mixing zone, which do 

not favour mixing. 

Figure 3.12 shows the flow visualization at Re  275 inside micromixer A1, the least 

asymmetrical one. Figures 3.12a and b clearly shows that, despite the existence of 3 pairs of 

vortices in the mixing channel, just as in micromixer A3, the flow is more segregated. It is no 

longer possible to detect entanglement of the vortices from both fluids and there is much more 

bromothymol in the bromothymol side, with the respective pair of vortices looking more intense. 

It was concluded before that the pair of vortices from the side of the bromothymol had a weak 

contribution to improve the mixing of the streams; when comparing this micromixer performance 

with that of A3, it becomes clear that there is a performance improvement with asymmetry. By 

looking at figures 3.12c and d, the reason behind this poor performance of micromixer A1 

compared to A3 becomes clear. At Re  275 the pair of vortices that were present near the 

common wall in of both streams for Re  200, merged into a single one, just as in the most 

asymmetrical micromixer. However, in the present case, this vortex is present along the whole 

height of the geometry, in opposition to that occurring in micromixer A3 where this vortex appears 

only in the vicinity of the middle plane and moved towards the water-bromothymol interface, 

allowing the formation of another pair of vortices parallel to the axis of the mixing channel. This 

happens because the kinetic energy rate transported by the fluid elements is not high enough to 

energize the merge of the pair of vortices into a single one as occurring in A1. In micromixer A1, 

this vortex directs more bromothymol to its side in the mixing channel, and the amount that 

manages to penetrate into the water side is not enough to disrupt the interface, and the flow 

remains in regime IV.  

Globally, in the less asymmetrical micromixer A1 the most important mixing mechanism 

present is still advection, and the very intense vortices formed confirm it. The main differences 

comparing to the more asymmetrical micromixers are related to the non-disruption of the water-

bromothymol interface; because of that, downstream the mixing zone the mixing characteristic 

lengths are not short enough for diffusion to occur efficiently when the vortices dissipate, and the 

streamlines straighten. In the more asymmetrical micromixers, as seen before, the complete 

disruption of the water-bromothymol interface resulted a significant increase in the advection 

mechanisms. Also, that allowed the appearance of more water-bromothymol interfaces, and 

consequently the reduction of the characteristic lengths for diffusion to occur downstream. Both 

mechanisms gave an important contribution for a significantly higher value of 𝛼𝑚𝑖𝑥. 

  



47 
 

 

 

a) 

 

b) 

 

c) 

 

d) 

Figure 3. 12 Images of the flow inside micromixer A1, the least asymmetrical, at Re=275. a) perspective 
view of the mixing zone, constituted by 50 tubes of each fluid and an isosurface of mass fraction of water 
equal to 0.5. b) view inside the entire mixing channel and it is constituted similarly to a). c) colour plot of the 
mass fraction in the middle plane between upper and bottom walls of the micromixer, with streamlines. d) 
colour plot of the mass fraction, but now in a plane that is 40μm above the middle one. 
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Chapter 4- Conclusions and Suggestions for 

Future Work 

 

4.1 Conclusions 

 One of the major challenges in the field of microfluidics is the development of technologies 

and methods capable of efficiently promote mixing between fluids, due to the strong dominance 

of the surface effects over inertial ones, which delay the transition from laminar regime that is 

characterized by better mixing capabilities. In the 90’s of the previous century, the development 

of LOC (Lab-On-A-Chip) and μ-TAS devices led to significant developments in chemical, 

biological and biochemical experiments, with high waste reduction, and reduced energy 

consumption and costs, but with the fundamental problems associated with flows at low Reynolds 

numbers still to be efficiently solved. With the requirement of high mixing times and lengths for 

fluid mixing to occur at the scale of those devices, the development of new chips, capable of 

achieving better mixing, is needed. Among all the types of micromixers developed, T-shaped 

micromixers, having a simple geometry and being easy to integrate into μ-TAS applications, 

stands out.  

 It is within this scope that this thesis was done. In fact, the main objectives of the present 

work are, on one side the detailed characterization by CFD of the flow regimes that develop inside 

T-shaped micromixers according to inlet geometrical and operation conditions and, on the other 

side, the physical analysis of the flows inside these devices for each regime. The conclusions 

drawn from this work will allow a better understanding of how the degree of geometrical 

asymmetry together with the mass flow rate maximize mixing quality. 

 To accomplish the objectives, five different T-micromixer geometries were numerically 

modelled: three asymmetrical geometries with different degrees of asymmetry and two 

symmetrical geometries; one with perfect ninety-degree corners into the mixing channel, and one 

with round corners into the mixing channel similar to the ones used in experimental works. Mixing 

between two similar fluids flowing through both inlets was studied. A total of 12 simulations were 

performed for each geometry, using Reynolds numbers (based on the mass flow rate at the 

micromixer outlet) in the range 25 - 300. At one of the inlets water was introduced into the T-

micromixer, whereas at the other inlet an aqueous solution of bromothymol entered the T-

micromixer. At each inlet, the same mass flow rate was imposed. This ensures that the only 

asymmetry analysed was geometrical. 

 To evaluate the mixing efficiency of the micromixers, two parameters were used. One is 

based on the state of segregation of the flow, which has been widely used by other authors in the 

literature. The other parameter, which is a novel approach, aims at relating the kinetic energy 

rates at both the inlets of the micromixer with the degree of asymmetry.  



49 
 

 The numerical simulations results allowed for flow visualisations to facilitate the physical 

analysis. Regarding the symmetrical case, and as expected from other authors’ works reported 

in the literature, three different regimes were clearly identified. First the stratified laminar regime, 

characterized by straight parallel streamlines in the mixing channel, the fluids being separated by 

a defined interface (a segregated flow occurring up to Re ≈ 50), with only molecular diffusion 

acting as the mixing mechanism. From around Re ≈ 50 onwards, two pairs of counter rotating 

vortices form in the mixing zone, together with a pair of vortices in the common wall to both 

streams of fluids. As the first pair of vortices forms due to the centrifugal forces experienced by 

fluid elements entering the mixing channel, the second one forms due to the local adverse 

pressure gradient resulting from the presence of a stagnation point where both streams meet. 

Both fluid streams remain separated by a defined interface. At Re ≈ 225, there is an abrupt change 

in the flow configuration. It is the transition to the engulfment regime, characterized by strong 

advection in the mixing zone caused the break-up of the interface separating both fluids, and the 

entanglement of these. The two pairs of counter rotating vortices formed collapsed into two 

vortices, with great mixing capacity. Despite downstream the micromixer junction the streamlines 

straighten up, the flow is structured as small lamellae that reduce the characteristic lengths and 

boost diffusion mixing.  

Comparison between the geometry with perfect ninety-degree corners and the one with smoothed 

out corners shows that geometrical imperfections delay the transition to the engulfment regime, 

which agrees with the experimental tests. Additionally, numerical simulations predicted a 

significantly higher mixing quality in the engulfment regime, comparing to the values obtained 

from experimental tests. This difference is justified by the fact that 𝛼𝑚𝑖𝑥 is experimentally obtained 

from acquired images taken from microscope observation, at approximately middle plane of the 

micromixer. Not only there is no guaranty that the results are not influenced by adjacent planes 

(lens focus not at the midplane as intended), but also noise introduced by the camera influence 

the results, even with subsequent digital treatment of the images. As images from the 

experimental work show close similarities with the ones taken from the numerical simulations, the 

difference in the mixing quality may be related with the experimental error inherent to the previous 

works. 

 For the asymmetrical micromixers, the numerical simulations allowed for the 

identification, and characterization, of five different regimes. Regime I (up to Re ≈ 50) is very 

similar to the stratified laminar regime observed in the symmetrical case, with both streams 

completely segregated by a defined interface, parallel streamlines, and only molecular diffusion 

acting as the mixing mechanism. At Re ≈ 50 transition to regime II occurs. It is already possible 

to observe the passage of bromothymol (that transports less linear momentum) to the water side, 

deflected to the upper and lower walls of the micromixer by centrifugal forces. This flow pattern is 

the first evidence of the presence of advection as mixing mechanism, despite the greater relative 

importance that molecular diffusion still has. Regime III, identifiable in the Reynolds number range 

of around 100 to 125, is characterized by the fact that the bromothymol solution has already 
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reached the water side wall and entered the recirculation zone formed as a consequence of the 

local adverse pressure gradient (and flow separation) induced by the ninety-degree corner of the 

water side. Also, a pair of vortices form in the water side. At this point, advection is the main 

mixing mechanism in the mixing zone. For regime IV, in the Reynolds number range of 125-225, 

it is possible to observe the appearance of a new pair of vortices next to the common wall that 

helps directing the bromothymol solution towards the mixing channel. As this structure limits the 

water going directly into the water side of the mixing channel, this regime is characterized by a 

stabilization of the mixing quality parameter, although this parameter keeps increasing energized 

by the higher mass flow rates. From Re ≈ 225 onwards, in regime V, the pair of vortices formed 

before merge and shift towards the water side. Consequently, this regime is characterized by the 

total disruption of the water-bromothymol segregation and the presence of three pairs of vortices, 

with great entanglement of water streamlines with those of the bromothymol ones. Advection is 

the main mixing mechanism present in this regime. 

 In terms of geometry, results show that the more asymmetrical the micromixer is, the 

better is the performance (i.e. the larger is the mixing parameter). This behaviour can be explained 

by the difference in the transported kinetic energy rate between both inlets. The smaller the 

asymmetry is, the smaller is the kinetic energy rate transported by each fluid flow at the inlets, 

and more kinetic energy is converted into pressure energy. The higher kinetic energy transported 

through the inlets in the least asymmetrical micromixer helps sustaining the existence of vortices 

in the mixing zone, which can be confirmed by the presence of an additional vortex that directs 

bromothymol into the water side, resulting in a smaller mixing quality. The symmetrical micromixer 

showed the best performance among all the geometries modelled from Re≈225 onwards. But as 

the physical mechanisms involved are completely different to the ones identified in the asymmetric 

micromixers, these two types of T-micromixers need do be analysed separately. 

 As conclusion, the initial objectives can be considered as accomplished. The results show 

a high consistency with the ones obtained in the experimental works in which the present thesis 

is based on, and allowed a detailed characterization of the flow inside asymmetrical T-

micromixers, with identification of the physical mechanisms and structures involved, and how they 

are influenced by variations in mass flow rate and degree of asymmetry. The most asymmetrical 

micromixer showed the best performance in the Reynolds number range of 50 to 225. At higher 

Reynolds numbers the symmetric micromixer achieve better mixing quality. When transition to 

engulfment regime occurs, there is entanglement of both fluid streams, with passage of both fluids 

to the opposite side. In the asymmetric micromixers there is a portion of the fluid from the larger 

side that does not participate in the mixing. The introduction of the kinetic energy rate proved 

useful in the understanding of how the asymmetry influences mixing quality. 
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4.2 Suggestions for Future Work 

 As suggestions of future work, further conclusions can be obtained by considering a 

higher Reynolds number range, and also a higher number of micromixers. Despite the three 

geometries allowed to withdraw most relevant conclusions, the difference in the degree of 

asymmetry between them is not too severe. So, more geometries, with a wider range of 

asymmetries would allow the confirmation of the trends observed, and possibly new ones to be 

obtained. As the asymmetrical geometries revealed to be so promising, it would also be 

interesting to try other kinds of asymmetry, namely asymmetrical flow rates at the inlets, pulsed 

flows, and combinations between these.  

Finally, a study based in the way pressure varies from the inlets to the outlet would also clarify 

the influence of this parameter in the sustainability of vortices inside the micromixers, if high 

pressure zones are consistent with reduction in the kinetic energy rate, and consequently the 

impact in the mixing quality. 
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Appendix 

Additional images of the flows inside the 

modelled micromixers 

 

a) 

 

b) 

 

c) 

Figure A 1. Images of the flow inside A1 at Re=25 
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a) 

 

b) 

 

c) 

Figure A 2. Images of the flow inside A1 at Re=75 
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a) 

 

b) 

 

c) 

Figure A 3. Images of the flow inside A1 at Re=125 
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a) 

 

b) 

 

c) 

Figure A 4. Images of the flow inside A1 at Re=200 
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a) 

 

b) 

 

c) 

Figure A 5. Images of the flow inside A2 at Re=25 
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a) 

 

b) 

 

c) 

Figure A 6. Images of the flow inside A2 at Re=75 
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a) 

 

b) 

 

c) 

Figure A 7. Images of the flow inside A2 at Re=125 
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a) 

 

b) 

 

c) 

Figure A 8. Images of the flow inside A2 at Re=200 
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a) 

 

b) 

 

c) 

Figure A 9. Images of the flow inside A2 at Re=270 


