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ABSTRACT

DETERMINATION OF AN ANALYTICAL RELATIONSHIP BETWEEN ENTROPY 
GENERATION AND MIXING EFFICIENCY FOR MICROMIXER APPLICATIONS

May 2017

Aric Martin Gillispie 

University of Central Oklahoma

Directed by: Dr. Evan Lemley

Abstract

This thesis presents a detailed computational analysis for a simple tee micro-mixing 

geometry. Micromixers have broad applications in heat exchangers and lab-on-chip (LOC) 

devices. Simply, a micromixer seeks to efficiently and quickly exchange one or more physical 

quantities, such as temperature or molecular concentration. The measure of how completely 

these quantities are exchanged is known as the mixing efficiency. For LOC devices an effective 

design will be simple and cost effective to manufacture, and provide the greatest mixing 

efficiency for the smallest device as rapidly as possible. 

The work here has two main objectives. First, an analytical relationship is sought that 

functionally relates the entropy generation to the mixing index for a simple tee shaped 

micromixer. Second, the work will serve as a guide to improve an existing micromixer through 

its developed methods. A thorough computational fluid dynamics (CFD) analysis is performed 

for a wide range of Reynolds numbers typical to micromixers with varying flow parameters.  The 

result are several analytical relationships that relate the relevant quantities of entropy generation 
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rate and mixing efficiency to the known flow and fluid parameters. Additionally, a simple 

relationship is derived that relates the mixing efficiency directly to the entropy generation rate

effectively proving a direct relationship between the two quantities. Finally, the relevant results 

are used to propose a design for a micromixer that provides high mixing efficiencies for a wide 

range of operating conditions. 
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Chapter I: Literature Review 

I.1 Introduction

Micromixers and microfluidic devices are making great strides in offering affordable and 

portable alternative solutions to large scale devices. Microfluidic devices provide a platform for 

biomedical applications such as medical delivery and tests and mechanical applications such as 

heat-exchangers, and a wide range of chemical applications [1-2]. 

functionality rely heavily on mixing. As such, many of these devices are termed micromixers. In 

the development of micromixers, the goal is to achieve the greatest mixing efficiency with the 

lowest energy expenditure, at the smallest possible size. This has led to many creative and 

innovative micromixer designs [3 14]. However, each of these share one main commonality. 

Each device serves to transport a quantity from one fluid to another, even if the fluid differs by 

something as simple as the temperature.  

I.2 Active Micromixers

Micromixers are classified into two categories: active and passive. Active micromixers 

utilize some mechanical means of physically causing the fluids to interact in a productive 

way[21]. The most common types of active micromixers include acoustic, dielectrophoretic, 

electrokinetic time-pulsed, electrodynamic force, thermal actuation, magneto-hydrodynamic 

flow, and electrokinetic instability. Regardless of the type, each requires some form of external 

power. As a result, the high mixing efficiencies is often overshadowed by the complexity and the

cost of manufacturing of the device. Table 1 outlines the types of active micromixers.  

Acoustic micromixers, or surface acoustic wave (SAW) micromixers, are active 

micromixers that use sound waves to enhance mixing in laminar flows. This is accomplished 
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through the use of electrodes that apply alternating current (AC) voltages at specific frequencies

that can generate waves on the fluid surface[1]. A major benefit to this type of active 

micromixers is its relative simplicity and large mixing forces. 

In a similar fashion, dielectrophoretic micromixers utilize AC or DC voltages to produce 

electro-osmotic flows through the use of low voltage generated electrokinetic rolls using 

microparticles [15]. Unlike acoustically disturbed flows, electrokinetic flows seek to make use of 

the electric field lines to stir the flow in the plane normal to the flow. Likewise, electrokinectic 

time pulsed mixers drive the fluid through the use of conductive particles, and mix them through 

pulsing the voltages [16].Further utilizing the conductive properties of various fluids

(specifically fluids with identical viscous and inertial properties), the electrohyrdrodynamic [17]

and magneto hydrodynamic [18] mixing techniques enhance mixing in traditional laminar 

micromixers. 

Finally, among the common active micromixers are those that utilize pressure and 

thermal perturbations. In pressure perturbation micromixers, the pressure is pulsed, generating 

rapid changes in downstream fluid velocities causing increased fluid species interaction[19].

Conversely, thermal actuation can be used to introduce bubbles into the microchannels that act as 

the mixing mechanism[20]. The mixing lengths, and achieved mixing indices are outlined in

Table 1.
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Table 1: Summary of Active Micromixers

Category Mixing Length (Dh) MI Reference

Dielectrophoretic 12.5 0.85 [15]

Magneto Hydrodynamic Flow 5 0.977 [18]

Acoustic 112.5 0.9 [23]

Electrokinetic Time Pulsed 2.5 0.88 [24]

Electrokinetic Instability 4.6 0.98 [26]

I.3 Passive Micromixers

The alternative to active mixers are passive micromixers. Passive micromixers fall within 

a wide variety of categories, and often rely on a combination of multiple types of mixing. 

Specifically, passive micromixers rely solely on the micromixing geometry to increase contact 

area between the fluids, with a dominating mixing medium of diffusion. 

To this end, to increase mixing in passive micromixers, there currently exist two modes

of mixing: chaotic advection and diffusion. Chaotic advection occurs when the geometry is 

designed to fold the fluids into each other to force interaction. Diffusion on the other hand is a 

function of time and contact area; therefore, mixing is often increased through lamination or 

injection. Naturally, quantities move from higher concentration to lower concentration and, when 

given enough time and contact area, will reach some maximum value of mixing. 

I.3.1 Chaotic Advection

Chaotic advection is a form of mass transfer that is utilized to increase the mixing efficiencies of 

micromixers. In general, chaotic advection occurs in directions perpendicular to the flow 

direction, increasing contact area and forcing the different fluid species to interact in a 
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productive way. This is mostly accomplished through a specific channel geometry that causes the 

fluid to split and recombine, fold, stretch, or break. Common flow geometries are implemented 

for a variety of different flow cases. These flow geometries include obstacles placed in the 

mixing length of the body[4][14], complicated two-dimensional and three-dimensional channels 

such as the 2D tesla [5], or variations of a 3D serpentine [27 31]. However, these geometries

require special and complex manufacturing techniques that increase the cost of implementing 

them in common applications. A common improvement over the three-dimensional micromixers, 

are two-dimensional geometries that incorporate a patterned wall with ribs and grooves at 

various angles in a variety of configurations[33 37]. Table 2 outlines the types of chaotic 

advection based mixers, and the typical flow parameters.   

Table 2: Passive Chaotic Advection Micromixers 

I.3.2 Diffusion

The other form of mixing specifically utilizes the natural tendency of species to migrate

from areas of high to low concentration through fluid contact, or diffusion. As such, the most 

productive means of increasing diffusion is causing the flow to increase its contact area. There 

are two mechanisms for accomplishing this task: lamination and injection. Lamination is the 

process of splitting the flow into sub-streams and then recombining them inside the opposite 

Disturbance Typical Velocities (mm/s) Typical Reynolds Number Reference
Zig-Zag 1.3-40 0.26-267 [14]

3D Serpentine 1-2000 0.1-70 [27 31]

Source-Sink ------- ------- [32]

Cylindrical Obstacles 0.17-20 0.2-0.25 [38][39]

Patterned Wall 0.01-50 0.01-6.65 [33 37]

2D Tesla 5 6.2 [40]
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fluid species. This effectively increases the fluid contact area from one face of contact to several. 

Parallel lamination occurs when the flow is laminated in a single direction, where serial 

lamination constantly laminates the flow in and out of planar directions (stages) using three-

dimensional channels. Injection simply forces the fluids of a one fluid species perpendicularly 

into the sides of the other fluid. Table 3 outlines typical parameters for diffusion micromixers.

Table 3: Diffusion Passive Micromixers

Parallel Lamination

Type
Typical 
Velocities 
(mm/s)

Typical Reynolds Number Reference

0.17-7000 0.3-500 [43 48]
0.27-200 0.4-80 [49 52]

Vortex 10000 200 [53]
Cross Shaped 5000-10000 170-340 [54]

Parallel 0.7-1.5 0.0035-0.07 [55] [56]

Focusing 1-50 0.15-0.5 [57] [58]

Serial Lamination Micromixers

Number of Stages
Typical 
Velocities

Typical Reynolds Number Reference

3 1-22 0.03-0.66 [59]

5-20 1.8 0.072 [60]

6 0.5 0.05 [61] [62]

1 0.25 0.0025 [63]

16 2 0.1 [64]

Injection Micromixers

Number of Nozzles
Typical 
Velocities

Typical Reynolds Number Reference

400 1.2 0.018 [65][66]

10-20 1 0.1 [67]

1
15 0.1

[68] [69]

I.3.3 Summary

Balancing chaotic advection and diffusion must lead to a passive micromixer that will 

yield an acceptable mixing efficiency in a desirable size and reasonable time. Typical mixing 

lengths and corresponding mixing efficiencies can be found in Table 4.
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Table 4: Summary of Passive Micromixers

Category Type Mixing Length (Dh) MI Reference

Lamination Wedge Shaped Inlets 0.0667 0.9 [71]

Zig-Zag Elliptic-shape Barriers 164 0.96 [72]

Embedded Barriers Vortices 64 0.72 [73]

Twisted Channels SAR 36 1 [74]

Surface Obstacle Shape 10 0.98 [75]

Surface T/Y mixer 10 0.95 [76]

I.4 Background

There are two quantities that are important when considering micromixers. Micromixers 

show a heavy reliance on the Reynolds numbers being achieved within the device. The Reynolds 

number is a dimensionless quantity that provides the ratio of inertial forces to viscous forces 

within a fluid species at a certain flow rate. Entropy generation is a quantity that defines the 

irreversibility of a system, and is often useful when discussing micromixers. Entropy generation 

can be determined for any quantity within a system. The available literature is replete with

discussions on entropy generation in different applications [91 100]. There are much fewer 

sources that discuss a possible relationship between entropy generation and mixing efficiency [9] 

that ultimately yield no analytical relationship. In fact, the relationships found in Muradoglu et al 

[9] are the closest results that can be found that could lend themselves to a direct means of

determining an analytical relationship, though this is neither recognized nor pursued in [9], and 

the type of mixer and even the analysis are vastly different than the results presented in this 

thesis.  
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I.5 Thesis Statement and Objectives

This thesis seeks to determine an analytical relationship among relevant quantities in the 

simplest form of a micromixer, a tee junction. A tee combines two fluids at anti-parallel 

branches, thus making it possible for the fluids to interact through parallel lamination. For this 

geometry, a working relationship between the Reynolds numbers of the fluids, the entropy 

generation rate, and the mixing efficiency will be sought. Additionally, these relationships will 

be pursued in such a way that they are independent of scale or include a simple conversion for

any arbitrary scale. This is important because it provides the possibility of validation regardless 

of the experimental size constraints. Using the work from the thesis, the goal is to improve 

existing micromixers (either in size reduction, time decrease, or mixing efficiency increase) by 

the use of a tee junction to combine two fluids. A macro-scale (order of centimeters) and micro-

scale geometry is created, and ANSYS Fluent simulations are conducted to calculate the 

volumetric entropy generation rates and the concentration fields in a three-dimensional model. 

This analysis is conducted over a range of Reynolds commonly accepted to occur in 

microchannels (0-200), with varying flow weightings at the inlets to increase parallel lamination 

and induce chaotic advection in the absence of flow obstacles. Finally, the work of the thesis is

applied in improving a micromixer that incorporates two modes of passive mixing: injection and 

chaotic advection, through the design of simpler mixer that utilizes chaotic advection and 

lamination. The summary of the objectives is provided below. 

1. Determine a relationship between the mixing efficiency and the Reynolds number for several

simple tee micromixers.

2. Determine a relationship between the volumetric entropy generation rate and the Reynolds

number for several simple tee micromixers.
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3. Determine a relationship between the mixing efficiency and the volumetric entropy generation

rate for several simple tee micromixers.

4. Develop relationships that hold for any scale.

5. Develop a simple micromixer that is an improvement on a current high efficiency micromixer.
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Chapter II: Theory

II.1 Governing Equations

The general form for conservation of a quantity L is derived from the fact that the sum of 

all changes in a control volume V must be equal to the sum of the losses and gains in that system. 

In integral form this is presented by:

Where v is the velocity across the surface, n is the unit vector normal to the surface, and S

represents the sources and sinks within the system. Applying this general form to momentum and 

mass respectively leads to:

Where:

And
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Where Fb is a general body force. The body force can be described more specifically for a real 

case by defining the body force to be a sum of the forces resulting from stresses on the control 

volume and the external forces to the system. Specifically,

Where is the stress tensor, and F is the sum of external forces. Separating the stress tensor into 

normal and shear stresses leads to the simplification of the Conservation of Momentum equation. 

The simplification comes from defining:

Where one can define:

Therefore, 

Applying the following assumptions appropriate for an incompressible, Newtonian fluid, with

constant viscosity, the above equations reduce to the Navier-Stokes equations:
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Where µ is the viscosity of the fluid. Applying a similar analysis for the species concentration of 

a fluid leads to:

Where C is the local concentration and D is the diffusivity of the fluid assumed here to be a 

constant. These equations when discretized to a finite volume provide the means by which a

solution can be determined computationally using the finite volume method.

For the analysis conducted by this thesis, a method for calculating the mixing efficiency and the

volumetric entropy rate is necessary. First, considering the mixing efficiency, Hossain, et al. [3]

provides a method for determining the mixing index MI as a function of the distributions of mass 

fractions in plane of a system such that:

Where 2 is the variance of the mass fraction and max
2 is the maximum variance that would 

occur for plane divided by weighted flow area, if no mixing would occur. Therefore

Where Ci is the local concentration at a cell numbered i and is the average concentration of the 

plane. To determine max
2 one should consider the weighted flow area plots. Considering two 

species with mass fractions 1 and 0 respectively with a flow weighting of:
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and Q is the volume flow rate at the inlets, with inlet 1 having a mass fraction of 0 and inlet 2

having a mass fraction of 1. The area weighted plots for unmixed flow with flow weighting wf is

shown in Figure 1.

Figure 1: Graphical Determination of wf

Where max
2 is presented in Table 5.

Table 5: Flow Weighting and Maximum Variance

wf 1 2 3 4 5

max
2 0.25 0.44 0.56 0.64 0.69

From the above, MI can be calculated, and the mixing efficiency can be determined to be 

where:

Examining the volumetric entropy generation rate, it is often considered to be the sum of thermal 

and viscous entropy terms. In Cartesian coordinates the volumetric entropy generation rate is:

Where the viscous contribution is:
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And the thermal contribution is:

Expanding this term to include the volumetric entropy rate associated with concentration 

gradients (both space and temperature affected) leads to:

However, this thesis explores the isothermal case such that:

Where

To be of the most convenient form, a non-dimensionalized version of the above equation will be 

sought, consistent with the non-dimensionality of the mixing index and the Reynolds number. 

The following non-dimensionalized terms are introduced:

And

Non-dimensionalizing using these factors leads to:



14 

Where:

With being a non-dimensionalized weighting factor.

II.2 Solution Models

To conduct the computational analysis, ANSYS® Fluent® was used. A pressure based 

solver was employed to obtain steady state solution for laminar flow while obtaining solutions 

for the energy equation and species transport. To obtain a solution, the volume was discretized 

by interpolating the field variables located at the cell centers to the connecting faces of each 

control volume. The solution was obtained for pressure-velocity coupling using the semi-implicit 

method for pressure-linked equations (SIMPLE). The pressure, momentum, species 

concentration, and energy were all discretized using a Second Order Upwind scheme, for 

increased accuracy over the range of conducted flows. The gradients were determined using the 

least-squares cell based method, essentially a node-based solution method. After discretization, 
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Fluent® solves and bases convergence on the continuity equations, energy equations, and 

concentration gradients where the residuals for convergence are held at 10-6.

II.3 Form of Results

In order to satisfy the thesis objectives, simulations were conducted to determine 

analytical relationships between the relevant design quantities: Reynolds number, mixing 

efficiency, and volumetric entropy generation rate. For a tee with combining fluids in the anti-

parallel branches, a non-dimensionalized linear relationship is sought to satisfy the following 

forms:

Where Equation 25 and 26 can be used to develop an analytical relationship for the entropy 

generation rate and the mixing index where:

With being a constant to be determined. The analytical expression should be non-

dimensionalized and independent of scale. Using this approach one could determine similar 

relationships for more complex geometries or estimate the effect of the easily determined fluid 

parameters in the development of similar micromixers. This thesis will use the determined 

relationships to improve existing micromixers through size reduction, shortening of mixing time, 

and increased mixing efficiency for existing or new micromixers.
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Chapter III: Methodology 

III.1 Preprocessing

The information that Fluent® requires is the inlet velocities (such that the desired 

Reynolds number is satisfied) where:

The pressure is not specified which allows Fluent® to calculate the necessary pressures that are 

required to achieve the specified flow rates. Finally, the diffusivity of the fluid species should be 

specified. The diffusivity of fluid A inside another fluid species B is defined by the Wilke-

Change correlation [103]:

III.2 Model Formulation

The model that is used for the analysis is a simple tee micromixer, where the fluid enters 

at anti-parallel branches and exits at the remaining and outgoing branch (Figure 2). The anti-

parallel branches of the tee have lengths consistent with the study that will be performed and the 

outgoing branch is long enough to be able to assume that the fluid is fully developed at the exit. 

This is known as outflow. There are two factors that are explored independently: flow weight at 

the inlets, and the amount that the fluid is developed at the inlets. To account for the latter, the 

model is designed to have inlet branches that are sufficiently long as determined by
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To allow for consistent and accurate results, the inlet branches are determined by the maximum 

Reynolds number that will be explored. In the case of exploring flow that is not fully developed. 

Branch inlets are taken to be long enough to specify a distance beyond the tee junction, but short 

enough to allow the fluid to be developed to differing degrees.  The tee junction itself is defined 

by:

However, the following lengths are considered to generate the models used for analysis.

Table 6: Naming Convention for Thesis Models

L1 (Dh) L2 (Dh) Fluid Result at Junction Model Name

35.5 35.5 Both Fully Developed L

35.5 2 One Side is fully developed, the other Developing H

2 2 Both Developing S

The assumptions made for the computational analysis of flow are: steady state, pressure 

driven, and fully developed at the outlet. The flow is Newtonian and laminar, satisfying the 

reduced form of the Navier-Stokes equations (Equation 5). Additionally, the flow is isothermal

with boundaries that are assumed to be non-slip and insulated. From these assumptions, Fluent®

can derive the results for the velocities, pressures, concentrations, and related gradients for which

the analysis will be conducted.
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Figure 2: Thesis Model
The hydraulic diameter is defined as:

However, when considering a rectangular geometry defined as in Figure 3.

Figure 3: Aspect Ratio of a Rectangular Geometry

Equation 31 simplifies to:
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The relationship for a and b is defined by:

For much of the thesis a square duct is considered or more specifically a duct with

In the consideration of different flow weights (wf), input parameters would be modified to satisfy 

Equation 9. Table 7 shows the convention for the model naming suffixes.

Table 7: Model Suffixes

wf Model Suffix

1 W1

2 W2

3 W3

Similarly, higher values of wf will yield corresponding suffixes. Due to the asymmetry of model 

H, it is important to note that when considering different flow weights, either branch could 

contain the faster moving fluid. To account for this, model H must be further classified to 

describe the status of the flow in each branch. 

Table 8: Further Naming Convention of the H Model

Flow Description Model Prefix

The flow is faster in the longer branch Hl

The flow is faster in the shorter branch Hs
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The analysis is further conducted to explore the impact of Reynolds number on the flow, a model 

is created such that the inlets have differing hydraulic diameters. This can allow for the 

identification of the impact of Reynolds number compared to the flow rate on the model. The 

model that is used is shown Figure 4.

Figure 4: A Model Geometry with Different Dh

Table 9 shows this model naming convention.

Table 9: Naming Convention for the Additional Model

After determining the models, two sets of geometries were created in SolidWorks®. One was 

created at the macro scale such that

Parameters Result Model Name
Q1=Q2 Re1=2*Re2 FR2w1

Re1=Re2 Q1=2*Q2 FR1w2
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And the other (microscale model) is defined by:

The macro models and the micro models were created for each geometry type to explore the 

effect of scale on the results. The experimental parameters are presented in Table 10.

Table 10: Fluid Properties

Parameter Value

Range of Reynolds Numbers 0.1-100

Diffusivity (m2s-1) 2.68*10-9

Density (kg*m-3) 998.2

Viscosity (Pa*s) 0.001003

Temperature (K) 300

III. 3 Grid Independence Study

After construction of the geometries, they were meshed using ICEM CFD . To determine the 

quality of the mesh, as well to determine where mesh refinement should occur, an open source 

visualization software, VisIt , was utilized. A mesh was determined to be sufficient when the 

plot of the velocity magnitude was smooth for the entire range of Reynolds numbers, and the

centerline velocity magnitude was equal to the theoretical center line velocity for a square duct 

determined by:
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Additionally, the velocity profile at the midplane was compared to the theoretical velocity profile 

at the appropriate Reynolds number for a square duct. The first mesh was a tetrahedral mesh with 

refinements at the faces and edges. The corresponding velocity magnitude plot are shown in 

Figure 5 for an arbitrary test case.

Figure 5: Non-Uniform Tetrahedral Mesh with Refinements

Clearly, the solution is not continuous, so a uniform hexahedral mesh was selected (Figure 6).

Just as in Figure 5 the solution is not continuous, but it is improved. In pursuit of a sufficient 

uniform hexahedral mesh, first the centerline velocity profiles were compared (Figure 8). The 

result for this approach are outlined below in Table 11. A comparison of the first (Figure 6)

and final mesh (Figure 7) iterations and their corresponding pseudocolor plots are shown.
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Figure 6: First Uniform Hexahedral Mesh

Figure 7: Final Uniform Hexahedral Mesh
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Figure 8: Centerline Profiles for the Meshes 1-4

Table 11: Grid Independence Study 1

Mesh 1 Mesh 2 Mesh 3 Mesh 4

Max Edge Length (L/Dh) 0.125 0.0625 0.03125 0.015625

Nodes per 1Dh3 Volume 649 4628 34864 270461

Maximum Centerline Velocity 
(m/s)

1.545E-
02

1.627E-
02

1.650E-
02

1.655E-02

%Difference (Mesh N, N-1) ------------ 5.15% 1.42% 0.30%

Due to the diversity of the quantities being considered, this study was expanded to include the 

viscous term of the entropy generation rate and the standard deviation of the mass fraction. These 

results are outline in Table 12. The study was conducted for a range of Reynolds numbers and 
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flow weighting to track the effect that each term independently has on the solution. The final 

mesh, as determined by the grid independence study, has 270461 nodes per 1Dh3.

Table 12: Grid Independence Study 2

w11

Mesh 1 Mesh 2 Mesh 3 Mesh 4

Nodes 44793 319345 2405601 18661825 --------- ---------- ----------

1.43E-09 1.79E-09 1.93E-09 1.99E-09 19.94% 7.41% 2.76%

0.4701060653 0.481484417 0.4845691712 0.4824115695 2.36% 0.64% 0.45%

w12

Mesh 1 Mesh 2 Mesh 3 Mesh 4

Nodes 44793 319345 2405601 18661825 --------- ---------- ----------

6.55E-10 8.05E-10 8.64E-10 8.91E-10 18.58% 6.82% 3.02%

0.3297863902 0.3790009577 0.4271677498 0.451705293 12.99% 11.28% 5.43%

w14

Mesh 1 Mesh 2 Mesh 3 Mesh 4

Nodes 44793 319345 2405601 18661825 --------- ---------- ----------

4.16E-10 5.26E-10 5.69E-10 5.87E-10 20.95% 7.45% 3.13%

0.2072995137 0.3442044608 0.4065826204 0.4351929383 39.77% 15.34% 6.57%
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Chapter IV: Results

To best understand the results, a key describing the flow cases is provided below. The key is 

generated from the naming convention developed in Chapter III.

Figure 9: Graphical Display of the Naming Convention
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IV.1 Mixing Efficiency versus Reynolds

In developing a functional relationship between the mixing efficiency and Reynolds 

number, simulations had to be conducted for a wide range of Reynolds number for every flow 

case in question. 

IV.1.1 Preliminary Results

First, using VisIt , the mixing index was calculated using Equations 7-8. The

calculations were done at several outgoing cross sections. The result yields a better 

understanding of the relationship between the mixing efficiency and the Reynolds numbers as it

relates to residence time of the fluid in the channel. The plots for each flow case are provided in

Figure 10- , and larger versions are in Appendix I.

Figure 10: Preliminary Results for Model S

Figure 11: Preliminary Results for Model L
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Figure 12: Preliminary Results for Model H

Figure 13: Preliminary Results for Model F

IV.1.2 Preliminary Conclusions

From Figure 10 , there are a few conclusions that help to guide the remainder of the

simulations and results for the thesis. These conclusions are outlined as follows:

1. Flow asymmetry in the form of differing flow weights (see models with wf  > 1), or in the form of

how developed a fluid is (Hw1 > Lw1), promotes mixing in a tee shaped micromixer.
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2. Assuming the fluids have different flow weightings, at a minimum the faster branch should be

fully developed. The other branch can be developing or fully developed with no impact on mixing

efficiency (Hlw2 > Hsw2).

3. Increased flow weighting increases mixing efficiency.

4. Branch width has little effect on the mixing efficiency when compared to the flow rates of the

fluid (FR1w2 > FR2w1). Thus, the mixing efficiency is driven mostly by flow rate, rather than

Reynolds number at a given flow rate.

Additionally, an important observation can be made. Clearly, at the lower Reynolds numbers, the 

mixing efficiency appears to be abnormally high. However, when considering the two modes of 

mixing: chaotic advection and diffusion. The driving mechanism for mixing at the lowest 

Reynolds numbers is the diffusion, as evidenced by the spacing of the results at different 

downstream diameters. Conversely, at the higher Reynolds numbers, the downstream distance 

has little impact, due to the low residence time of the fluid in the mixer. As mentioned

previously, it is not practical to rely on diffusion as the mode of mixing for most applications, so 

the diffusive impact needs to be removed, and the chaotic advection focused on. Figure 14

show the modes of mixing to be lamination and chaotic advection generated simply through

changing the flow weightings. 
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Figure 14:Plot of Mass Fractions for Hlw2 Re=5  at the midplane (Left) and Outgoing Cross Section (Right) at 5 Dh

Notice that for low Reynolds number flows, with close to symmetric flow weightings yields 

undesirable mixing efficiencies. However, with increased flow weighting, the contact area, and 

thus the mixing efficiency greatly improves (Figure 15).

Figure 15: Comparison of Mass Fraction Plots for Different Flow Weightings at 5 Dh.

To increase the chaotic advection then, the combination of increasing flow weighting and 

increasing Reynolds number can enhance secondary flows and contact areas thus improving 

mixing. 
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Figure 16: Comparing Flow Weightings at Higher Reynolds with Vectors Showing Secondary Flows at 5 Dh.

IV.1.3 A Modified Approach

To focus on the effect of the chaotic advection part of the mixing, the residence time has 

to be shortened for all flow cases for which the diffusion has a larger impact. To do this is in a 

standardized manner, the diffusion must be considered at the molecular level. For a stationary 

fluid, the time for a single molecule to diffuse through a fluid is given by:

Where stl(0) is the striation length. For complete mixing by diffusion, the striation length would 

be equivalent to the farthest distance a molecule would have to travel to mix into the other fluid. 

For the case of two entirely unmixed fluids with equal flow weight meeting in a tee junction, this 

distance would be equal to half of the hydraulic diameter of outgoing pipe. However, this time is 

hardly relevant if the scale is changed, so non-dimensionalizing Equation 36 leads to:
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Therefore, to lessen the residence time, we need to take 0.1% of the total time such that,

This equation, however, is more useful when considering the length that the fluid would travel 

during this time. Rearranging:

Taking the mixing efficiency at the cross section for this distance will isolate the chaotic 

advection in the mixing results. For the remainder of the results, all mixing efficiencies and 

volumetric entropy generation terms will be bounded by Lout as illustrated by Figure 17.

Figure 17: Schematic Demonstrating the Determination of Lout

Using this approach and revisiting the mixing efficiencies yields the results in

Figure 18.
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Figure 18: Mixing Index vs Reo at t*.

Clearly the observed effect of the diffusion portion has been lessened, though not completely 

eliminated, simply due to the fact that at lower Reynolds, the driving term is almost exclusively 

diffusion. Additionally, one should note that with the exception of the Hw1 plot, the shape of the 

curves is consistent leading to the conclusion that 1) when asymmetry is created through 

developing flow alone, there are other factors for mixing that should be accounted for, and 2) one 

could seek a relationship that is independent of flow weighting to derive a general analytical

expression. The form of the equation will be:

Where P is some non-dimensional normalizing function and and are constants to be 

determined.  The desired form of P would be a function whose value can be determined for other 

flow cases other than those that are presented here, such that:
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However, in the case of unity wf a relationship should be sought in the realm of other relevant 

parameters, such that:

Using these two functions the following is determined:

Figure 19: Graphical Determination of the Normalized Analytical Relationship

The analytical relationships that arise are:

Where:

And

The developed analytical relationships are independent of scale and applicable for any wf
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only holds for this particular geometry or similar geometries as demonstrated by this thesis. 

However, this process can be followed to develop similar relationships for any mixer.

IV.1.4 Comparing Micro and Macro Scale

When considering the mixing efficiency for the micro scale, it is helpful to first anticipate 

the results by analyzing the definition of t* and Lout. Looking at these parameters, it is clear that 

the decrease in contact area developed by the smaller scales is compensated by the increase in 

the length that the fluid interacts over. Interestingly, the increase in velocity that occurs for 

decreased channel hydraulic diameter at a constant Reynolds number, leads to a proportional 

increase in chaotic advection over the increased length to that lost in the fluid area over which 

advection could have occurred. However, the increase in velocity also makes it difficult to obtain 

convergence for some of the higher Reynolds numbers, though the collected data is sufficient to 

justify the result. This is seen in the comparison of the results for full and micro scale models in

Figure 20.

Figure 20: Graphical Comparison of Full and Microscale MI
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Therefore, it can be concluded that mixing efficiency when determined using this method is

independent of scale, so the analytical relationships developed for the full scale model are 

applicable for any scale.

IV. 2 Summary of Mixing Efficiency improvement.

Having conducted the analysis for a range of models, using several methods it is helpful 

to consider the results as a whole. Table 13 provides the mixing lengths and indices for pure 

diffusion (independent of Reynolds number, see Equation 36), pure chaotic advection (Equation 

43), and a combination of both diffusion and chaotic advection (Chapter IV.1.1).

Table 13: Summary of Mixing Efficiencies and Lengths for mixing Constituents at wf=1

w1

Pure Diffusion Pure Chaotic Advection Combined

Rein Reo Mixing Length(Dh) MI Mixing Length(Dh) MI Mixing Length(Dh) MI

1 2 9.37E+01 1 9.37E-02 0.016 30 0.411

10 20 9.37E+02 1 9.37E-01 0.019 30 0.098

25 50 2.34E+03 1 2.34E+00 0.025 30 0.064

50 100 4.69E+03 1 4.69E+00 0.035 30 0.055

100 200 9.37E+03 1 9.37E+00 0.034 30 0.047
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Table 14: Summary of Mixing Efficiencies and Lengths for mixing Constituents at wf=2
w2

Pure Diffusion Pure Chaotic Advection Combined

Rein Reo Mixing Length(Dh) MI Mixing Length(Dh) MI Mixing Length(Dh) MI

1 1.5 3.12E+01 1 7.03E-02 0.27 30 0.67

10 15 3.12E+02 1 7.03E-01 0.28 30 0.36

25 37.5 7.81E+02 1 1.76E+00 0.29 30 0.33

50 75 1.56E+03 1 3.51E+00 0.32 30 0.37

100 150 3.12E+03 1 7.03E+00 0.35 30 0.39

Table 15: Summary of Mixing Efficiencies and Lengths for mixing Constituents at wf=3

w3

Pure Diffusion Pure Chaotic Advection Combined

Rein Reo Mixing Length(Dh) MI Mixing Length(Dh) MI Mixing Length(Dh) MI

1 1.3333 1.56E+01 1 6.25E-02 0.39 30 0.78

10 13.3333 1.56E+02 1 6.25E-01 0.41 30 0.47

25 33.33333 3.91E+02 1 1.56E+00 0.43 30 0.44

50 66.66666667 7.81E+02 1 3.12E+00 0.47 30 0.47

100 133.3333333 1.56E+03 1 6.25E+00 0.51 30 0.51

Clearly for lower Reynolds numbers, the mixing relies most heavily on the diffusion, though the 

mixing times are impractical. Thus, to increase the mixing, chaotic advection should be invoked 

through the use of flow weight differences. As seen here, using this technique, the mixing 

lengths are shortened dramatically with a sharp increase in mixing efficiency. In practical 
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applications this means that the method developed here in this thesis can noticeably increase 

mixing efficiency within a shorter mixer, thus satisfying the goal of practical micromixer 

designs.

IV.3 Entropy versus Reynolds

The next objective to be accomplished is finding an analytical relationship between non-

dimensionalized entropy generation rate (Equation 19) for the volume discussed (Figure 17)

previously as a function of the outgoing Reynolds number.

Figure 21: Comparing Non-dimensionalized Entropy Generation Rates for Various Flow Cases at the Full Scale.

It is immediately apparent that entropy generation is linearly related to the outgoing Reynolds 
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Figure 22:Comparing Non-dimensionalized Entropy Generation Rates for Various Flow Cases at the Micro Scale.

Looking at the plots, two differences arise, scale and shape. For the total non-dimensionalized 

entropy generation, scale does impact the values. This could have been hypothesized considering 

the relative differences in 1 and 2 from Equations 23 and 24. So looking at the terms 

individually yields Figure 23.

Figure 23: Comparing Full and Micro Scale Entropy Generation Rates
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Comparing both scales above, one can develop the analytical relationships for the diffusive and 

viscous entropy generation terms separately.

Where SF=0.01 in standard SI units, and scaling down decreases SF accordingly.

Table 16: Determination of SF
Scale of the Model (1 for SI) SF

100000

100

1

0.1

0.0001

IV. 4 Entropy Generation versus Mixing Efficiency

This thesis hypothesized an analytical relationship between the mixing efficiency and the entropy 

generation for a micromixer. A main goal of this thesis was to demonstrate such a relationship. 

By taking the approach of developed in Chapter IV.1.3 and using similar analytical relationships 

between each quantity and the outgoing Reynolds number, the final analytical proof is straight 

forward. Because this thesis recognized the necessity of decomposing the entropy generation 

rates into its relative parts, the same format can be used to express the developed analytical

relationships. 
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The developed analytical relationships are devoid of scale, and are strictly applicable to this

particular set of micromixers, though it holds for any flow parameters within those geometries.

This procedure could of course be followed for any micromixers, and similar relationships be 

developed, making this work even broader than the specifically presented results.
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Chapter V: Application

V.1 Validation of Shih and Chun

Shih and Chung [7] attempted to develop a high efficiency planar passive micromixer by 

combining multiple types of individual micromixers. Specifically, their micromixer is designed 

to take advantage of injection mixing and increased chaotic advection through the placement of

obstacles. Their design was selected for the ease of fabrication and the wide range of applicable 

Reynolds numbers. Their micromixers produce a mixing efficiency at the outlet greater than 85 

percent. For this reason, their micromixer has been selected as a starting point for applying the

preliminary conclusions reached in Chapter IV in the creation of a better micromixer. 

V.1.1 Model Formulation and Grid Independence Study

First, consider the model that Shih and Chung developed. Through the use of the Taguchi 

method two separate designs were created. The models have been reproduced to specification. 

Figure 24: Model Developed by Shih and Chung
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In Figure 24:

G is defined as the gap-ratio where the gap would have thickness H. The overall thickness of the 

model is 120µm. The two cases being explored are:

To better define the necessary mixing lengths for each model (the length that is necessary to 

achieve the desired mixing efficiency), the model is further defined to include the locations

outlined in Figure 25.

Figure 25: Defining Locations for Analysis
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The locations of Ci are taken midway through the respective mixing units, where a mixing unit is 

a portion of the micromixer through which a change in geometry promotes mixing. Table 17

defines the location of these mixing units in the units appropriate to the developed model. 

Table 17: Definition of Cross Section Locations

Location Distance L (µm)
C1 780
C2 1260
C3 1740
C4 2220
C5 2700
C6 3180

To conduct the analysis to the specifications outlined in Shih and Chung [7], the fluid parameters 

in Table 18 were utilized. Though the temperature was not specified for this analysis, the same 

assumed conditions and boundary conditions as in the previous sections of this thesis were 

applied (non-slip, isothermal, and outflow), providing the same method for analysis, yielding 

results that are independent of temperature. 

Table 18: Experimental Parameters for Design of a High Efficiency Micromixer

Parameter Value

Range of Reynolds Numbers 0.1-100

Diffusivity (m2s-1) 3.23*10-10

Density (kg*m-3) 998

Viscosity (Pa*s) 0.00089
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V.1.2 Preliminary Results

Figure 26: Validation of Shih and Chung

Just as in [7] lower Reynolds numbers show a higher mixing efficiency (driven by 

diffusion), with a gradual decrease through the intermediate values and a sharp climb at the 

higher Reynolds numbers when chaotic advection is driving the mixing. Though the trends are 

the same as in [7], the values differ slightly. For consistency across the thesis, the analysis is 

conducted for uniform Reynolds at the inlets, where Shih and Chung maintained uniform 

velocity. Because the side branches have half the hydraulic diameter of the perpendicular branch, 

Shih and Chung would have experienced an Reo that is 1.5 times less than the results presented 

here, yielding a higher mixing efficiency at the lower Reynolds numbers and a lower mixing at 

the higher input Reynolds number, simply due to the fact that the Reo is lower, yielding lower 

chaotic advection. 
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V.2 Analyzing the Results

The above results are consistent with those obtained by Shih and Chung, and support the 

idea behind the design. A micromixer that achieves high mixing efficiency for the range of 

Reynolds numbers from creeping to moderate laminar values, with a minimum mixing efficiency 

of greater than 80 percent is considered a high performance (HP) mixer. In contrast, a mixer 

characterized by efficiencies less than 60 percent are termed low performance (LP) mixers.

These measurements were all taken at C6. However, there are a couple of things to consider 

about the design 1) though the design is fairly simple, there are still three inlets that each would 

require a micro-valve to produce the desired flow, so a simplification could be in the production 

of just two inlets, 2) the practicality is not justified in the context of pump head. These results 

merely assume, that the flows could be easily achieved, especially in the 1/8 model. The pressure 

heads taken through C6 are provided in Figure 27.

Figure 27: Analyzing the Pressure losses for the Two Designs
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These results mirror those produced by Shih and Chung. However, the greater mixing efficiency 

for G =1/8 comes at the cost of up to 9 times greater pumping power. This is simply avoided by 

the authors of [7], because they claim that relevant results are those at the lowest Reynolds 

numbers (less than 1), where the pressures are consistent with those found in LOC devices. 

However, as demonstrated by this thesis resident times for micromixers relying on diffusion are 

impractical.

V.3 First Iteration Improvement (Developing a tee esign)

In applying the work from thesis as a first iteration improvement over the micromixer 

developed by Shih and Chung, their specific design is simplified to include only a tee shaped 

entrance for the fluid, to eliminate the injection mixing that was originally implemented and to 

simplify it to include only flow weight differences. The design is given in Figure 28. This design 

only explores the gap ratio case of G=3/8 to seek an improvement for the LP mixer. 

Figure 28: First Iteration Design
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The other geometric design parameters remain consistent with Shi

analysis of the relevant results is provided as follows. The naming conventions and experimental 

parameters are defined in Table 19.

Table 19: Naming Conventions
Parameter Shih and Chung 1st Iteration Design

P Side Branch C6 Side branch C6

MI Taken at C6 Taken at C6

Model Name SC T

Naming Suffix wf (Chapter III.2)

Additionally, a new grid independence study was performed to ensure that the previous grid size 

was still applicable. As in Chapter III.3 this study was conducted for each wf. This analysis is 

displayed in Figure 29.
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Figure 29: Grid Independence Study for Applied Model

The final model has 189128 nodes per Dh
3. Computational limits prohibited the pursuit of a finer 

mesh. The relevant quantities that were checked for convergence were the entropy generation 

rate, the pressure loss and mixing index. Due to the inconsistencies for wf =1, the results for this 

model are considered qualitative only. However, the higher values of wf are the most relevant to

this thesis. All of the results for this First Iteration Design are outlined in Figure 30.
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Figure 30: Comparing Results for SC vs T models at C6



51 

From the above plots, it is clear that the obstacles are the major contributor to the 

pressure losses in the system, especially at the moderate to higher Reynolds numbers. Also, in 

looking at the mixing index, it is clear that for this First Iteration Design (arbitrary) mixer, 

increasing the flow weighting does increase the mixing index, even beyond 

[7]mixer, especially for higher flow weighting. In considering the midplane mass fraction

is more effective than simply relying on obstacle based mixing units. Additionally, in 

considering the mixing index as a function of the pressure drop, greater flow weighting 

contributes to a rise in mixing index of over 0.4 for the same pressure losses when comparing 

Tw1 and Tw10. However, it is undeniable that the mixing unit obstacles do contribute to Shih 

designed to increase the mixing efficiency through flow weightings and obstacles. 

V.4 Second Iteration: New Micromixing Technique

An obvious second iteration micromixer, to improve the overall mixing efficiency at a 

wide range of Reynolds numbers, would be one that placed obstacles in way to constructively 

increase the chaotic advection. Consider the modification of the previous design by simply 

Figure 31

demonstrates the need for placing the obstacles in a productive location. Notice the increased 

mixing at the corner behind the obstacles in the SC model when compared to the T model at the 

midplane. 
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Figure 31: Comparing Mass Fraction Distributions for SC and T Models

The new model (Figure 32) is specifically designed to address this design consideration. 

Figure 32: Second Iteration Model Design
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To create a more thorough analysis of the designed micromixer, several parameters will 

be considered. First, the results will be considered for both locations: C3 and C6. This will allow 

a fair determination of the practical shortest micromixer necessary to achieve the desired results. 

Additionally, the designed high efficiency micromixer (HEM) will be modified (HEMsh) such 

that

Where the parameters: W, G, and Wb are defined as in Chapter V.1.1. This leads to the 

considerations in Table 20.

Table 20: Modified Location Definitions

Name HEM and SC HEMsh

Location Distance L (µm) Distance L (µm)

C1 780 480

C2 1260 760

C3 1740 1040

C4 2220 1320

C5 2700 1600

C6 3180 1880
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A comparison of each of the models is presented in Figure 33 for clarity.

Figure 33: Comparing the SC, T, HEM, and HEMsh Models

Conducting the analysis for these models over the same range of input Reynolds and performing 

a comprehensive parameter analysis produces the results in Figure 34. Details of the plots can be 

found in Appendix II.
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Figure 34:Results for the HEM Models
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First, looking at the difference in C3 and C6 it is clear that the added length is likely not 

worth the marginal increase in efficiency, especially considering this gain is only practically 

significant in the HEM models. Additionally, looking at the difference in the full size and 

shortened models (HEM and HEMsh, respectively), the shorter model actually has greater 

efficiency for each case, though not significant. However, the fact that the efficiency is higher 

renders the longer model obsolete when trying to accomplish the design goal of having the 

shortest possible mixer. In considering the pressure differences across the different mixing units 

C3 and C6, the pressure is less at C3, but only slightly suggesting that the majority of the losses 

occur at the junction itself. Additionally, as with the analysis of the First Iteration Design, the 

main contributor to pressure losses is the gap ratio at a specific outgoing Reynolds number rather 

than the flow weightings. It is important to note that the designed mixer does yield slightly 

higher losses for the same outgoing Reynolds number. However, in considering the mixing 

efficiencies obtained at a given pressure drop (Figure 35), the HEMsh18w10 model provides 

greatly improved mixing efficiencies for the entire range of Reynolds number for the same 

pressure drops, making this mixer much more practical. Additionally, a mixing index of 1 is 

achieved for a much lower pressure loss. 

Comparing the mixing lengths and mixing efficiencies for each of the micromixers yields 

Table 21 which presents results for an intermediate incoming Reynolds number of 20. This 

number is selected, because as presented in this thesis, lower Reynolds numbers benefit from

diffusion and this falls in the specific range in which most micromixers operate.
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Figure 35: MI vs Pressure Drop comparison for HEMsh and SC

Table 21: Comparing Mixing Lengths and Indices for each Mixer

Mixer Rein Reo Mixing Length (Dh) MI

SC38 20 60 18.8 0.53

SC18 20 60 18.8 1.00

Tw1 20 40 34.45 0.18

Tw2 20 30 34.45 0.41

Tw10 20 22 34.45 0.61

HEMsh38w1 20 40 20.36 0.21

HEMsh38w2 20 30 20.36 0.42

HEMsh38w10 20 22 20.36 0.75

HEMsh18w1 20 40 11.27 0.92

HEMsh18w2 20 30 11.27 0.89

HEMsh18w10 20 22 11.27 0.96
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There are a few important notes to be made about the results displayed here. First, in

comparing the mixing index for the T series mixer that was designed, at higher wf provides 

noticeable efficiency gains that can be achieved over the SC38 model, though the mixing lengths 

are longer. However, applying the work of the thesis in the development of the HEMsh38 mixer 

yields appreciable gains over both the T series and SC38 with comparable lengths to those in the

SC38. Most notable is the HEMsh18 mixer. This high efficiency mixer has efficiencies that are 

nearly identical to the SC18 mixer while being 40 percent shorter. A comparison of the 

HEMsh18w10 mixer to other mixers is presented in Table 22.

Table 22: Comparing the HEMsh model to other Mixers

Category Type Mixing Length (Dh) MI Reference

Lamination Wedge Shaped Inlets 0.0667 0.9 [71]

Zig-Zag Elliptic-shape Barriers 164 0.96 [72]

Embedded Barriers Vortices 64 0.72 [73]

Twisted Channels SAR 36 1 [74]

Surface Obstacle Shape 10 0.98 [75]

Surface T/Y mixer 10 0.95 [76]

SC18 Simple Planar Mixer 18.8 1.00 [7]

HEMsh18w110 Simpler Planar Mixer 11.27 0.96 ------

In comparison to the other mixers presented above, the HEMsh18w110 is much simpler in 

design while providing higher efficiencies for much lower pressure and Reynolds operating 

conditions. Though the HEMsh18w110 presents slightly less mixing efficiency, for a savings of 
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40 percent mixing length, and simpler design that reduces the number of inlets by one, the 

HEMsh18w110 achieves the goal of micromixer design more completely.
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Chapter V1: Conclusions and Discussion

This thesis established clear objectives to accomplish two main goals. The goals were 1) to 

determine a relationship between the entropy generation rate and the mixing efficiency and 2) 

develop a simple micromixer that achieved greater than 90 percent mixing efficiency for a wide 

range of Reynolds numbers. To achieve these goals, the thesis was guided by five intermediate 

objectives that independently constitute major conclusions of this thesis. The objectives and their 

conclusions are outlined followed by further discussion of each. 

1. Determine a relationship between the mixing efficiency and the Reynolds number for

several simple tee micromixers.

Chapter IV.1-IV.2 demonstrates the relative impact of the diffusive and chaotic advection on the 

mixing at set distances downstream within a simple tee micromixer leading to the development 

of a method to limit the observed mixing impact of diffusion to determine a linear analytical 

relationship between mixing efficiency and the outgoing Reynolds number.

2. Determine a relationship between the volumetric entropy generation rate and the

Reynolds number for several simple tee micromixers.

Chapter IV.3 demonstrates a method for determining a correlation between the non-

dimensionalized entropy generation rate that led to an analytical relationship between the entropy 

generation rate constituents and outgoing Reynolds numbers for a set of simple tee micromixers. 

3. Determine a relationship between the mixing efficiency and the volumetric entropy

generation rate for several simple tee micromixers.

and

4. Develop relationships that hold for any scale.
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Having developed independent analytical relationships for both mixing efficiency and entropy 

generation as a function of the same outgoing Reynolds number, a straightforward linear 

relationship is developed between the non-dimensionalized entropy generation rate constituents 

and the normalized mixing index demonstrating a clear linear relationship between these 

quantities.

5. Develop a simple micromixer that is an improvement on a current high efficiency

micromixer.

In Chapter V the work relating to flow weightings as well as an investigation of another high 

efficiency micromixer, a new and simpler micromixer was designed that achieves greater than 90 

percent efficiency for all of the target Reynolds numbers, with a 40 percent reduction in length 

when compared to its competitor.  

A high performance micromixer is defined by achieving target mixing efficiencies 

quickly and in as compact a size as possible. Traditionally, these objectives are accomplished 

through very complex geometries that pose manufacturing challenges and introduce higher

manufacturing costs. Additionally, micromixers are often developed to accomplish high mixing 

efficiencies for a single set of parameters. The problem with this approach is quickly evident 

when trying to repurpose a micromixer for even slight changes in flow parameters. To make any 

estimations on how the changes will affect the mixing efficiency, an entire analysis would need 

to be conducted. To address this issue, this thesis develops a method for determining simple 

analytical relationships that are devoid of scale, and are valid for any flow parameters within the 

micromixer. Though the results presented in this thesis are valid for only these sets of 
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micromixers and represent over 17,000 compute-core hours of simulations on a super-computing 

cluster, this process can be used for any arbitrary mixer. To further extend the work of the thesis, 

the findings are used to guide the development of a micromixer that is competitive with those 

that can be found in the current literature.

The first objective was to develop an analytical relationship between both the mixing 

efficiency and the entropy generation rate of the micromixer and the outgoing Reynolds number. 

For practical design purposes, all of the design constraints are known. Specifically, it is almost 

always known what flow rates can be achieved, and what the geometrical constraints are. 

Therefore, one can easily determine the Reynolds number that will be achieved in the mixer. 

With this parameter alone, one would simply need to calculate the mixing efficiency and entropy 

generation for the mixer (both quantities are important when analyzing micromixers). This 

analysis was conducted for a simple tee mixing geometry as a guide for more complex mixing 

geometries and to determine ways of easily increasing mixing efficiency through simply 

changing flow weighting at the entrances. The analytical relationships are presented as Equations

43,46, and 47. An example calculation is conducted in Appendix III.

Second, an analytical relationship was determined for the mixing efficiency as a function 

of the entropy generation rate that is independent of scale. This thesis hypothesized a possible 

relationship between these two quantities, though prior to this thesis knowledge, 

there have never been any analytical results of this kind developed. As this thesis presents, it 

would not be possible to develop a single analytical relationship that is non-dimensionalized and 

devoid of scale. However, when considering the separate constituents of entropy generation, 

simple analytical relationships can be developed for each of these constituents as function of the 
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mixing index. This is particularly useful, because it can be used to determine either mixing index 

or entropy generation rate when provided with the other. 

Looking specifically at a major implication of the thesis, one could recognize the impact 

that increasing flow weightings has on the mixing efficiencies. For the simple tee utilized for the 

analysis, increased flow weighting directly contributes to sharp increases in mixing efficiency.

Taking this result and applying it to the development of another micromixer, this thesis 

demonstrates a few things. First, through the First Iteration Design presented in Chapter V.3, for 

a flow weighting of 1 to 10, a low performance mixer (as described in Chapter V.3) can be 

significantly improved. Additionally, expanding the application in creating an HP mixer, through 

the use of flow weighting and obstacles a mixer was created that achieved greater than 90 

percent mixing efficiency for a range of Reynolds 0.1 to 100 with pressure heads that are 

typically achievable in microscale devices for a broad range of flow rates. However, to further 

explore the practical applications of this mixer, a future analysis should be conducted for 

Reynolds less than 0.1 where some designs are constrained to such Reynolds numbers.
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Figure 37: Details of Hsw2 MI 

Appendix I: Chapter IV Plots  

 

 

Figure 36: Detail of Hw1 MI 
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Figure 38: Details of Hlw2 MI 

Figure 39: Details of Hlw3 MI 
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Figure 40: Details of Sw1 MI

Figure 41: Details of Sw2 MI
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Figure 42: Details of Lw1 MI

Figure 43: Details of Lw2 MI
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Figure 45: Details of FR1w2 MI 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Details of FR2w1 MI 
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Figure 46: Details of G=1/8, C6 MI

Figure 47: Details of G=3/8, C6 MI

Appendix II: Chapter V Plots
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Figure 48: Details of G=1/8, C3 MI 

Figure 49: Details of G=3/8, C3 MI 
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Figure 50: Details of P at C3

Figure 51: Details of P at C6
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Appendix III: Example Determination of MI and for an Arbitrary 
Case

Given a tee shaped micromixer with Dh=10µm, combining fluids with similar properties to water at 300 

k, where the design constraints limit the flow weight difference to wf = 5.6, how would the MI and be

effected by the Reynolds number?

Immediately, it can be determined that the minimum mixing efficiency is around 44%.

The remaining substitutions are all constant to the system. Plotting the results as function of the outgoing 

Reynolds number.
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Figure 52: Results from Appendix III Example
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