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The aim of this chapter is begin by computational modeling 

issue studies devoted to standard droplet generator for separation 

and segmented flow, bubble and drop formation, breakup and 

coalescence and then with increasing complexity in large scale 

microfluidic processors, bubble logic i.e. bubble to bubble 

hydrodynamic interaction provides an on-chip process control 

mechanism integrating chemistry and computation. This concept 

has been implemented using COMSOL multiphysics 3.5a software. 

These show the non-linearity, gain, bistability and 

programmability required for scalable universal computation.  
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Library of Computational Modeling for Microfluidic 

Circuit Design 

2.1 Computational Modeling Issues 

Before starting work on the logic gate in question has been 

taken into consideration and analyzed the signal generator to be 

used as input for the same. As such it was chosen the T-Junction, 

which was analyzed under various operational aspects and 

implemented in COMSOL environment, with various 

configurations, using the Phase Field computational method. 

 

2.2.1 Physical Properties of the fluids 

Two channels merge at a right angle. The main channel 

carries the continuous (or ócarrierô) fluid and the orthogonal 

channel (hereafter óinlet channelô) supplies the fluid that will be 

dispersed (hereafter ódispersedô or ódiscontinuousô fluid).  

The channels have rectangular cross-sections, and there are 

only three geometrical parameters that define the size and shape of 

the T-junction: the width w of the main channel, the width of the 

channel supplying the discontinuous fluid and the height h of the 

channels. The fluids used for the simulations were chosen as shown 

in the table 2.1. 

 

CONTINUOUS PHASE DISPERSE PHASE 

Ultra pure water 
Air 

Hexadecane 

 

Table. 2.1 Two Immiscible Fluids used in our Analysis 
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Especially, the simulation has been performed using Ultra 

pure water as  continuous phase and disperse phase as Hexadecane 

with the organic solution consists of hexadecane (Sigma-Aldrich, 

viscosity ɖo = 3mPas) as the solvent and an oil-soluble surfactant 

(Span80, Sigma-Aldrich) at 2 wt %. The surfactant Span80 has a 

neutral polar head and an unsaturated linear tail of 17 carbons, 

making it quasi-in-soluble in water, with a water/oil partition 

coefficient of 5.5x10
-4
 [5].  

To compare the performs of the geometry for droplet 

formation and flow patterns, the simulation has been carried out by 

considering Air as a disperse phase and compared at the end of the 

section 2.13. To make it more streamlined and flowing the 

treatment, it was decided to exhibit summarizes the parameters 

related to the physical and numerical simulations carried out and 

described below. The expressions of the two inputs of the device 

were. 

Physical properties of Water:  

Density of water (ɟW) ï  1ὼ103 ὯὫ

ά3
 

Viscosity of the water (ɖW) ï 1.95ὼ10 3 ὖὥz ί 

Physical properties of Hexadecane: 

Density of Hexadecane (ɟH) ï 773 
ὯὫ

ά3
  

Viscosity of Hexadecane (ɖH) - 3ὼ10 3 ὖὥz ί 

Physical properties of Air:  

Density of air (ɟA) ï 1.225
ὯὫ

ά3
 

 Viscosity of Air (ɖA) ï 18.27ὼ10 6 ὖὥz ί 
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Surface Tension: 

Surface tension of water and air (ůWA) -0.072
ὔ

ά
 

Surface tension of water and oil (ůWH)- 51.1ὼ10 3 ὔ

ά
 

 

The Material/Coefficients Library is a framework for a 

number of extensible databases with properties for a broad 

collection of physical, elastic, electromagnetic, fluid, piezoelectric, 

and thermal properties of materials as well as heat transfer 

coefficients.  

 

2.2.2 Numerical Properties 

After the system has been fixed geometry and boundary 

conditions, defines all the physical and numerical parameters 

which allow modeling properly the microfluidic system. Among 

the many parameters there is, for example, the velocity of the two 

fluids in input, the surface tension, the room temperature 

atmospheric pressure. In the simulation of all cases were fixed 

logical constants listed in the following: 

 

a) Reference Pressure (P) = 1 [atm] 

b) Reference Temperature (T) = 293 [K] 

 

If the velocity boundary condition, increase it gradually from 

zero to its actual value during a short initial time interval using the 

built-in Heaviside smoothing function flc1hs (t-delta t, delta t). In 

addition to the constants were set at the following numerical 

expressions for the velocity of the fluids  
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a) Continuous phase (Q1) = 
Ὂ1ὼ 10 6

3600
ὶzὥάὴ 

ά3

ί
 

 

b) Disperse phase (Q2) = 
Ὂ2ὼ 10 6

3600
ὶzὥάὴ 

ά3

ί
 

 

2.2.3 Input Profile  

The flow profile explains the way in which the flow of a 

fluid behaves or is likely to behave in a pipeline based on its 

velocity and viscosity. Once this is known, it is possible to start to 

decide which of the many different types of flow meter available is 

best suited to the demands of the application. The term óFlow 

Profileô is generally understood to refer to a vector diagram of the 

conditions within the pipe and an example is shown in figure 2.1.  

The main cause of the viscosity is an internal property of a 

fluid that offers resistance to flow. The degree to which the fluid 

resists flow in turn affects the velocity of flow through the pipeline. 

Imagine stirring a spoon in a bowl of water, for example. With 

nothing to impede it, the spoon travels quickly and easily through 

the water. Now imagine stirring honey, which is more difficult to 

stir because it has a higher viscosity than water.  

The same applies to the flow of fluid through a pipe. As the 

level of resistance, or shear rate increases, the way in which the 

fluid behaves will change. By profiling the flow of a fluid through 

a pipeline, it is possible to find out how it behaves and from there 

to narrow down the choice of flow meters to those best able to cope 

with the conditions of the application. There are three types of 

flow, each of which is linked to the velocity of the fluid.  

 

Laminar flow - Occurs at stable, low flow rates and is the most 

predictable type of flow. The fluid settles into streamlined tiers 
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which are prevented from merging by the viscous forces within the 

liquid and move in the same direction at a constant speed. Fully 

Developed Laminar Profile is parabolic in form see in figure 2.1. 

Transitional flow - Occurs when an increase in velocity causes 

distortions in the flow. This leads to mixing of the tiers within the 

fluid, resulting in the fluid exhibiting both laminar and turbulent 

characteristics at different points throughout the pipeline. The 

profile is unstable and complex- it may be parabolic as in laminar, 

flatter as in turbulent flow or a combination of both. 

Turbulent flow ï This type of flow occurs at faster flow rates. 

Mass distortions in flow result through the formation of eddies and 

whorls which themselves randomly fragment into smaller 

distortions, causing blending of the tiers within the fluid. Fully 

Developed Turbulent Profile is not fixed, but changes with the 

Reynolds number, approximating a flatter shape than the parabolic, 

as also shown in figure 2.1. 

 

Figure. 2.1 Vector diagram to indicate the different types of flow 

 

Once the Reynolds number is known it can be matched 

against a flow meterôs Reynolds range to help pick the one that is 

best able to meet the demands of the application [1].  
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a) Re < 2000 = Laminar flow. 

b) Re lies between 2000 ï 4000 = Transitional flow. 

c) Re >4000 or above =Turbulent flow. 

 

2.2.4 Input flow rates 

The input flow rates which have been used in this 

computational model were described briefly in the following 

section 2.2. The input flow rates estimated from set of 

computational modeling to achieve the range of flow rates to 

satisfy the logics. 

CFD 

models  

Input flow 

rates (ɛl/s)  
Velocity (m/s)  

Reynolds 

number  Capillary  

Number Phase-

1  

Phase-

2  

Phase -

1  

Phase 

-2  

Phase-

1  

Phase-

2  

And/or  

type -1  
0.2 0.2 0.07 0.07 33.7 33.7 0.00027 

And/or 

type-2  
0.111 0.0889 0.0123 0.0098 55.35 11.36 0.000216 

Not 

gate  
0.056 0.041 0.00848 0.0062 102.5 3.993 0.000144 

Toggle 

switch  
0.1024 0.4 0.0102 0.044 19.18 5.55 0.000379 

 

Table. 2.1. Input flow rates of computational models with reynoldôs, and Capillary number 

 

2.2.5 Boundary Conditions 

All the boundary conditions are applied for Two-Phase 

Flow, Phase Field application mode. The boundary condition used 

on the phase field function depends on whether the boundary is an 

inlet, an outlet, or a wall or symmetry boundary and inlets specifies 

the volume fraction of fluid 2. The boundary conditions for the 

Incompressible Navier-Stokes application mode are grouped into 

the following types: 
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Wall  is the standard and default boundary condition for a 

stationary solid wall. The No Slip condition prescribes that is, that 

the fluid at the wall is not moving. The motion of the interface on 

the boundary due to advection is zero and so the no-slip boundary 

condition is used in the momentum equation:  

                       ό= 0                                (2.1) 

The Wetted wall boundary condition is suitable for walls in 

contact with the fluid interface shows in red color of boundary 

condition as wetted wall of 135°. 

Initial Fluid Flow - To specify the initial position of the 

interface, use the Initial fluid interface boundary condition on 

interior boundaries. During the initialization step, the boundary 

condition sets the phase field function to 0. For the transient 

simulation of the fluid flow, the boundary is treated as an interior 

boundary.   

Inlet boundary condition offers two ways to specify an inlet 

velocity. The first is to set the velocity equal to a given vector u0: 

u=u0 the other is to specify a normal inflow velocity: u = -nU0, 

Note that the boundary normal, n, points out of the domain.  

Velocity - This boundary type contains different ways to 

specify conditions on a boundary where the fluid is supposed to 

enter the domain. Notice that the formulations contained in this 

boundary type all appear, some of them slightly modified, in the 

Outflow boundary type as well. Hence, there is nothing in the 

mathematical formulations that prevents a fluid from leaving the 

domain through boundaries where have specified the Inlet 

boundary type. 
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Outlet boundary type contains different ways to specify conditions 

on a boundary where the fluid exits the domain. Note that all of the 

formulations in this type can be found, possibly slightly modified, 

in other boundary types as well.  

Hence, there is nothing in the mathematical formulations that 

prevent a fluid from entering the domain through boundaries where 

have set the Outflow boundary type. Setting outlet conditions for 

the Navier-Stokes equations is not a trivial task. A general rule of 

thumb, however, is that if there is something interesting happening 

at an outflow boundary, extend the computational domain to 

include this phenomenon. 

Pressure, No Viscous Stress ïThis boundary condition 

specifies vanishing viscous stress along with a Dirichlet condition 

on the pressure: 

                      –​ό+ ​όὝὲ= 0, ὴ= ὴ0                          (2.2) 

 

It is a numerically stable boundary condition that admits 

total control of the pressure level along the entire boundary. 

However, if the inflow is not normal to the boundary, this 

condition is an over specification. In case the solution turns out to 

have a non-normal inflow velocity, there are two choices. Either, 

move the boundary farther away to a location where the inflow is 

normal to the boundary or, use a stress type boundary condition.  

Note that this condition is identical to the Pressure, no 

viscous stress condition for Outflow boundaries. Hence, depending 

on the pressure field in the rest of the sub-domain, a boundary with 

this condition can very well become an outflow boundary. The 
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black color shows the outlet of the boundary conditions where 

there is zero pressure and no viscous force.  

The blue color shows the boundary type as inlet of the two 

T-Junction where the velocity has been applied. The yellow color 

shows the boundary condition where the expression of the velocity 

is applied. The pink color show the initial fluid flow of the fluids 

and to compute an initial solution respecting the contact angle, 

apply a Continuity condition on the interior boundary. Using the 

Initial fluid interface condition usually provides a smooth and 

physical interface faster than when using the Continuity condition 

shown in Table. 3.3. 

Settings Colors Conditions 

Inlet  Laminar flow F1 & F2 

Outlet  Pressure no viscous stress 

Wall 
 Wetted wall 

 No slip 

Interior 
 Initial fluid flow 

 Continuity 

 

Table. 2.3. Boundary conditions.  

 

2.2.6 Sub-domain Settings 

  The sub-domain settings describe the physics on a modelôs 

main domain, which is divided into subdomains and set different 

values for each sub-domain using settings of the following types: 

a) Coefficients that define the PDE on the sub-domain. The 

PDE coefficients are available for PDE modes and the weak form 

modes. 
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b) Material properties, sources, and sinks that define the 

physics in the sub-domain. These properties are available in the 

physics modes and in the COMSOL Multiphysics modules. The 

software performs the translation into PDE coefficients 

automatically. It has been explained below. 

 

2.2.7 Chip Geometry 

In COMSOL Multiphysics can import and export 2D CAD 

drawings on the DXF file format, a common format for 2D CAD 

drawings. To create geometry for mesh generation and finite 

element analysis, COMSOL Multiphysics requires a high degree of 

accuracy within the CAD drawing. Sometimes the DXF geometries 

contain small gaps and exceedingly short edges that make it 

impossible to create a valid 2D solid or a valid mesh.  

COMSOL Multiphysics provides repair tolerance settings to 

remove short edges and close small gaps during DXF file import. 

The repair tolerance in COMSOL Multiphysics specifies the largest 

distance between the end points of curves allowed in the imported 

geometry. A DXF file contains groups of objects in different 

layers. This section provides a step-by-step example demonstrating 

how to use Boolean operations to combine solid objects. The 

Boolean operations can significantly speed up generating complex 

geometries. The following example shows how to create 2D 

composite solids starting from primitive solids.  

A solid object consists of an exterior boundary and an 

interior part. The boundary consists of edge segments. For 

example, a primitive solid rectangle has a boundary consisting of 
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four line segments and one sub-domain; a primitive solid circle has 

a boundary consisting of four circular arcs and one sub-domain. 

Sometimes a solid object has interior boundaries that divide 

it into more than one sub-domain. Consider a square divided into 

four parts or subdomains. The subdomains can represent regions 

with different physics or material properties. It can also by 

inserting additional points and boundaries to control the mesh 

inside a solid object. All the geometry has been explained below. 

 

2.2.8 Meshing 

A mesh is a partition of the geometry model into small units 

of simple shapes. It is possible to create free, mapped, extruded, 

revolved, swept, and boundary layer meshes. The mesh generator 

creating free meshes, also referred to as the free mesher, and is the 

only mesher that can be used on all types of geometry objects. 

For a 2D geometry the mesh generator partitions the 

subdomains into triangular or quadrilateral mesh elements. If the 

boundary is curved, these elements represent only an 

approximation of the original geometry [3].  

The sides of the triangles and quadrilaterals are called mesh 

edges, and their corners are mesh vertices. A mesh edge must not 

contain mesh vertices in its interior. Similarly, the boundaries 

defined in the geometry are partitioned (approximately) into mesh 

edges, referred to as boundary elements, which must conform to 

the mesh elements of the adjacent subdomains. If there are isolated 

points in the geometry, these also become mesh vertices. 
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Figure. 2.2. Example of creating refines mesh using COMSOL multiphysics 3.5a 

 

When trying to solve a problem that does not converge, or 

having solved a problem where the solution does not seem properly 

resolved, there is often a need for re-solving the problem using a 

finer mesh. In these situations it is sometimes easier to refine the 

existing mesh than to regenerate the mesh from scratch using finer 

mesh settings.  

It is only possible to refine free meshes containing triangular 

elements, or tetrahedral elements, in 2D and 3D, respectively. 

Techniques for computational analysis can be classified by the 

particular method with which these equations are discretized as 

finite difference, finite volume, finite elements and boundary 

elements methods. 

Finite Element Method (FEM) enjoys many of the advantages of 

the finite volume (FV) method, most importantly the ability to 

handle unstructured grids and irregular geometries. The most 

significant advantage of the finite element method from the 

microfluidicsôs point of view is the relative ease with which the 

weak formulation allows for the application of boundary conditions 

and the extraction of boundary information [3]. 
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 This is particularly relevant for the flux or gradient-based 

boundary conditions commonly encountered in applied electrical 

fields, transport systems with surface phase reactions and thermal 

analysis involving convection heat transfer. 

 

Figure. 2.3. Finite Element Method (FEM) 

A disadvantages of finite element methods, consists in the 

numerical difficulties associated with handling highly irregularly 

shaped elements (e.g., large aspect ratios or highly curved) or large 

ranges in element size within a single mesh. In lab-on-chip devices, 

the relevant length scales can range over seven orders of 

magnitude, from double-layer thickness in (nm) to channel length 

(cm) and thus it is often difficult to avoid using such elements 

while maintaining a computationally traceable problem. 

2.2 T-junction Computational Modeling (CM) for Droplet 

Generators 

The two-phase microfluidics allows generating a motion to 

bubbles or drops inside the fluidic circuits. The formation of 

bubbles is done using particular geometries in which the fluid 

injected in the fluid "carrier", form initially a small drop that 

subsequently stretches until it breaks. This phenomenon is closely 

related to the effects of dynamic viscosity and to those of the 
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surface tension. The relationship between these two parameters is 

represented by the value assumed by the Capillary Number (Ca).  

For low enough values of Ca, the forces acting on the 

surface of the droplet are balanced by the viscous forces, and it will 

be presented with elongated ellipsoidal shape, and with the major 

axis lies along the direction of maximum deformation; with values 

of more of Ca a certain critical value, the drop will not be a stable 

system, in fact the viscous forces will no longer be balanced by the 

surface, and it will be subject to the phenomenon of rupture and 

dragged fluid "carrier". It is useful to introduce the basic 

mechanism that breaks a liquid channel into droplets under the 

action of surface tension: the RayleighïPlateau instability.  

 

    

(a)                                                        (b) 

    

                                            (c)                 (d) 

Figure. 2.5. (a) Generator of bubbles orifice. (b) Generator boils at ɚ-junction. (c) 

Generator boils at thermal resistance. (d) Generator boils at Y-junction. 

 

A detailed review of this instability is given by Eggers. The 

instability is caused by pressure fluctuations inside the liquid due 

to small variations in the local curvature; such variations grow to 
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eventually break the liquid film into drops, through a so-called 

finite time singularity. Although the canonical analysis is done for 

a cylindrical fluid layer, the route to the singularity is quite general 

since surface tension causes the fluid in most cases to take the 

cylindrical geometry as it approaches the breaking point.  

An understanding of the physical mechanisms is therefore 

useful whenever drop pinching occurs, as shown for example in 

figure 2.5. In the case of the simple breakup of a liquid cylinder, 

one can obtain the wavelength of the first unstable mode from 

simple energetic arguments. This wavelength is ɚ = 2ˊr, where r is 

the radius of the unperturbed cylinder.  

Indeed, the surface energy cost favors drop formation if the 

drop is large enough to reduce the total area of the interface. 

Although this is not the most unstable mode, experimental 

measurements show that the two modes are close, so that the 

perimeter of the channel gives a good approximation for the size of 

the bubbles. The formation of the bubbles can be achieved with 

different geometries such as: 

a) T-junction; 

b) Orifice; 

c) ɚ-junction; 

d) Y-junction. 

 

2.2.1 Parametric CM 

The T-junction is one of the most used for the formation of 

bubbles and is already being used in the production of emulsions in 

food, cosmetics and pharmaceutical products. The properties and 

the quality of an emulsion typically depend on the size and 



 Chapter-2 

 

59 
 

distribution of the drops; the T-junction allows creating them in a 

uniform and easily controlling their production. A T-junction is 

nothing but a junction where they meet at right angles the two 

rectilinear channels that transport the two fluids.  

 

 

Figure. 2.4. Simulation of T-junction with bubble formation. 

 

The formation of the bubble depends on the Ca but also by 

other parameters such as the volume fraction and therefore the 

reach of the fluids themselves. Perhaps the most popular 

microfluidic device used for the generation of droplets is a T-

junction geometry in figure 2.6, first incorporated into a 

microfluidic chip by Thorsen et al., and, subsequently used for 

formation of droplets and bubbles, for characterization of mixing in 

segmented liquidïliquid and liquidïgas flows, for formation of 

double emulsions and in a host of analytical applications. Most of 

these applications require precise control over the formation of the 

immiscible fluid segments.  

 

COMSOL Model of Droplet breakup T-junction demonstration 

control, and developed an analytical understanding, of the 
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mechanism of break-up for a flow-focusing system generating 

micro-bubbles at low values of the capillary number. Generation of 

liquid drops in a flow-focusing setup has also been demonstrated 

and characterized.  

 

Figure. 2.6. COMSOL Model of Droplet breakup T-junction 

 

Here the process of break-up and the scaling of the size of 

the discrete fluid elements produced in the T-junction geometries 

over a range of typical values of rates of flow and viscosities of the 

fluids. As a starting point of the study, after examining the example 

provided in the library of models, was carried out geometry to it 

inspired. Below are explained the steps followed for the design. 

In figure 2.7, shows the dimensions with which the device 

has been realized. It can be seen how the geometry is divided into 

three sub-domains: D1, D2, and D3. The different sub-domains are 

so set: D1 with oil (dispersed phase), D2 with water (continuous 

phase), D3 with water (continuous phase). The constants, as well as 

the physical parameters for the two fluids and the numerical 

expressions have already been explained above. For the simulation 

were chosen: Fc= 0.4, Fd =0.2.  
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Figure: 2.7 Standard Geometry T-junction Bubble Generators 

 

As a starting point of the study, after examining the example 

provided in the library of models, was carried out geometry to it 

inspired. In figure 2.7 shows the dimensions with which the device 

has been realized. It can be seen how the geometry is divided into 

three sub-domains: D1, D2, and D3.  

The different sub-domains are so set: D1 with oil (dispersed 

phase), D2 with water (continuous phase), D3 with water 

(continuous phase). The constants, as well as the physical 

parameters for the two fluids and the numerical expressions will be 

explained detail.  

From this model have been deducted basic proportions for 

the realization of a general geometry T-Junction, and the order of 

magnitude of the flow rate at the inlet. Referring to what has been 

learned proceed to the realization of all devices of this type 

exposed in the rest of the discussion. Taking its cue from the 

lessons learned, the new geometry and it was done by a study of 

the mutual proportions between the two flow rates. 
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Figure. 2.8 it shows the interface between the two immiscible fluid and length L of the droplet. 

 

Observing the geometric proportions expressed in the 

previous paragraph, is made up of a geometry having height h as 

50ɛm and width w as 50ɛm. In this way the bubbles of hexadecane 

in water has been produced. Figure 2.2 illustrates schematically the 

geometry of a T-junction. Two channels merge at a right angle and 

the main channel carries the continuous (or ócarrierô) fluid and the 

orthogonal channel (hereafter óinlet channelô) supplies the fluid 

that will be dispersed (hereafter ódispersedô or ódiscontinuousô 

fluid).  

 

2.2.2 Parametric CM with Long Channel 

Expanding on the above analysis, it was decided to evaluate 

the behavior of some devices with elongated channel than the 

standard size. For these tests were used two different geometries 

with the following characteristics and for each of the geometries, 

were evaluated in the channels of progressively increasing length 

has shown in the table 2.4 with constant thickness 50ɛm. 
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Channel Length ConstrainsïThe parametric computational model 

of the standard size has been demonstrated above. The long length 

of the channel is one of an important parameter which decides the 

shape of the bubble and makes different from the standard 

geometry, so the ñnò parameter of the length of the channel has 

been changed for different values to understand the behaviors of 

the geometries but rest of the parameters were maintained. 

 

Figure. 2.9. Standard Geometry with long channel 

 

Carrier Flow constrains - From the analysis of the elongated 

length of the channel two fundamental concepts of the T junction 

to perform the operation. 

 

         Fc = 2 * Fd                                         (2.3) 

Water-Hexadecane    

h [ɛm]  
Minimum 

F
water  (m

3/h)  
ɛl/s 

Maximum 

F
water (m

3/h) 
  ɛl/s 

ratio(fw/h) 

min (ɛ) 

ratio(fw/h) 

max (ɛ) 

50 0.014 0.0038 2 0.555 0.000076 0.0111 

100 0.026 0.0072 4.1 1.138 0.000072 0.0114 

150 0.039 0.0108 6.1 1.694 0.000072 0.0113 

200 0.052 0.0144 8.1 2.26 0.000072 0.0113 

400 0.104 0.0288 16.3 4.52 0.000072 0.0113 

 

Table.  2.4. Maximum and Minimum Continuous Phase Fwater for varies height as h in ɛm. 



 Chapter-2 

 

64 
 

 

    0.072 ×  10 3  <  
ὪὧὥὶὶὭὩὶ ‘ὒ/ί

Ὤ‘ά
 < 11.2 × 10 3              (2.4) 

 

For these reasons, it is presented the need to determine the 

intervals of operation appropriate for the proper functioning of 

each individual device T-Junction. The steps taken to achieve the 

operating ranges within which can find a stable operating point for 

the devices has been shown.  

 

 

 

Figure. 2.10. Flow rates maximum which guarantee the formation of bubbles from well-

defined contours in the different devices and shown and the flow rates that ensure the 

minimum break-ups in the different devices. 

 

Tests were carried out on 5 different T-Junctions made up of 

using the proportions obtained previously: keeping the thickness 

constant and equal to 50ɛm, has been changed the parameter h with 
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the following values. Through simulations, it has been determined 

the maximum and minimum values of the two flow rates for which 

the devices have a correct behavior. It takes account of the fact for 

all these tests, has been used in the proportion specified above.  

The equation 2.4 is derived from the above mentioned 

simulations in table 2.4 which gives the ratio of minimum and as 

well as for maximum Fwater approximately can be applicable for 

bubble formation in varies geometries. The figure 2.10 shows 

graphically that the flow rates maximum which guarantee the 

formation of bubbles from well-defined contours in the different 

devices as shown and the flow rates that ensure the minimum 

break-ups in the different devices. 

 

Channel length constrains- From this study it was evidenced that 

the break-up occurs in the same conditions of T-Junctions standard. 

Since the lengthening of the channel (with a consequent increase of 

the hydraulic resistance), it was noticed that the bubbles tended to 

disappear along the path.  

 

Water-Hexadecane 
   

h = 50ɛm         

Min fw = 0.0038 Max fw = 0.555     

n 
Length 

L(ɛm) 
F

water[ɛl/s]     
  m3/h F

hexadecane [ɛl/s]     
  m3/h 

Ratio 

Fwater/Fhexadecane 

Ratio 

Fwater/L 

7 350 0.0245 0.090 0.01225 0.045 2.00 0.00007 

25 1250 0.0833 0.307 0.0417 0.154 2.00 0.00007 

50 2500 0.1667 0.615 0.0833 0.307 2.00 0.00007 

100 5000 0.3472 1.281 0.1736 1.02509  1.25  0.00007 

 

Table. 2.5. Results of simulations for the channel height h = 50ɛm of ñnò length ɛm. 
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Water-Hexadecane 
     

h =100ɛm       

Min fw 0.0072 Max fw  1.138     

n 
Length 

L(ɛm) 
F

water[ɛl/s]     
  m3/h F

hexadecane [ɛl/s]     
  m3/h 

ratio 

Fwater/Fhexadecane 

Ratio 

 Fwater/L 

7 700 0.049 0.181 0.0245 0.090 2.00 0.00007 

25 2500 0.194 0.718 0.0972 0.359 2.00 0.00007 

50 5000 0.350 1.292 0.1750 0.646 2.00 0.00007 

100 10000 0.778 2.870 0.6250 2.306 1.24 0.00008 

 

Table. 2.6. Results of simulations for the channel height h = 100ɛm of ñnò Length in ɛm. 

 

Therefore the two set of simulation where worked out for 

height is 50ɛm by varying the parameter length ñnò and also for 

height 100ɛm. it is worked on the values and the proportion 

between the flow rates for the permanence of the bubble up to the 

end of the channel using the equation 2.4 where the following 

results shown in figure 2.11 and 2.12 height h versus continuous 

and disperse phase in microlitre per second. It has been carried out 

with continuous phase fluid ultra pure water and disperse phase 

fluid hexadecane for varies length ñnò a shown in table 2.5 and 2.6 

elaborately. 

 

 

Figure. 2.11. Flow rate minimum of the continuous phase to vary the length of the channel for 

the permanence of the bubble. 
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Figure. 2.12. Minimum flow rate of the dispersed phase to vary the length of the channel for 

the permanence of the bubble. 

 

2.2.3 Flow Pattern Generation  

The flow pattern has been described to see the effect of shear 

by varying the relative flow rates of the two liquids. A large array 

of ordered and disordered patterns were found, as shown in Figure. 

2.13. In addition to the flow focusing geometry, the T-junction has 

been used to form drops. In this flow, the drop forming fluid is 

injected slowly from the lateral-channel of the T into a stronger 

main-channel flow of the surrounding fluid.  

The shear from the flow forces bubbles to shed from the 

junction with size depending on the relative flow rates [4].  For 

very low Ca, it is the size of the channels that determines the scale 

of the ejected drops, as in the case of a drop falling from a pipette. 

Similar systems to the one above were used for example by Tan et 

al. and Yi et al. Both groups demonstrate the ability to produce 

drops of a few microns, down to a fraction of a micron, as the 

main-channel flow rate, hence the local shear, is increased. The 

computational has been carried out by four different geometries for 
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20 different flow rates (ɛL/s) using water as continuous phase and 

air/hexadecane as disperse phase. 

 

 

(a)                                          (b) 

 

 

(c)                                                                 (d) 

Figure. 2.13. Flow patterns of T-Junction for different flow rates (ɛL/s) (a) bubble pattern (b) 

laminar flow (c) slug formation (d) water flux. 

 

Water-Hexadecane - For a discussion of the relation of two phases 

flow by changing the order of continuous and disperse phases see 

figure 2.14 where the continuous phase order increases and 

disperse phase order is less than the order 1, then the result were 

water flux with no droplet formation due to the fast flow of 

continuous than disperse phase as shown in blue color.  

Contrarily, when the continuous phase order decreases and 

disperse phase order is greater than 1, then the result were disperse 

flux with no droplet formation due to the fast flow of disperse than 

continuous phase as shown in black color. The bubble/droplet 

formations occurred especially when the order of the continuous 

phase and disperse phase is 0.01 for geometry which has height 
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50ɛm. The red color dot in figure 2.14 points the range of 

bubble/droplet formation due to the order of continuous and 

disperse phase. 

The laminar flow reached when continuous phase is one 

order lesser than the disperse phase and vice versa. The slug 

formed when the disperse phase order is greater than the 

continuous phase. The figure gives an idea of the shifting behavior 

exactly for the given order of two phase starts from continuous 

phase flux, bubble/droplet formation, slug/plug formation, laminar 

flow, and disperse phase flux. The essential bubble/droplet, slug or 

laminar behavior lies between the region of water flux and oil flux 

based on the order of two phase flow. 

 

Figure. 2.14 Order of Continuous Phase versus Order of Disperse Phase for the geometry 

which has the height 50ɛm. 

 

The relation between the geometries and the flow rate for 

bubble/droplet formation has been clearly shown in figure 2.15. 

The simulation has been carried out by injecting ultra pure water as 

continuous phase and oil i.e. hexadecane as disperse phase for the 
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20 varies combination of flow rates in four different standard 

geometry using height h as 100ɛ - 600ɛm. The bubble/droplet and 

slug formation achieved for all the geometries when the flow rate 

within the order of 0.001 ï 0.1 flow rate (ɛL/s). The pattern has 

maintained even for all the attempted geometries using the flow 

rates (ɛL/s).  

    
Height h in ɛm 

Flow 

continuous 

(ɛl/s) 

Flow 

disperse 

(ɛl/s) 

Fc  

(m
3
/h) 

Fh  

(m
3
/h) 

25-50 100 
150-

200 
400 500-600 

0.0056 0.0056 0.02 0.02 bubble bubble slug wf Wf 

0.0056 0.0556 0.02 0.2 slug slug slug slug Slug 

0.0556 0.0556 0.2 0.2 bubble bubble bubble bubble bubble 

0.0556 0.5556 0.2 2 laminar laminar laminar laminar Slug 

0.5556 0.5556 2 2 laminar laminar bubble bubble bubble 

0.5556 5.5556 2 20 of of of laminar laminar 

5.5556 5.5556 20 20 laminar laminar laminar laminar laminar 

 

Table 2.7. Various behaviors for the given height h of the geometries and the order of flow 

rate respectively. 

 

The apparent behavior of bubble/droplet formation 

established at figure 2.15(a) is based on the condition were the 

continuous phase (Fc) and disperse phase (Fd) are equal for height 

h less than 100ɛm.  

                                            Fc = Fd                                          (2.5) 

When the disperse phase is less than the continuous phase by 10 

gives the behavior of continuous flux for all the geometry as well 

as disperse phase is greater than continuous phase into 100 gives 

disperse flux behavior. 
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       ὊὨ<  
Ὂὧ

10
   gives Continuous phase flux                             (2.6) 

 

     ὊὨ> Ὂὧ 1z00 gives Disperse phase flux                          (2.7) 

 

 

  (a)                                                                      (b) 

Figure. 2.15 (a) varies number of height versus Fc =Fd and (b) varies number of height versus 

Fd =10*Fc 

 

                                     ὊὨ= 10 Ὂzὧ                                        (2.8) 

 

The figure 2.15(b) has been plotted for the condition where 

disperse phase is equal to 10 times of continuous phase gives an 

appropriate behavior as slug pattern at the range 0.01 ɛL/s, then 

shifts to laminar flow and reaches the oil flux at the end as shown 

for all geometries.  

In the equation 2.8, shows the pattern shifts from disperse 

phase flux (of), laminar flow (laminar), slug formation (slug) and 

finally gives the behavior of continuous phase flux (wf) for the 

given flow rates respectively. When the height is greater than 

400ɛm, the pattern starts from disperse phase flux and gives the 

laminar flow due to the geometry and at the last finish with 

continuous phase flux for the respected given flow rates.  
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Water-Air ï The behavior of two phase fluids such as ultra pure 

water and oil i.e. hexadecane as already shown in the previous 

paragraph. The disperse phase is considered as air instead of 

hexadecane to compare and to understand the two different 

behaviors.  

The shifting patterns were appeared as same as which starts 

from continuous flux (wf), bubble/droplet formation (bubble), and 

disperse phase flux (of). For height h 50ɛm the bubble/droplet 

formations occurred at the order of continuous and disperse phase 

as 0.1ɛL/s. 

 

Figure.2.16. Order of Continuous Phase versus Order of Disperse phase for height h 50ɛm of 

the geometry. 

 

The pattern shifting is demonstrated by applying the 

condition explained in the equation 2.5 and also shown in figure 

2.17(a) for particularly applied fluids especially when the height 

Ὤ 200‘ά gives the bubble/droplet formation at 0.01 to 0.1ɛL/s 

and shifts to laminar flow instead at height h as 600ɛm, the 

bubble/droplet formation appeared at 0.1 to 1ɛL/s.  
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Figure. 2.17. (a) Increasing order of height versus Fc =Fd and (b) Increasing order of height 

versus Fd =10*F c 

 

The figure 2.17(b) has been illustrated for the condition 

explained in equation 2.8 gives the slug formation behavior at 

0.01ɛL/s for the increasing order of varies height h ɛm. Especially 

to mention in this context, at height 200ɛm for the continuous 

phase as 20 and disperse phase 0.2 and 2 gives the same behavior 

as bubble flow. 

Continuous 

Phase (Fc)  
Disperse 

Phase (Fa)  
h=50ɛm h=100ɛm h=200ɛm h=600ɛm 

20 0.2 wf  wf  bubble wf  

20 2 wf  wf  bubble wf  
 

Table. 2.7. Peculiar behavior of bubble/droplet formation for height h=200ɛm and the two 

phase fluids as water and air. 

 

Bubble Dynamics-The droplet formation in two-phase microfluidic 

channel systems has been comprehensively studied for both 

immiscible liquid-liquid flows and gas-liquid flows in the above 

sections. Droplet formation was studied for various inlet conditions 

and the droplet size was compared with an analytical result known 

as the scaling law.  
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The gas phase was found to form bubbles, which are carried 

forward by the liquid phase for certain combination of flow rates 

for the gas and the liquid which has already explained in briefly in 

the previous section. The three practical aspects of bubble 

dynamics are examined in detail:  

(i) The formation of drops and the dominant interactions 

depending on the geometry in which they are formed.  

(ii) The transport of drops, namely the evaluation of drop 

velocity induced by the presence of the drop, the break up time, 

and the simulation time. 

Continuous phase versus disperse phase - the study of bubble 

velocity has been carried out using two different geometry 

designed based on the height h=50ɛm, and h=100ɛm considering 

the two phase fluid of ultra pure water as continuous phase and 

hexadecane as disperse phase. The works were carried out in two 

stages:  

a) Variation of the flow-rate of the continuous phase (Fc), while 

keeping fixed the one of the dispersed phase (Fd). 

b) Variation of the flow-rate of the dispersed phase (Fd), 

keeping fixed the one of the continuous phase (Fc). 

Water-Hexadecane 
   

Height ï 50ɛm  
   

Continuous 

Phase (Fc) 

Disperse 

Phase (Fd)  

Break up 

time [s]  

First bubble 

formed at 

Time [s]  

Simulation 

Time[ms]  

Velocity of 

the bubble 

[mm/s]  

0.2 0.2 0.0114 0.0214 129 35 

0.4 0.2 0.0096 0.0163 143 52.24 

0.9 0.2 0.0128 0.0169 146 85.36 

 

Table. 2.2. Result of Simulations of the channel height h-50ɛm for correct bubble break up 
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Figure. 2.18. Continuous phases Fc versus Velocity of the bubbles (mm/s) for height h=50ɛm 

 

Water-Hexadecane 
   

Height ï 50ɛm  
   

Continuous 

Phase (Fc) 

Disperse 

Phase (Fd)  

Break up 

time [s]  

First bubble 

formed at 

Time [s]  

Simulation 

Time[ms]  

Velocity of 

the bubble 

[mm/s]  

0.4 0.1 0.0215 0.0293 143 44.87 

0.4 0.3 0.0072 0.0129 145 61.4 

0.4 0.4 0.0063 0.0111 136 72.92 

 

Table. 2.3. Results of Simulations of the channel height h-50ɛm for correct bubble break up 

 

 

Figure. 2.19. Disperse phases Fd versus Velocity of the bubbles (mm/s) for height h=50ɛm. 

 

 

FC Fd 
BREAK UP TIME 

[s]  

TIME TO FIRST 

BUBBLE  

[s]  

SIMULATION 

TIME  

[s]  

VELOCITY OF 

THE BUBBLE  

[mm/s] 

0.02 0.04 No break-up - - - 

4 2 No break-up - - - 

 

Table. 2.5. Simulation Results where there is no break up for the bubble and a laminar flow 
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a) The flow rate of the continuous phase must be greater than 

or equal to that of the dispersed phase. In particular, for optimum 

operation, it is chosen to set based on the equation 2.3.                 

b) Changing the order of magnitude of the flow rate, the same 

device is not working properly. 

c) Unbalancing excessively the ratio between the flow rates in 

favor of one of the dispersed phase, shows the condition of 

stratified flow on the other hand, do not get the break-up. 

Water-Hexadecane 
    

Height ï 100ɛm  
    

Continuous 

Phase (Fc)  

Disperse 

Phase (Fd) 

Break up 

time[s]  

First bubble 

formed at time[s]  

Simulation 

time  [ms]  

Velocity of 

the bubble 

[mm/s]  

0.2 0.2 0.022 0.067 100 15.9 

0.4 0.2 0.011 0.055 100 25 

0.8 0.2 0.003 0.057 100 42 

 

Table. 2.4. Results of Simulations of the channel height h-100ɛm for correct bubble break up. 

 

 

 

Figure.2.20. Continuous phases Fc versus Velocity of the bubbles (mm/s) for height h=100ɛm 

Water-Hexadecane 
    

Height ï 100ɛm  
    

Continuous 

Phase (Fc)  

Disperse 

Phase (Fd) 

Break up 

time[s]  

First bubble 

formed at time[s]  

Simulation 

time  [ms]  

Velocity of 

the bubble 

[mm/s]  

0.2 0.2 0.022 0.067 100 16.4 

0.2 0.4 0.0235 0.045 100 25 

0.2 0.8 0.0645 0.0755 100 42.6 

 

Table. 2.5. Results of Simulations of the channel height h-100ɛm for correct bubble break up 
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Figure.2.21. Disperse phases Fc versus Velocity of the bubbles (mm/s) for height h=100ɛm 

 

2.2.4 CM  Comparison: Water-Air  Versus Water-Hexadecane 

The two disperse phases air and oil i.e. hexadecane has been 

tested out by maintained water as continuous phase. The four 

standard geometries and the 20 different flow rates (ɛL/s) have 

maintained to see the variation of two disperse phases.  

As in the previous section 2.1 the physical properties of two 

disperse phases has been explained that the density and viscosity of 

air is less than the oil i.e. hexadecane. The figure gives the idea that 

the points maintained the prototype. Nevertheless, the response of 

air compare to the hexadecane is tolerable to create bubble pattern 

to maintain the prototype of graph. But specifically the highlighted 

pink color points shows formation of weak air bubble flow that the 

response proves the prototype.  

Common Behaviors of water-Hexadecane and water-Air  
 

Flow 

continuous 

(ɛl/s) 

Flow 

dispers

e (ɛl/s) 

Fc(m
3
/h) Fh(m

3
/h) h=50 h=100 h=200 h= 600 

0.0056 0.0056 0.02 0.02 Bubble bubble slug wf 

0.0056 0.0556 0.02 0.2 Slug slug slug slug 

0.0556 0.0556 0.2 0.2 Bubble bubble bubble bubble 

0.0556 0.5556 0.2 2 Laminar laminar laminar slug 

0.5556 0.5556 2 2 Laminar laminar bubble bubble 

5.5556 0.0556 20 0.2 Wf wf wf wf 

5.5556 0.5556 20 2 Wf wf wf wf 

5.5556 5.5556 20 20 Laminar laminar laminar laminar 
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Table. 2.6. Common Behaviors of water-Hexadecane and water-Air phase varies height h 

 

Figure. 2.22 Comparison of two different disperse phases  

 

To complete the analysis, has been changed the fluid relative 

to the dispersed phase, in order to generalize as much as possible 

the results previously obtained. Therefore the hexadecane was 

replaced with air. Through the tests carried out, it was noted that 

the principle of operation of the devices remains unchanged. 

Furthermore, to achieve the same average speed of the bubbles 

along the channel, it is necessary to maintain a relationship 

between the flow rates such that: 

                       ὗ1.2ὡὌ ḗ 99% ὗ1,2ὡὃ                    (2.4) 

The results obtained are expressed below from the table 2.2 and 

3.1:   

         F1 

(CONTINUOUS 

PHASE) 

F2 

(DISPERSE 

PHASE) 

BUBBLE 

BREAKUP TIME 

[S]  

TIME OF F IRST 

BUBBLE  

[S]  

SIMULATION 

TIME  

[S]  

VELOCITY OF 

THE BUBBLE 

[mm/s] 

0.202 0.202 0.0126 0.0225 162 44.87 

0.404 0.202 0.0108 0.0175 135 61.40 

0.404 0.404 0.0064 0.0112 132 72.92 

 

Table. 3.1. Results of simulations with water and hexadecane 
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Figure. 2.23. Comparisons between the (F1 & F2) water-hexadecane and Water-Air versus 

Velocity of bubble 

 

2.3 Bubble Logic 

Nonlinearity is introduced into an otherwise linear, 

reversible, lowïReynolds number flow via bubble-to-bubble 

hydrodynamic interactions. A bubble traveling in a channel 

represents a bit, providing us with the capability to simultaneously 

transport materials and perform logical control operations. These 

show the nonlinearity, gain, bistability, synchronization, 

cascadability, feedback, and programmability required for scalable 

universal computation. With increasing complexity in large-scale 

microfluidic processors, bubble logic provides an on-chip process 

control mechanism integrating chemistry and computation [5] [8] 

[9]. 

However, pneumatic elastomeric micro valves require 

external macroscopic solenoids for their operation, and 

cascadability and feedback are currently lacking in microfluidic 

control architectures. Several reaction chemistries have been 
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implemented in segmented-flow two-phase micro-reactors, where 

individual nanoliter droplets traveling inside microchannels are 

used as reaction containers. 

 

Figure. 2.24. Bubble logic devices 

 

On-chip droplet management requires external control of 

individual gates. Devices that exploit the dynamics of droplets 

inside microchannels would make high-throughput screening and 

combinatorial studies possible, but passive techniques have not 

provided control over individual droplets. The bubble logic 

demonstrates that implements universal Boolean logic in physical 

fluid dynamics. This provides a droplet-level, internal, inherently 

digital flow control mechanism for microfluidic processors.  

 

Figure.2.25 Stream of bubble  

A bubble traveling in a microchannel can represent a bit of 

information as well as carry a chemical payload, making it possible 

to integrate chemistry with computation for process control. 

Bubble logic preserves the information representation from input to 

output; thus, devices can be cascaded, allowing implementation of 

combinatorial and sequential Boolean logic [6] [8] [9] . A bubble 
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can be transported to a desired location in a complex microfluidic 

network via a series of logic gates corresponding to an equivalent 

Boolean circuit. Purely hydrodynamic fluidic logic was used to 

build a trajectory controller, an all-fluidic display, nondestructive 

memory, and a simple computer.  

Because the high Reynolds numbers required for inertial 

interactions cannot be maintained in the microscopic geometries 

needed for higher operating speeds and increasing integration, 

fluids with non-Newtonian polymer additives have been used to 

realize a constant flow source and a bi-stable gate.  

Boolean logic in a Two-phase Newtonian fluid was 

implemented by changes in flow resistance. Bubble logic, based on 

hydrodynamic bubble-to-bubble interactions, is more similar in bit 

representation to theoretical billiard ball logic based on the elastic 

collision of particles [5].  

These schemes all conserve information, because during 

logic operation a bit is neither created nor destroyed. The pressure-

driven flow of bubbles in an interconnected microfluidic network 

can be described with a simplified dynamic flow resistance model.  

The pressure drop due to a long bubble flowing in a channel, 

where the bubble radius in an unbounded fluid is greater than the 

channel width and the continuous phase completely wets the 

channel surface, is nonlinear. For small flow rates, this increased 

flow resistance is primarily due to viscous dissipation in the thin 

film of liquid surrounding the bubble [6] [8][10].  

With the presence of surfactant molecules on the air-water 

interface, viscous dissipation in the lubrication film further 



 Chapter-2 

 

82 
 

increases as a result of the no-slip boundary conditions at the 

interface. 

     

 

Figure. 2.26. Bubble bit Representation (up) and the graph of bit representation (down).  

 

In this case, the pressure drop across a finite-length bubble is 

also linearly dependent on the bubble length until it reaches a 

critical value, beyond which it is constant. When a bubble traveling 

in a microchannel arrives at a bifurcation with low capillary 

number (where the bubble does not split because surface tension 

dominates the viscous stress), it chooses the branch with highest 

instantaneous flow.  

With an increased flow resistance due to the presence of a 

bubble in a microchannel, flow lines in surrounding interconnected 

channels can be perturbed. The nonlinearity in such a system arises 

from the introduction of interfacial force terms from the boundary 

conditions due to the presence of a free surface at the fluid 

interfaces. These nonlinear time-dependent interactions are the 

basis of our bubble logic gates. In the implementation oil bubbles 

has been produced in water (continuous phase). It has been 

explained AND/OR/NOT gates using two different geometries and 

a toggle flip-flop by applying bubble logic below. The modulators 
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program the device by producing a precisely timed sequence of 

bubble/droplets, resulting in a cascade of logic operations within 

the microfluidic channel sequence, exploiting the control of the 

path of the generated bubbles.  

The aim is to build a consistent computational fluid 

dynamics model of the process modeled by Navier Stokes Equation 

and phase field formulation to track the interface between the two 

fluids [10].  

These are the input flow rates of two phase fluids applied in 

AND/OR gates. On one hand water and hexadecane fluids input 

range lies in 0.02-0.2 to provide the bubble/droplet formation, on 

the other hand water-air fluids input range lies in 0.02-2. The logic 

gates have been proved with these flow rates is suitable to satisfy 

the bubble logic. 

 

Water-Hexadecane-T-junction 
   

Flow 

continuous 

(ɛl/s) 

Flow 

disperse 

(ɛl/s) 

Fc 

(m
3
/h) 

Fa 

(m
3
/h) 

h=50ɛm        

(And-

Or-I)  

h=100ɛm 

(And-

Or-I)  

0.0056 0.0056 0.02 0.02 bubble bubble 

0.0056 0.0556 0.02 0.2 slug slug 

0.0556 0.0556 0.2 0.2 bubble bubble 

(a) 

Water-Air -T-junction 
   

Flow 

continuous 

(ɛl/s) 

Flow 

disperse 

(ɛl/s) 

Fc 

(m
3
/h) 

Fa 

(m
3
/h) 

h=50ɛm        

(And-

Or-I)  

h=100ɛm 

(And-

Or-I)  

0.0056 0.0556 0.02 0.2 slug slug 

0.0556 0.0556 0.2 0.2 bubble bubble 

0.5556 0.5556 2 2 bubble bubble 

(b) 

 

Table. 3.2. Input flow rates applied in AND/OR Gate which has height h= 50ɛm and 100ɛm 
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2.3.1 Computational modeling for the AND/OR Logic Gates-1. 

As has already been mentioned in the introduction of this 

elaborate, one of the main applications of microfluidic today 

concerns the realization of "Lab-on-a-chip": these are devices that 

allow achieving, in a single chip of a few millimeters, operations 

(such as synthesis, separation, analysis, etc) which would have 

required the use of several laboratories.  

One of the limitations of Lab-on-a-chip is the need to use, 

for the various operations for control architectures of macroscopic 

externals such as pneumatic valves, pumps, syringes, computers. 

however, in continuous development study of a digital logic 

microfluidics, said "bubble logic" or logic in bubbles, whereby it is 

possible to realize a system of internal control of flows and of 

individual bubbles in the devices microfluidics.  

The logic bubble, and microfluidic circuits that are based on 

this logic, will be the main topic of this chapter, after an 

introduction to digital logic electronics. The microfluidic AND/OR 

Gate in figure 3.6 is a microfluidic device experimental proposed 

by the two engineers Manu Prakash (Cambridge, MA (USA)) and 

Neil Gershenfeld (Somerville, MA (USA)). The computational 

model and the meshing type of the computational model and the 

logic cases were explained in the following sections. 

 

Benchmark Experimental Model - This is where the reference is 

made for the realization of the CFD model. With this design, for 

which has been employed water, as fluid "carrier", and nitrogen for 

the bubbles, is able to simultaneously implement the logical 

operations AND & OR.  
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The geometry is planar, the thickness of all channels is equal 

to 7ɛm, and instead their length is not explicitly indicated. As 

regards the width of each channel, that of the channels A and B 

measure 5ɛm, that of channel A+B is equal to 65ɛm, while the 

width of the channel A·B size 4ɛm [6] . 

Channels A and B receive in input a constant flow of water 

(with a 2% surfactant "Tween 2" in solution) via syringe pumps. 

The flow rate of the inlet water is equal to Q=l.25ɛL/s, the 

surfactant is used to stabilize the interfacial surface of the bubbles 

which will form. Therefore mentioned bubbles are generated 

thanks to a geometry T-junction.  

For the generation of the same is used nitrogen at a constant 

pressure of 0.5psi [6] . The evaluation of the behavior of the logic 

gate was made by requiring two inputs the flow rate QA = QB = 

0.25 ɛL/s: When a single bubble, from channel A or channel B, 

reaches the central joint of the logic gate, will flow into the exit 

channel with the greatest flow instantaneous. In this case, 

therefore, the bubble will cross the channel A+B. In the case in 

which two bubbles, from A and B, simultaneously reach the central 

joint, there will be one that will flow through the channel A+B, 

while the other will flow through the channel A·B.  

 

 

                        (a)                                               (b)                                                (c) 

Figure. 2.27. (a) AND/OR Gate (b) Truth Table of AND/OR Gate (c) Logic Cases 

 

INPUTS OUTPUTS 

A B AND OR 

0 1 0 1 

1 0 0 1 

1 1 1 1 
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In general, the bubble that comes in advance at the central 

joint always take the channel A+B (as the latter presents less 

resistance to flow), increasing the hydrodynamic resistance of the 

same and pushing the other bubble at the channel A·B. In any case, 

two bubbles coming from the input channels only interact if arrive 

at the junction with a delay Ű0 ~ 0.5ms relative to one another. All 

cases logic for this microfluidic device to bubbles is summarized in 

figure 2.27.  

It is recalled that the logical value 1 corresponds to the 

presence of a bubble in the channel, while the logical value 

corresponds to the absence of bubbles. 

 

 Meshing - The mesh applied in this geometry is extended mesh 

has number of degree of freedom is 49463. The 2D domain of the 

AND/OR logic is discretized using an unstructured finite element 

grid with 5520 elements using sub-domain mesh parameter method 

as triangular. The base mesh of number of mesh point is 3043.   

 

 

 

Figure. 2.28. Refined Meshing of the Geometry  
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Geometry properties ï The first step towards the realization of the 

computational model is certainly the implementation of AND/OR 

gate geometries are: 

ü AND/OR gate geometry height-50ɛm 

ü AND/OR gate geometry height-100ɛm 

 

Referring to the measures outlined in the Patent for the 

logical port microfluidics. The two T-junctions at the top of the 

model produce a train of input air bubbles considering flow rate for 

height 50˃ m and 100˃ m of water and air respectively of 0.25ɛL/s 

& 0.0038ɛL/s and 0.864ɛL/s & 0.307ɛL/s.  

 

 

(a) 

 

(b) 

Figure. 2.29. Geometry of the AND/OR gate universal computation (a) height h=50ɛm (b) 

height h=100ɛm 

All measurements are given in microns. Only those in red 

were however detected by the Patent [9] of the microfluidic device 
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in question. The same document also lacks the details of the two T-

junction. To size the rest of the geometry, has made reference to 

the illustrations, which are present in the same Patent, obtaining the 

missing measures through proportionally. To obtain the correct 

functioning of the computational model, the geometry has been 

divided into 5 sub-domains as shown in the following images. The 

AND/OR logic gate which has height h=100ɛm has designed with 

assumptions to compare the behavior and the response of the two 

geometries. 

The universal computation AND/OR gate type-I is designed 

using the concept of standard geometry which has the thickness of 

the geometry and the width of the geometry is 50 and 100ɛm
2 

respectively. The two different colors represent the fluids that have 

been used in the simulation of the logic gate: water in blue as fluid 

"carrier", and air in red for the bubbles.  

By setting the water as fluid1 and air as fluid2, the 5 

subdomains have been configured in the following manner D1, D2 

and D4 set has water flow and D3 and D5 has air. 

 

 

Figure. 2.30. Subdomain settings of AND/OR gate universal computation 

 

Logic Cases - The produced train of bubbles always enters in the 

OR gate (+) which has a channel wider with less resistance than the 
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AND gate (Ț) and therefore directing a bubble arriving later to the 

former gate (Ț). The output signal from one gate to perform as an 

input signal for many gates can be realized by splitting bubbles at 

the center of the geometry.  

For each case, the values acquired by the phase field variable 

allow to detect the presence of disperse/continuous phase 

represented by a bit 1/0. Looking at the contour of air bubble, the 

signal shows when there is presence of air bubble by increasing its 

amplitude, and vice versa when there is no bubble. The following 

four cases are detected through the simulations:  

Case: 0-0 input flows have been set at A&B=0, that produces no 

bubbles and gives the output at OR & AND as ó0ô. The phase-field 

graph confirms that in all the 4 point it is ó0ô indicating no passage 

of bubble.  

Case: 0-1 When the bubble travelling in a microfluidic channel 

arrives at a bifurcation with low capillary number (where bubble 

does not split because surface tension dominates the viscous 

stress), it chooses the branch with highest instantaneous flow. With 

an increased flow resistance due to the presence of a bubble in a 

microchannel, flow lines in surrounding interconnected channels 

can be perturbed. The non-linearity in such a system arises from 

the introduction of interfacial force terms from the boundary 

condition due to the presence of a free surface t the fluid interface 

[6].  

These non-linear times dependent interactions are the basis 

of bubble logic [6] [10]. In case 0-1, the input flows have been set 

as A=0 & B=1 producing a bubble at time t=1.7ms from T-junction 
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(B) and giving the output at AND=0 & OR=1 as a passage of 

bubble in OR gate at time t= 4.3ms as shown in figure 4.0(c)-(d). 

The phase field graph explains that there is an input at B and output 

at OR with a sinusoidal signal confirming the dynamics. 

Case: 1-0 input flows have been set as A=1 & B=0. This produces 

a bubble at time t=1.7ms from T-junction (B) and gives the output 

AND=0 & OR=1 meaning passage of bubble in OR gate at time t= 

4.3ms as shown in figure 2.31(e)-(f). The signal of the phase field 

graph can be always representative of the dynamics.  

Case: 1-1 - AND/OR bubble logic gate that evaluates both AND (.) 

and OR (+) simultaneously as in necessary to satisfy bit 

conservation. The first bubble arriving at the junction always enter 

A+B (OR) (wider channel with less resistance), increasing the 

output flow resistance of A+B and thus directing a bubble arriving 

later to A·B (AND).  

In case 1-1, the input flow has been set as A=1 & B=1. This 

produces a bubble at time t=1.6ms from both T-junction (A&B) 

giving the output AND=1 & OR=1 at time t= 4.2ms as shown in 

figure 2.31(e)-(f). The phase field graph explains with a sinusoidal 

signal that there is an input at A & B and output at both OR & AND 

gate as a passage of bubble. 

 

(a) 

A B 

OR 
AND 
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(b) 

 

(c) 

 

(d) 

 

(e) 
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(f) 

 

 

(g) 

 

 

(h) 

 

Figure. 2.31. AND/OR Logic Cases and Phase Field Graph (a)-(b) Case: 0-0; (c)-(d) Case: 0-

1; (e)-(f) Case: 1-0; (g)-(h)  Case: 1-1 
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2.3.1.1 Focus on  two different type of disperse phase (air 

versus Hexadecane) 

From the previous analysis, the water-air and water-

hexadecane in the section 2.2.4 illustrates that the disperse phase 

air generates bubble faster than the hexadecane. Applying the 

concept in the computational modeling of universal logic gates 

using the flow rate mentioned above in the section 2.3.  To 

compare the response of two different disperse phase by applying 

the flow rate of water and air/hexadecane as 0.1667˃ L/s and 

0.1667˃ L/s. 

 

Case 0-1 ï The figure 2.32 shows the case 0-1(a) is the input of the 

AND/OR port B and satisfy the logic by allowing the bubble at OR 

gate in figure 2.32(b).  The response of both the disperse phase is 

almost same, infact the size of the bubble generated by water-air 

and water-hexadecane is also same but the bubble generated by 

water-hexadecane is stronger than the water-air even for the break 

up. See the graph 2.32(b)  of the bubble at the OR logic gate 

response. 

 

(a) 

 

(b) 

Figure. 2.32. Case 0-1 (a) Input portB. (b) Output at OR gate 
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Case 1-0 ï The figure 2.33(a) shows the case 0-1(a) is the input of 

the AND/OR port B and satisfy the logic by allowing the bubble at 

OR gate in figure 2.33(b). In this case, compare to the above 

comment the response at the OR logic gate is respectable. The 

simualtion  time is longer than case 0-1 for the bubble to to satisfy 

the logic.  

 

(a) 

 

(b) 

Figure.2.33 Case 1-0 (a) input at port A (b) output at AND gate. 

 

Case 1-1 The comparison of two disperse phase in the case when 

portA and portB is 1, AND&OR gate gets the bubble. The response 

is almost the same when compare to the logic condition but take a 

look at the figure 2.34(a)-(b) that the bubble formation has some 

delay with water and air. The bubble formation of water-air is 

lighter than hexadecane.  
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(b) 

 

(c) 

 

(d) 

Figure. 2.34.Case 1-1 (a)-(b) input port A and B (c)-(d) output at port OR & AND 

 

Thus the standard model shown in figure 2.7  can be a 

basement to design any kind of geometry and the equation 

generated flow rate can be applicable for any geometry to produce 

bubble flow. The apprendix shown the table coloumn of different 

response using flow rates for the geometry respectively.  

 

2.3.2 Computational modeling for the AND/OR Logic Gates-2 

The experimental design was taken from the work of 

scholars Lih Feng Cheow, Levent Yobas, and Dim-Lee Kwong 

Institute of Microelectronics in Singapore, published in January 

2007, bibliographic source.  
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Figure. 2.35. Geometry schematic of the logic gate AND-OR 

 

Schematically it is geometry like the one shown in the 

following figure has shown in figure 2.35 where A and B are the 

two inputs, the left branch is the output O and the right branch of 

the AND output. The channels are designed so as to achieve a 

balance between the hydraulic resistances that ensures the correct 

logical operation [7]. 

Benchmark Model - The experimental device just described is 

served as a starting point for the creation of a new CFD model of 

AND-OR logic gate. It describes what should be the proper 

functioning of the device in question: the drop from B will always 

OR branch, which offers less resistance [7].  

 

Figure 2.36.  Operation of the logic gate (a) Case 0-1; (b) Case 1-0; (c) Case 1-1; 

 

In the absence of drop from B, a drop from A is directed 

towards the branch OR, since the resistance offered by the latter 

less than the channel AND. In the presence of a drop from B, the 
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resistance offered by the channel increases and OR is transformed, 

then the drop from A crosses the canal AND. This operation is 

expressed in the figure. 

Geometry - In figure shows the dimensions with which the device 

has been realized. It can be seen how the geometry is divided into 

five sub-domains: D1, D2, D3, D4, and D5. Note that are not 

specified all sizes of generators, because they are two T-Junctions 

standards in figure 2.37. The flow rate of two fluids water and 

hexadecane are 0.111ɛL/s and 0.0889ɛL/s. 

 

Figure. 2.37. Geometry of AND/OR gate. 

 

Meshing ï It performs a discretization of the domain by means of a 

mesh composed of 11195 triangular elements: Given the 

complexity of the problem, it is required a very dense mesh to 

ensure a proper functioning of the logic. It has in fact been 

initialized, refined twice in full, additional time for domains with 

wet walls and one last time along the canal ring. Once this is done, 

it can be assumed that the phase of the design of the door. 
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Figure. 2.38. Refine meshing of AND/OR gates 

 

Logic Cases - On completion of the design phase, the simulations 

of the different logical cases, so as to be able to check the actual 

operation of the door. After completing the simulations for the 

different logical cases, it was considered a parameter of great 

significance in the study of a logic gate: the propagation delay. The 

propagation delay is the time it takes the gate to the output 

switches from when a switchover occurs at the input. It was 

assessed by analysis of the Phase Field function: it presents in fact, 

a peak at points where there are two phases then, evaluating it in 

input and in output to the door, one can verify the passage of a 

bubble and calculate the time employed. 

Cases: 0-1 - In this case the input B is held high by activating the 

relevant T-Junction, and low input A thus the bubbles generated go 

towards the exit OR, in fact this happens.  

It proved to be particularly important the choice of flow 

rates, more precisely the relationship between the dispersed phase 

is the continuous phase which, as already stated, amounts to 8%: in 

this way are obtained larger bubbles that are well adapted to the 
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channel (more wide compared to that of T-Junctions) both as 

magnitude that as consistency, managing to get well-defined exit.  

If this logic is what turned out to be less of a problem with 

the implementation, but gave important information on the inputs. 

By comparing the results in the input and output of the Phase Field 

function was obtained Ű=0.3s. 

 

(a) 

 

 

(b) 

Figure. 2.39. (a) AND/OR logic case 0-1 (b) Phase field function 

 

Cases: 1-0 - This is the mirror image of the previous case, in fact, 

is held high the input A and input B low, and it is expected that the 

bubble flowing along the channel OR, as actually occurs. 

This is the case more delicate for the port in question, since 

the need of the right balance in geometry that allows the bubble to 
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flow to the OR channel with no signal from B, but not when the 

input is high. To achieve the purpose, initially was carried out a 

purely static approach, considering only the hydraulic resistance 

offered by the channels; there is, however, realized that this was 

not sufficient for a proper functioning of the dynamic logic gate, 

therefore it was decided to combine all 'previous analysis also an 

improvement of the geometric configuration such as to render the 

device completely efficient. This improvement consists of an offset 

of 65ɛm channel AND over the output of its T-Junction. From 

simulations it is further noted, a dynamic quite slow compared to 

other cases, and this is confirmed also by an increase of the 

propagation delay. By comparing the results in the input and output 

of the Phase Field function was calculated t=0.6s 

 

(a) 

 

(b) 

Figure. 2.40. (a) AND/OR logic case 1-0 (b) Phase field function 

Cases: 1-1 - In this case, both inputs are high and consequently 

also both outputs. More precisely, the drop from A should slide 
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along the channel AND, while that coming from the input B should 

flow along the channel OR; what is in fact verified. This case 

logical needs of a particular matching with in case a 1-0 since the 

increase in resistance caused by the presence of bubble (from B) in 

O channel must be sufficient to divert the drop from A to port 

AND. Comparing the results in the input and output of the Phase 

Field function was obtained Ű =0.2 s for the output AND & Ű=0.15s 

for output O. 

 

(a) 

 

 

(b) 

Figure. 2.41.  (a) AND/OR logic case 1-1 (b) Phase field function 

 

Through computational model analysis of the T-Junction, it 

was possible to determine the geometric proportions that allow a 

numerical stability and achieve a dynamic characterization of the 

system, thus allows, from the flow of fluid input, the frequency the 

bubbles which will generate.  
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This activity has been of considerable benefit when the face 

of the work on the logic gate: being able to characterize the 

generators, it has been possible to better adapt the size, as well as 

the speed and timing of the bubbles so as to contribute significantly 

to correct operation of the logic of the door.  

For the implementation of the same has proved very useful 

the realization of the equivalent electric circuit, through which, 

given the correspondence between the Ohm's law and the 

Poiseuille Law, it was possible to perform a preliminary analysis 

fundamental in phase planning. The importance of Computational 

Fluid Dynamics in the design of a logic gate microfluidics, as a 

preliminary step with respect to an actual physical realization of 

the devices has shown.  

 

2.3.3 Computational modeling for the NOT Logic Gate 

The logic gates are devices that perform particular 

operations that are adjusted by the recognition of the output pulses. 

The recognition output must respect the Boolean algebra that is, the 

concept of true (logical 1) and false (logical 0) that corresponds to 

the passage in electronics or less current [7].  

From the circuit point of view, they are made by means of a 

transistor technology, usually CMOS, and are characterized by 

various parameters such as operating temperature, maximum 

applicable voltage, power supportable, but also related to design 

parameters such as the fan-in that is the number of inputs and fan-

out number of outputs. The logic gate NOT expresses the logical 

negation, i.e. if input a pulse true (1) in the output pulse will have a 

false (0). It is characterized by a single fan-in and fan-out a 
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multiple. As can be seen placed in a variable input, the output will 

have the same variable is denied, also known as complementary. 

 

Benchmark model - For the realization of the device was taken cue 

from an article by L.F. Cheow et al, Digital microfluidics: Droplet 

based logic gates, the microfluidic NOT gate has been 

implemented through the model in figure 2.42. 

This configuration has two inputs and three outputs. Inputs A 

and S having as fluid flows QA and QS respectively: ñAò is the 

pulse that carries information bit: 1 if there is a bubble in the 

channel at 0 if it is absent. ñSò represents the control input: is 

always active. The outputs that are three are respectively the first 

on the left is the output A of the central. A' is the negation 

respectively while the output of S is called Drain. The principle of 

operation of this microfluidic device consists of two parts: 

 

 

 

                               (a)                                                              (b) 

Figure. 2.42. (a) NOT logic gate in microfluidics (b) NOT gate Logic cases 

 

 


