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ABSTRACT

The field of miscible fluid flows finds its way into a large number of household and
industrial applications in both macro and micro scales. Existence of this type of
flows can be observed in a variety applications ranging from our day-to-day life
such as, mixing of milk or alcohol into water, mixing of smoke into gases in the
atmosphere to that of industrial applications such as in the field of enhanced oil
recovery, transportation of crude oil in the pipe lines. In this type of flows, multi-
ple fluids/species involved in the process eventually mix to produce a homogeneous
mixture having no distinct interfaces among them. In a broader aspect, mixing can
be described as a process that leads to transport of species, temperature and phases
to reduce inhomogeneity. The degree of mixing is one of the primary measures that
determines how well the species mix into each other. Mixing of certain species can
also be accompanied by reactions. The field of combustion that involves mixing of
reacting species rely to a great extent on a rapid mixing of the reactants. Mixing
of liquids at micro scale has also gained significant attention in microfluidic appli-
cations profound in many biotechnological and pharmaceutical industries. As such,
this research area covers a wide domain that extents from micro to macro scale and
non-reacting to reacting flows.

Different approaches are available to numerically model a problem that basically
depend on the nature of the problem, viz., incompressible, quasi-incompressible or
compressible. Even though the Mach numbers are low, variable density miscible
flows are characterized by non-solenoidal divergence which necessitates a quasi-
incompressible assumption and therefore has been adopted in this work. This
approach is applicable for situations wherein density cannot be considered to be
constant even though the Mach number is less than 0.3 which is typical for flows
involving multiple species. The density of the mixture can vary both spatially as
well as temporally with no specific constraint on the density ratio (pmaz/Pmin). This
doctoral thesis primarily focuses on the development of a generic and robust finite
volume based quasi-incompressible numerical framework for non-reacting and react-
ing miscible flows on arbitrary hybrid unstructured meshes and its applications to
laminar mixing and combustion.
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vi ABSTRACT

The solver which is capable of handling both orthogonal and non-orthogonal
meshes (in two- and three-dimensions) in an efficient manner has been indigenously
developed with an emphasis on application to problems involving a wide range of
density ratios. A collocated grid arrangement that also uses unstructured data
is adopted making it capable of handling hybrid unstructured meshes, which can
be necessary when dealing with complex geometries. The temporal discretization
is done using implicit Euler time stepping whereas diffusive fluxes are computed
using central differencing scheme. However, for the convective fluxes, different flux
schemes with both first and second order accuracy, such as first order upwind (FOU),
Khosla-Rubin and the high resolution CUBISTA scheme have been implemented in
the present solver. The pressure-velocity decoupling typical of incompressible solvers
is avoided by using momentum interpolation.

A detailed analysis of truncation error and discretization errors has been per-
formed by using the method of manufactured solutions to quantify the numerical
errors associated with a particular convective scheme and to establish a relation
between the truncation and discretization errors. The truncation errors may be
computed apriori and provide a fair indication of the discretization errors which are
aposteriori determined. We attempt to devise some guidelines on the choice of con-
vection schemes based on these observations. Rigorous verification and validation
studies have been performed for a series of problems starting from simple lid-driven
cavity flow to mixing of gases as well as liquids in macro and microchannels. The
computed results are found to be in good agreement with previous computations
and/or experiments. The solver is shown to have nominal second order accuracy
and is then applied to simulate a few pertinent problems related to laminar mixing.

A major shortcoming of mixing of liquids in microfluidic devices is the poor
mixing capability because of the omnipresence of high Peclet number (Pe). There-
fore, to make the mixing faster in these diffusion dominated flows, where the typical
Reynolds numbers (Re) is less than 10, it is imperative to enhance the mixing
ability by using either active or passive techniques. We conceptualize of a novel
passive micromixer by incorporating thin curved ribs (as flow obstacles) to induce
additional transverse convection and explore its mixing ability, both in terms of
mixing efficiency (M) and pressure drop for the case of a two dimensional cross-T
microchannel. Comparison of the mixing indices for micromixers with curved ob-
stacles to that of the conventional straight ribs shows that the use of curved ribs
lead to marginally higher value of mixing efficiency (M = 45%) than that obtained
with straight ribs (M = 43.4%). However, the key observation is that this can be
achieved with a significantly lower pressure drop than obtained with straight obsta-
cles. Furthermore, a complete set of parametric studies are performed showing the
effects of different geometric and flow parameters on the mixing ability of the mi-
cromixer such as number of modules (V,,), angle of inclination () of the obstacles,
axial spacing between obstacles (s), its size (I) and inlet Re. Studies reveal that M
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ABSTRACT vii

increases with increasing the number of modules as well as the size of the obstacles,
while negative angles lead to much higher pressure drop than compared to that of
their positive angle counterparts although both render nearly same mixing efficiency.

Motivated by the superior mixing performance observed in a two-dimensional
cross-T microchannel by using the newly devised curved ribs, we extend the work to
a more realistic three-dimensional configuration. However, for the three-dimensional
channel, a substantial enhancement in mixing efficiency has been observed with the
values of 61.3%, 47.6% and 24.3% for microchannels with h = H = 140 pym, 6 = 45°
, 1 =0.2 mm and N,, = 4 for curved obstacles, straight obstacles and without ob-
stacles, respectively, where h and H are the heights of the ribs and main channel,
respectively. Not surprisingly in this case also the superior mixing is obtained with
lesser pressure drop for curved ribs than straight ribs. Results showed that the ex-
tent of mixing attained is determined by the strength of the secondary flows. It has
been found that the magnitude of the transversal velocities (v and w) are higher for
the channels with curved ribs than that of straight ribs, which however, is almost
negligible for plane channels. For the effects of different geometric parameters, it
has been found that M is proportional to the number of modules. Unlike intuitive
expectations, the mixing process does not show a monotonic trend for angle of in-
clinations. On the other hand, an increasing-decreasing trend of mixing indices is
observed for size and height of obstacles.

A study on gaseous mixing in corrugated channels is also carried out. We discuss
the mixing behavior of a binary, non-reacting gaseous mixture of argon and air in
a counterflowing horizontal channel with waviness imparted along the channel walls
and the dominant mechanism of mixing is brought out through extensive numerical
simulations. Results show that wavy channels lead to enhanced mixing compared
to that of a plane channel. The vortex patterns which arise out of asymmetries
in the wavy geometry seem to manifest in the mixing efficiency. The use of asym-
metric channels i.e. with 0° phase difference (PD) showed better mixing capability
(M=97%) than their symmetric counterparts with 180° PD (M = 74%) for oth-
erwise same configuration. A closer look reveals that the 180° PD channel has a
symmetric recirculation pattern (involving clockwise and counterclockwise vortices)
during a single period while the 0° PD channel exhibits an asymmetric pattern of
recirculation in one period. The numerical results reveal that the alternate recircu-
lation zone patterns in the former causes higher transverse velocities which combine
with diffusion to enhance mixing. Detailed parametric studies are performed for the
effects of wavelength (), amplitude (a), Re and Pe on the mixing performances of
asymmetric wavy channels. It is found that M is maximum (97%) for the case of
16 waves having A = 0.718h among the different wavelengths studied raging from
2.3h to 0.328h. It has also been found that mixing efficiency increases with increase
in amplitude and decreases with increase in Re.
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viii ABSTRACT

As a final step, attempts have been made to extend the approach to simulate
high density ratio flows such as mixing of gaseous reacting species. The presence of
reactions in itself makes this a challenging endeavor and this study, therefore, must
be considered as a preliminary work involving only laminar gaseous diffusion (non-
premixed) flames. Before attempting the reacting flows, first, validation studies for
high density ratio non-reacting natural convection flows are performed. It is then
followed by implementing the numerical approach, based on the flame sheet concept,
for reacting flows wherein a global single step reaction mechanism may be assumed
for the chemistry modelling. The complete chemical state is determined by solving
only one source-free conservation equation for the mixture fraction (Z) which is a
conserved scalar. The mass fractions of all reactants and products are deduced from
Z. A validation study involving laminar methane-air diffusion flame with bench-
mark solutions demonstrates the efficacy of the quasi-incompressible framework.

This doctoral thesis thus presents a comprehensive numerical framework for mis-
cible flow interactions largely in a non-reacting environment and its applications to
laminar mixing which is an indigenous contribution to the field. The thesis con-
cludes with a summary of the main findings and some recommendations for future
research that can further improve the potential of the numerical framework.
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Chapter 1

Introduction

1.1 Background

The field of miscible fluids, whether liquids or gases, finds its way into a large num-
ber of scientific and industrial applications both in macro and micro scales. As the
name itself suggests, this category of fluids has the ability to mix into one another
when they come in contact that results in a homogeneous mixture leaving no dis-
tinct interfaces among them. In a broader aspect, mixing can be defined as a process
that leads to transport of species, temperature, and phases to reduce inhomogene-
ity. The degree of mixing is one of the primary measures that determines how well
the species mix into each other. Applications are often seen in our day-to-day life
such as, mixing of milk or alcohol into water, mixing of smoke into gases in the
atmosphere. In regard to the industrial applications, one can see their uses in the
field of enhanced oil recovery [1], transportation of crude oil in the pipe lines etc.
Mixing leads to secondary effects such as reaction and phenomena such as combus-
tion rely to a great extent on a rapid mixing of the reactants prior to burning in
industrial reactors. Another practical field of application where mixing of different
liquids has gained substantial attention is in the microfluidic applications. The in-
creasing demand of process industry, pharmaceuticals analysis and biochemistry has
been gaining ground in the development of microreactors, particularly for chemical,
biological, and medical applications. This has led to miniaturization of one or sev-
eral laboratory processes down to a chip format, commonly referred to as lab on a

chip (LOC) technology. LOC technology has been applied in a wide range of pro-
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cesses such as polymerization, organic synthesis, enzyme assay, cell analysis, clinical
diagnostics, and drug delivery studies [2]. Keeping a view on the importance of
small-scale mixing for all the microfluidic applications, one can easily appreciate the
need of a microscale mixer, commonly termed as micromixers. These are basically
comprising of channels that are having characteristics length scales of the order of
microns, also known as microchannels !, typically having the order of dimensions of

human hair or less.

As such, one can see that, the field of mixing of miscible fluids has extended over
a wide domain ranging from macro to micro scales, liquids to gases, non-reacting to
reacting. However, the performance of any mixing process depends on how efficient
the mixing process is. The faster the rate of mixing, the better is the process. There
are many different mechanisms to provide mixing in macroscale such as molecular
diffusion, eddy diffusion, advection, and Taylor dispersion. Eddy diffusion is the
transport of large groups of species and generally requires a turbulent flow. How-
ever, at microscale level, viscous effect is dominant and hence, inducing turbulence
is rather impossible in micromixers. Thus, mass transport via eddy diffusion is not
feasible in micromixers and the mixing can be achieved by the other means. For
e.g., advection which is the transport phenomenon caused by fluid motion and Tay-
lor dispersion which is advection caused by a velocity gradient. However, the specific
Reynolds number (Re) for flows in micro level is very small. At these low Re, fluid
streams do not interpenetrate leading to convection to take place only in the direc-
tion of flows. As a consequence, mixing relies certainly on molecular diffusion. The
transport mechanism of molecular diffusion is characterized by the molecular diffu-
sion coefficient. For gases, the characteristic diffusivity constants are in the order of

-1

1075 m?.s7! whereas for liquids it is in the order of 1072 m%.s~! [3]. Consequently,

diffusive mixing itself becomes a very slow process especially for liquids.

To get an idea of mixing time scales in the micromixers, let us take the example
of deoxyribonucleic acid (DNA). DNA has diffusivity coefficient, D = 1071% m?.s7!.

Therefore a typical mixing time to diffuse in a microchannel of characteristic length

IThe words micromixer and microchannel are used interchangeably and both refer to the same

configuration
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(1) of 100 pm is
2 —4 2

tdiff:%:%:m()s (1.1)
Considering a velocity of 1072 m.s™! (typical for water-based microfluidic system),
it would require a distance of about 10 cm to completely diffuse. However, mi-
cromixers are intended to fully mix the fluid in the shortest possible distance down
the channel, favorably of the order of millimeters rather than centimeters. Demand
for longer lengths of the channel defeats the salient purpose of miniaturization. As
such, it is not worth to rely on diffusion alone for achieving good mixing. Therefore,

efficient mixing techniques are always warranted to enhance the mixing rate.

In the recent past and present, a large volume of research, both experimental and
numerical, has been dedicated to analyze the physical aspects of mixing of multiple
species and ways to rapidize it. With the advancements in computational facilities
that tend to lower the cost of computational simulation relative to experimenta-
tion, computational fluid dynamics (CFD) has become one of the most powerful
and versatile methods for simulating fluid flow problems. It plays a key role in their
development and optimization of any new design. Unstructured finite volume meth-
ods (FVM) is one of the several popular approaches, to carry out CFD simulations
for fluid flow problems. Furthermore, unstructured framework provides the flexibil-
ity of construction of hybrid meshes and it helps in meshing complicated geometries
with relative ease. As such, CFD simulations are highly popular within the scientific

community.

There are different approaches available in literatures to model a problem nu-
merically. The selection of the approach is basically governed by the physical nature
of the problem, i.e., incompressible, quasi-incompressible or compressible. Among
these three approaches, the quasi-incompressible approach has been adopted in the
present work. This approach is applicable for situations wherein density cannot
be considered to be constant even though the Mach number (Ma) is less than 0.2.
However, for problems of mixing of multiple species, the mixture density actually
varies both spatially as well as temporally. This may give rise to a very high to low
density ratio (pmaz/Pmin) for problems such as non-reacting to reacting mixing of
species, respectively. The primary causes of density variations are

e gradient of temperature: e.g. natural convection, mixed convection problems.
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e species concentration gradient: e.g. non-reacting mixing of liquids as in mi-
cromixers.

e combination of both: e.g. reacting flows.

The low Mach number formulation dedicated to quasi-incompressible flows has
the ability to capture the flow physics for a wide range of variable density prob-
lems. As such, for numerical modelling of quasi-incompressible flows, the low Mach
number formulation offers a generic, robust framework for a wide range of variable

density problems.

However, numerical modelling of flows involving mixing multiple species is chal-
lenging too. For the case of reacting mixing the computational cost becomes a
critical parameter if the number of species involved is large enough. For exam-
ple, oxidization of methane, the simplest hydrocarbon, involves 53 species. This
means, one has to solve at least 52 species conservation equations along with the
momentum and the continuity equations, to completely characterize the flow field.
Another challenge in numerical simulation of mixing of liquids is to ensure that
the solutions do not get overly diffused particularly when physical diffusion plays a

major role such as in microfluidics due to the numerical error called as false diffusion.

On the basis of the aforementioned considerations, in the past, various method-
ology for handling variable density quasi-incompressible flows has been developed
in the purview of reacting flows. Moreover, new measures, both active and passive,
have been proposed with the focus to achieve the best mixing by utilizing a shorter
length of channels. In this regard, a detailed literature review has been presented in

the following section which is then followed by motivation and research objectives.

1.2 Review of Literature

The primary focus of this doctoral thesis is to develop a generalized three-dimensional
numerical framework for non-reacting and reacting miscible fluid flows in the low
Ma limit. Moreover, it has already been described in the previous section about the
importance of making the mixing process faster for both reacting and non-reacting

mixing flows. Substantial works have already been carried out to propose differ-
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ent techniques to enhance the mixing behavior of micromixers. In this section,
first a detailed literature review has been presented on low Mach number formula-
tion available to model quasi-incompressible flow solver. Some literatures related to
verification and validation of a developed numerical solver and for controlling of nu-
merical diffusion are also reported. Thereafter, literatures pertaining to rapidize the
mixing capability of micromixers have been discussed in detail, specially focussing
on different passive mixing techniques. However, some literatures are also provided

for different active mixing techniques for completeness.

1.2.1 Low Mach number formulation

The use of low Mach number model for handling quasi-incompressible or pseudo-
compressible flows are found immense attention in the literatures. In this line the
first work was carried out by Paolucci [4]. He derived a set of Navier-Stokes equations
specially for low Mach number flows by removing the sound waves from the general
governing equations without loosing much of the physics. These equations which
are more general than the Oberbeck-Boussinesq approximations, can be used for the
computation of convection in a fluid with large density gradients. Similar formula-
tion has been adopted by LI [5] in his thesis work for numerical simulations of natural
or mixed convection in vertical channels. Pember et al. [6] presented an adaptive
projection algorithm based on low Mach approximations that consists of evolution
equations coupled with a constraint on the divergence of the flow for modelling un-
steady, low-Mach reacting flow in an unconfined region. Day and Bell [7] extended
the work of Pember et al. [6] by introducing the use of a symmetric operator-split
approach that is second-order accurate in time for the simulation of laminar reacting

flows with complex chemistry.

Nicoud [8] proposed three dissipation-free finite-difference algorithms to solve a
low-Mach number approximation for the Navier-Stokes equations. The key ingredi-
ent common to each of the methods presented is a Poisson equation with variable
coefficient that is solved for the hydrodynamic pressure. Knikker [9] presented five
different algorithms for the simulation of low Mach flows with large temperature
variations and made a comparative study of all these algorithms. Ebrahimi-Kebira
et al. [10] extended a novel dual-purpose, pressure-based finite-volume algorithm to

simulate laminar-mixing and reacting flows in low Mach number regimes. They
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reported that their algorithm can improve the capability of any incompressible
SIMPLE-based algorithm.

1.2.2 Verification and validation of numerical solver

During the recent decades, CFD has become a powerful and versatile tool for simu-
lating fluid flow problems. However, to ascertain that the computed results are an
accurate representation of reality, a rigorous testing of the numerical model is of ut-
most important. One of the ways to verify the numerical model is by performing the
order-of-accuracy study. Roy et al. [11] used the method of manufactured solutions
(MMS) to accurately evaluate the discretization error in the numerical solutions ob-
tained from the compressible CFD code Premo. Through global discretization error
analyses, they showed that Premo code is free from coding mistakes in the spatial
discretization for uniform meshes. Roy [12] in his work provided a broad overview
of the two aspects of verification procedures namely, code verification and solution
verification for computational simulation. Eca and Hoekstra [13] presented manu-
factured solutions for code verification of Navier-Stokes solvers for two-dimensional,
unsteady flows of an incompressible fluid. They reported that with MMS frame-
work it is possible to study the influence of the two main sources of the numerical
error, viz, discretization error and iterative error, on the numerical error of unsteady
flow calculations. A comprehensive framework for verification, validation, and un-
certainty quantification of scientific computing applications was given by Roy and
Oberkampf [14]. Shunn et al. [15] used MMS to verify the convergence properties
of a low-Mach number, variable-density flow code with respect to three problems
relevant to combustion applications. They showed that linear interpolation of the
equation-of-state causes numerical fluctuations that impede convergence and reduce

accuracy.

Another aspect of CFD simulations of mixing of liquid species is to accurately
resolve the mass transfer rate. For gases with Sc numbers in the order of O(1), mass
transfer occurs on the same length scale as the momentum transfer and convective
flow, whereas, for liquids with Sc¢ number in the order of O(1000) or even higher,
exhibit very short mass transfer length scales [16]. As such, numerical grids for mix-
ing simulation must be very fine to correctly resolve the mass transfer length scale.

If not done, it can over predict the degree of mixing due to the inherent drawback
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of false (or numerical) diffusion. False diffusion arises because, the numerical ap-
proximations for the advective terms in the governing differential equations contain
truncation errors that can artificially increase the diffusive transport of species in
the numerical solution. It results in smearing of sharp gradients and hence it can
overpredict the degree of mixing. For most liquid flows, due to high Peclet (Pe)
numbers, false diffusion often masks the molecular diffusion of the fluid, making the

solution inaccurate.

Different numerical schemes exhibit such behavior to varying degrees. Liu [17]
developed a method to quantitatively measure the effect of false diffusion on scalar
decay rate. This method computes an average false diffusivity from a given nu-
merical solution and is not limited to any particular numerical scheme. Bailey [18]
examined and quantified the amount of false diffusion associated with the often
recommended and versatile second-order upwind method through a series of numer-
ical simulations conducted using a standardized problem on both structured and
unstructured meshes. He proposed a procedure for managing false diffusion when

simulating steady, liquid micromixing.

1.2.3 Passive mixing techniques

There are two basic techniques exploited to enhance mixing at the microscale. Based
on these mixing techniques, micromixers are classified into two categories, viz active
and passive, depending on whether mixing is assisted by an external stirring mech-
anism or not. Stirring means the advection of material blobs subjected to mixing
without diffusive action [19]. Passive mixers were the first microfluidic device re-
ported. They do not require any external source of energy other than the pressure
head used to drive the fluid flows at a constant rate. Mixing in passive micromix-
ers relies predominantly either on inducing convective transport of the species in
transverse directions or by enhancing molecular diffusion itself. The primary way
to achieve this is by the geometrical manipulations of the channel to induce trans-
versed advection effects realized to manipulate the laminar flow pattern within the
microchannels or to increase the contact area and contact time between the different
mixing species. Several review papers on mixing in microchannels provide a com-

prehensive account of the research in this field [2,20-23].
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These are less expensive and more convenient to fabricate than active micromix-
ers, and can be easily integrated into more complex LOC devices. The passive
micromixers can be broadly categorized as basic micromixers, multi-lamination mi-
cromixers and chaotic micromixers. The following section provides a detailed review

of literature for this category of microfluidic devices.

1.2.3.1 Studies on basic micromixers

T- and Y-shaped micromixers are widely applied for fundamental investigation of
mixing processes in micromixers. In the basic T- and Y-mixers, mixing is entirely de-
pends on molecular diffusion, therefore long mixing channels are required to achieve
desired mixing efficiency. The fundamental studies of steady diffusion in a T-sensor
with rectangular geometry were presented by Kamholz et al. [24]. They explained
“the butterfly effect” that corresponds to the shape of the interdiffusion zone be-
tween the two input streams Broboana et al. [25] in their work aimed to obtain
the description of the “transitory butterfly effect” along the main channel. They
numerically modeled the unsteady diffusion process in a symmetric Y-geometry, in
particular to determine the evolution of the non-stationary butterfly effect and an-

alyzed the time evolution of the inter-diffusion length at the micro-channel walls.

Depending on Re, different flow regimes have been categorized in the mixing
channel, viz., stratified, vortex flow and engulfment flow, [3,26,27]. Engler et al. [27]
performed numerical and experimental investigations on T-shape micromixers and
proposed a unique identification number for featuring engulfment flow regime. So-
leymani et al. [28] also reported on the determination of identification number for
the differentiation of flow regimes and its critical value at which transition from

vortex flow to engulfment of flow.

Numerical works were carried out to investigate the fluid dynamics and mixing
characteristics for gaseous flow inside a T-type microchannel by Gobby et al. [29].
Their results showed that the mixing length was increased with the fluid speed and
decreases with the mixer aspect ratio whereas angle between the inlet channels had
little affect on the mixing performance. Wong et al. [30] studied micro T-mixer
at different cross-sectional dimensions at higher Reynolds number (400-500) of flow.

The work of Soleymani et al. [3] reported that unlike gases, for liquids, angle between
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the inlet channels had a significant effect on the mixing in addition to aspect ratio
and flow rate. They also proposed a TT-mixer which is having much better mixing
performance than that of the ordinary T-mixers Hsieh et al. [31] analyzed mixing in
passive Y-mixers for different mixing angles, both with and without Joule heating.
They found that mixing angles that led to the development of vortices can positively
influence mixing performance and effect of Joule heating should be considered for
certain values of electric field strength. Ansari et al. [32] studied the effect of the

position of fluid stream interfaces on mixing in a rectangular microchannel.

To improve the mixing capability of a conventional T-mixer, Cortes-Quiroz et
al. [33] proposed a new configuration of the T-shaped micromixer, called as 3-D
T-mixer, that provided a significant enhancement of mixing and lower pressure
loss compared to a typical T-mixer for Re in the range 100500. Sarkar et al. [34]
proposed several new 1-1 and 1-2 microfluidic junctions and compared the mixing
efficiencies for each design by numerical simulations. They showed three differ-
ent channel structures to improve microfluidic mixing viz simple-junctioncomplex-
layout, complex-junctionsimple-layout and complex-junctioncomplex-layout. They
reported a mixing efficiency of as high as 86% by just manipulating the junction

which is normally within the range of 20% for simple junctions.

1.2.3.2 Multi-lamination micromixers

Multi-lamination micromixers work on the principle of decreasing the length of mix-
ing path and thus increasing the contact surface for mixing liquids. Typically multi-
laminating micromixers are accomplished by (a) split-and-recombine (SAR) flow

arrangement, (b) hydrodynamic focusing, and (c) interdigital flow arrangement.

Split-and-recombine (SAR):

From Eq. 1.1, it has been seen that if molecular diffusion is the only mixing mech-
anism, then the time required for complete mixing is proportional to the square of
the thickness of the lamellar structure. Thus, sequential splitting of the flows of
liquids and rearranging them in alternating thin laminae will significantly decrease
mixing times. A subdivision of each stream into n laminae leads to n?-times faster
mixing [35]. In these micromixers, the mixing of fluids takes place in three steps:

flow splitting, flow recombination and flow rearrangement [21].
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Bessoth et al. [36] splitted each inlet channel into two sub-channels repeatedly
until a total of 16 partial flows are generated and then sequentially combining two
neighboring channels into one until all partial flows are united in one broad outlet
channel. With this, they attained 95% mixing after about 15 ms. Roudgar et al. [37]
in their study reported that by splitting the fluid streams at the inlet channels itself
gave more mixing than the conventional mixer. They found vertical splitting to be
more efficient than horizontal splitting. Kim et al. [38] designed a novel serpen-
tine laminating micromixer with F-shaped mixing units in a basic T-channel that
resulted in about 20 times shorter mixing length than compared to the simple T-
type micromixer. Another effective yet simple two-dimensional micromixer based
on split and recombination theory, named as rectangle-square wave micromixer, was

investigated for its mixing capability by Chen [39].

Several other effective but complicated, in terms of design and construction,
passive micromixers are proposed and explored numerically and experimentally for
their mixing ability such as denoted by Y-Y mixer [40], tear-drop mixers [41], E-
shaped [42]. Nimafar et al. [43] presented experimental comparison of two static
SAR micromixers, one is based on tear-drop elements and the other is based on
O-type mixer elements with that of the basic T-type mixer for low Re range (0.083
< Re <4.166). Their experimental data showed that the tear drop SAR mixer gave
a mixing efficiency of more than 90% which was less than 40% and 10% for the
O-mixer and basic T-mixer, respectively. Viktorov and Nimafar [44] introduced two
novel 3D SAR ‘chain mixer’ and compare their mixing performance and pressure
drop with T, O and tear-drop micromixers. Results showed that an efficiency of up
to 98% can be achieved for the chain and tear-drop mixers at the tested Reynolds
number (0.083 < Re < 4.166). Moreover, the chain mixers have the advantage of
lower required pressure drop than that of tear-drop micromixer. Chen and Shen [42]
proposed two design of E-shaped micromixers namely, stacking-E-shape micromixer
(SESM) and folding-E-shape micromixer (FESM). Their numerical results showed
that both designs significantly increases the mixing index than that of basic T-
micromixer; however, the FESM showed better mixing performance than SESM

when Re > 30 and vice-versa.
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Hydrodynamic/geometric focusing:

Hydrodynamic focusing is another concept for reducing mixing length in parallel
lamination micromixers. The term “hydrodynamic focusing” literary means squeez-
ing the fluid lamella of the inlet flow in the presence of a surrounding flowing medium.
A reduction in lamella width down to even submicrometer size can be achieved by
pressure-driven flow focusing, owing to the shear forces of the surrounding fluid
which was fed into the mixer with a much higher flow rate than the central lamella.
At such small length scales, molecules from the side flow rapidly diffuse across the

inlet stream, resulting in fast mixing.

These techniques were first developed by Knight et al. [45] to enable ultra-fast
mixing in the millisecond range. They showed that their continuous-flow microfluidic
mixer was capable of having diffusive mixing times of less than 10 us. In addition to
lowering the mix time, hydrodynamic focusing also dramatically reduces the volume
of sample necessary for continuous flow reaction kinetics experiments. An alter-
native setup for hydrodynamic focusing was proposed by Veenstra et al. [46] that
comprised of a channel that contained a focusing region by simply narrowing down
of the channel in which the two lamellae are thinned. This mixer is suitable for

mixing slowly diffusing compounds in systems with low flow rates.

Nguyen and Huang [47] theoretically and experimentally investigated a mi-
cromixer based on combined hydrodynamic focusing and time-interleaved segmen-
tation. The aim of hydrodynamic focusing is to reduce the transversal mixing path
whereas time-interleaved sequential segmentation aims at shortening the axial mix-
ing path. The microchannel comprised of a successive Y-T junction wherein the
sheath streams for hydrodynamic focusing are introduced through the two T inlets
and the solvent and solute are switched alternately through the Y-inlets so that seg-
ments of them are formed in the focused stream. Adeosun and Lawal [48] studied
mass transfer enhancement via ‘reorientation and stretching of fluid interfaces’ by
imposing some geometric constraints in the form of trapezoid, hexahedral, and octa-
hedral protrusions incorporated on the floor of the multi-channel plate microreactor.
Based on the criteria of low pressure drop as well as high mixing performance, the

best enhanced-mixing configuration is identified and subsequently optimized.

Zhang et al. [49] studied a focusing-based microfluidic mixer comprised of two Y-
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junctions connected serially wherein sheath fluids are introduced through the down-
stream Y-junction to squeeze the liquid streams to be mixed that are introduced
from an upstream Y-junction. They found that mixing depends on the focusing
effect, which is dictated by the flow rate ratio of the sheath fluids to the mixing flu-
ids but independent to the device’s branch angle of the sheath channel to the main
channel. Nasir et al. [50] studied different parameters such as angle of confluence,
channel cross-section, fluid momentum, Re etc. that can affect the shape of a hy-
drodynamically focused stream both in symmetric and asymmetric junctions. They
found that curvature in the interface between the sheath and focused fluid, and the
resulting cusps of fluid at the channel corners, increased both with increasing Re and
the angle of confluence. Similar studies were also reported by Kunstmann-Olsen et
al. [51] for the effect of volumetric flow ratio between the main and the side channels,

as well as angle between channels on the focusing width.

1.2.3.3 Patterned wall/grooves

In microfluidic systems, creating the three-dimensional flows are rather difficult that
are required for manipulating streams in transverse direction to get the benefit of
species transport due to transversed convection. To achieve this, one of the com-
monly used method is to use some patterns such as grooves, waviness, protrusions
etc. along the walls of the channel. Pressure driven flows in these channels con-
tain recirculating components that are transverse to the principle direction of flow
that are beneficial to mix adjacent streams. Also the transversed components of
flow resulted in stretching and folding of volumes of fluid over the cross-section of
the channel that reduced the mixing length by decreasing the average distance over
which diffusion must act in the transverse direction to homogenize unmixed vol-

umes [52].

Stroock et al. [52] presented a passive method based on chaotic mixing technique
for enhanced mixing in microchannels at low Re. They used placing of ridges on
the floor of the channel at an oblique angle with respect to the axis of the channel.
These ridges generated an axial pressure gradient that is responsible for generating
transversed components in the flow that finally results in a helicoidal pattern of the
streamlines inside the channel. They also proposed a staggered herringbone mixer

(SHM) and compared the mixing efficiency with that of the simple channel with
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and without straight ridges. Their results showed significantly higher mixing for
the grooved channels with the best results obtained for SHM. Later on, Stroock et
al. [53] analytically described how pressure-driven flows over grooved surfaces de-
velop transverse components. They quantified an analytical expression to measure

the helicity of the flow and compared it with the experimentally measured values.

Wang et al. [54] studied numerically the mixing in microchannels with grooved
surfaces by applying the particle tracking technique. They summarized their re-
sults as although the microfluidic mixers with grooved surfaces could not always
create chaotic effects, but they always generated the helical flow patterns. Helicity
in such microchannels can provide sufficient folding and stretching to fluids that
favors mixing. The study of Howell et al. [55] used a combination of two types of
grooves namely, straight and chevron-shaped, arranged alternately on both the top
and bottom of the channel pointing in opposite directions. It was shown that these
double grooves strengthened the lateral velocities that resulted in complex vortex
flows and the mixing is greatly enhanced that cannot be created with structures on
the bottom alone. Yang et al. [56] numerically investigated the effects of geometric
parameters on the mixing performance of a SHM with patterned grooves. They
found that the depth ratio and the asymmetry index of the groove are found to be
dominant geometric parameters whereas the rate of flow within the groove is verified

to be the most significant factor that affects the mixing performance of a SHM.

Yang et al. [57] designed a novel micromixer with grooves crossing multiple sides
of the microchannel called it as connected-groove micromixer (CGM). They reported
that CGM can induced an intensely transverse field of fluids with a shorter pitch
of spiral flow and hence more helical turns providing rapid mixing than patterned
grooves on a single side alone. Tsui et al. [58] evaluated the mixing performance
of different micromixers by placing patterned grooves (straight or herringbone) and
block obstacles on the walls of the channels. Their results showed that block type
obstacles are better performer for enhanced mixing but at the cost of higher pres-
sure head. Naher et al. [59] investigated numerically three different microchannel
geometries, viz, a plane channel and channels with rectangular blocks and with up-
ward fins along the channel walls with the later showing better mixing. Sahu et
al. [60] studied the effect of arrangements of the lateral blocks i.e., symmetric and

staggered, and their number on the mixing efficiency. Sarkar et al. [61] studied
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the effects of different types of wall protrusions on microfluidic mixing using CFD
simulations. They conceptualized two new pattern of wall protrusions and com-
pared their mixing ability to protrusions having standard geometrical shapes, e.g.
rectangular, triangular and semicircular. Their results showed that the new designs

proposed had better mixing capability than that of the standard designs.

Milotina and Lelea [62] analyzed the mixing phenomena in microtubes having
four baffles that create orifice with half and quarter of the cross-section, respectively.
The later promotes superior mixing due to the generation of rotational flow condi-
tions that augmented mixing by advection. Fu et al. [63] adopted staggered oriented
ridges (SOR) to generate transverse components of flow and to induce chaotic ad-
vection. They fabricated two designs of SOR, namely, I and II. They also performed
numerical modelling to quantify the efficiency of mixing by computing the amount
of lineal stretching of fluid elements which can be used as a measure of chaotic ad-
vective mixing and found that SOR-II micromixer is more effective than that of the
SOR-I micromixer. The geometric factors that affect the generation of advection
flow in this micromixers were identified by Xu et al. [64]. They found that factors
like the inflow directions, the ridge height ratio and the ridge asymmetry index had

significant effect on the mixing performances.

Shih and Chung [65] proposed a high-efficiency planar micromixer that had three
mixing units each contained three baffle obstacles as well as three gaps. They
explored the mixing capability of this micromixer for a wide range of Re for the
effect of different geometric parameters and ranked them as: Gap ratio > Number
of mixing units > Baffle width > Chamber ratio. The advantage of this mixer is

that good mixing efficiency can be obtained at relatively low-pressure drop.

1.2.3.4 Serpentine/wavy/zigzag microchannels

The channel with wavy walls is one of the several devices employed for enhancing
the heat and mass transfer efficiency of processes having high Peclet numbers [66].
Most commonly used wavy wall channels are those where the top and bottom walls
are either at an offset of 0° or 180°. The first case with the channel walls are in
phase is commonly referred to as a serpentine or corrugated channel whereas the

second type is also known as converging-diverging type of channels [67].
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Goldstein and Sparrow [68] were perhaps the first to study fluid flow and heat
transfer in a corrugated channel. After that various research studies showed that
use of wavy walls is preferable for enhancing the heat transfer. Use of wavy walls
for mass transfer enhancements has been well documented for both macrochan-
nels [66,69-71] as well as microchannels [72-74]. Nishimura and co-workers [66]
investigated mass transfer in a serpentine channel focusing on the transitional flow
regime. It was found that at low Reynolds numbers the flow is laminar and two-
dimensional, whereas for higher Reynolds numbers the flow becomes turbulent and
shows an unsteady three-dimensional vortical structure. The unsteadiness of the

flow resulted in a significant increase in mass transfer for turbulent flow.

Nishimura et al. [69] studied the effect of wall shapes on the flow and mass
transfer characteristics in symmetrical two-dimensional wavy-walled channels for
two different wall shapes viz., sinusoidal and arc-shaped, at moderate Re of 20-300.
They noticed a new flow structure consisting of a regular three-dimensional flow for
the arc-shaped wall that make it to posses a larger mass transfer rate than the sinu-
soidal wall. Further, they [70] investigated the occurrence of longitudinal vortices in
channels with narrow spacing. Forced oscillatory flow in wavy channels was studied
by Nishimura [71] for Reynolds numbers between 10 and 500. It was found that
a serpentine channel yields better mass transfer and pumping power performance
than a converging-diverging channel at low St. At high St, however, a converging-

diverging channel yielded higher mass transfer rates.

Mengeaud et al. [72] illustrated the effects of both flow rate and channel geom-
etry on hydrodynamics and mixing efficiency in the mixing process of species in a
zigzag microchannel integrating a Y-junction by the use of finite element method.
They reported that the transversal components of the velocities generated by the
recirculation zones in the channel play a major role in spreading the species from the
interface to the walls. Liu et al. [73] carried out numerical investigation to study the
influence of difference in the properties of two mixing fluids on the mixing behavior
in three micromixers: squarewave mixer, three-dimensional serpentine mixer and a
staggered herringbone mixer. They found that among the three channels, serpen-
tine channel performs better and at low Re, the mixing performance varied inversely

with mass fraction of glycerol. Similar type of study was also performed by Hossain
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et al. [74]. They carried out a comparative study for the mixing performances of
three microchannels with different geometries: zig-zag; square-wave; and curved,
for a wide range of Re ~ 0.267-267. They found square-wave microchannel as the
best candidate for mixing performance for most Re, however, the curved channel
exhibits the smallest pressure drop among the microchannels. Microchannels with
three different geometries of integrated obstructions are compared for their mixing
efficiencies with that of converging-diverging and zigzag type microchannels without
obstacles [75]. The simulation results showed that the zigzag type micro-mixer was

found to have the best mixing performance.

Chung et al. [76] investigate numerically the fluid mixing of the rhombic mi-
cromixer with flat angles and showed high mixing efficiency compared to cross-shape
straight microchannel. Over 95% mixing efficiency had been achieved at Re = 180
due to enhancement of vortices. Alam and Kim [77] studied the mixing enhance-
ments by providing rectangular grooves along the walls of the serpentine channels.
They reported that grooved microchannels produce better mixing performance at
Re > 10 and the mixing index is sensitive to the width of the grooves but is not
sensitive to the depth of the grooves. Parsa et al. [78] proposed a new microchannel
with convergentdivergent sinusoidal side walls. They studied the effects of aspect
ratio of cross-section and ratio of amplitude to wave length on pressure-drop and
mixing index. The results showed that with increasing the aspect ratio of microchan-
nel cross-section, mixing index improved and pressure-drop reduced in all Reynolds
numbers. Parsa and Hormozi [79] in their further study noticed that mixing index
drastically depends on phase shift (¢) and wavelength of side walls and found the
best mixing for ¢ = 37/4 and at a wavelength to amplitude ratio of 3.3.

The objective of the work of Kanaris et al. [80] is to study the effect of the
common “building block” of micromixers on the mixing efficiency and on the corre-
sponding pressure drop. For this they selected five types of serpentine micromixer
versions of a simple T-intersection viz., simple orthogonal serpentine geometry, two
orthogonal serpentine designs with blocks extending on two parallel planes resem-
bling the letter C and L, and a curved serpentine extended either on a single plane
or on two parallel planes. They deduced that the geometries that induce a helical
flow path offer advantages to enhance mixing which was observed in L-type mi-

crodevice. Chen et al. [81] also conducted numerical and experimental studies to
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compare the mixing capabilities of different serpentine micromixers. They found the
square-wave micromixer to be more efficient for mixing than that of multiwave and

zigzag micromixers due to its more sharp turns and longer path of the flow.

1.2.3.5 Embedded obstacles/ridges

Use of flow obstacles placed in the channel is another commonly used passive mix-
ing technique to improve mixing. Placement of obstacles tried to disrupt the flow
velocity field altering the flow direction from one fluid to another and thus caused
the reduction of the diffusion path [82].

Wang et al. [82] used a 2D numerical method to investigate the micromixer with
cylindrical obstacles placed in the channel. It was found that the asymmetric layouts
of the obstacles are more favorable rather than the symmetric arrangements. Monaco
et al. [83] also reported the same findings by using lattice Boltzmann method. Wang
and Hu [84] studied the effect of different parameters such as number, horizontal
spacing distance and angle of arrangement for the cylindrical obstacles placed in

V-arrangement in Y-type microchannel for improved mixing.

The study of Wang et al. [85] showed that the mixing in a Y-type microchannel
can be greatly enhanced by incorporating six rectangular obstacles embedded peri-
odically within the micromixer. Bhagat et al. [86] examined the design of diamond-
shaped obstacles within a micromixer experimentally. They also reported simulated
results for the flows with circular-shaped, triangular-shaped, diamond-shaped, and
stepped diamond-shaped obstacles. Among them, the stepped-diamond shaped ob-

structions yielded the best mixing.

Kim and Kim [87] studied the mixing enhancements by using rectangular ob-
stacles and reported that properly designed geometric parameters, such as layout,
angle of inclination with main flow direction and aspect ratio of obstacles, resulted
in improving the mixing performance with only little increase of the pressure drop.
Bhagat and Papautsky [88] demonstrated that microfluidic mixers designed for effi-
cient fluidic mixing may not necessarily be efficient for mixing of particle flows. To
accomplish this they proposed a micromixer embedded with patterned rectangular
obstacles placed at an angle of 45° and showed that their obstruction micromixer

exhibits excellent mixing performance for particulate flows.
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In recent times enhancement of convective heat transfer from macro-to-microscale
by generation of longitudinal vortices (LV) in the flow has received much attention
and reported in various research articles [89,90]. The phenomenological similarity
between heat and mass transfer opened up the use of longitudinal vortices to in-
crease the mass transfer. These vortices are induced by using either rectangular
or triangular shaped vortex generators commonly called as winglets. Kaniewski et
al. [91] presented a numerical study of the mixing of two laminar streams of different
gases at Re = 250 in a large-scale rectangular channel by using a pair of rectangular
winglets. They pointed out that a LV needs to be generated with an axis between
the two (frequently parallel) streams in mass transfer configurations and reported
more than 50% enhancements in mixing with vortex generators than that of with-
out winglets. Hsaio et al. [92] studied the effects of geometrical parameters on the
performance of micromixers with micro-scale LVGs are investigated by numerical
simulations. Their results showed that the mixing efficiency of the micromixer with
divergent RWPs is greater than that of the micromixer with convergent RWPs, with
single RW and the micromixer without RWPs for a wide range of Re. They ranked
the geometrical parameters according to relative effectiveness as: asymmetry index
> angle of attack > winglet height > winglet spacing. Huang et al. [93] extended
the work of Hsaio et al. [92] for a full three-stream mixing channel focussing on the
effects of the asymmetrical arrangement and the attack angle of the LVGs on fluid

mixing.

1.2.4 Active mixing techniques

In this subsection, a glimpse of various literatures available on active mixing en-
hancement techniques have been reported. Active micromixers are those that use
external perturbation to stir the fluid to increase the convective transport of species.
Various active mixing techniques can be divided in the following categories, such as,
ultrasound, acoustically induced vibrations, electro-kinetic instabilities, pulsing the
incoming flow rate, magneto-hydrodynamic action among other means to stir the

fluids in order to enhance mixing.

The principle of acoustic/ultrasonic actuation has been used by many researchers

to enhance mixing in micromixers [94-101]. Zhu and Kim [94] studied microfluidic
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motion by using loosely focused acoustic waves. This technique of heatless acous-
tic agitation can be advantageous to microfluidic systems where the heating is not
desirable. Liu et al. [95,96] presented a novel mixer based on the principle of bubble-
induced acoustic microstreaming. Ahmed et al. [98] demonstrated a mixing time as
low as 120 ms for a micromixer by trapping air bubbles within the pre-designed
grooves on the sidewalls of the Y-shaped channel. Wixforth [99] used surface acous-
tic waves (SAW) to actuate smallest possible amounts of fluids on the planar surface
of a piezoelectric chip. Similar study was also reported by Beyssen et al. [100]. Srithi-
ran et al. [101] demonstrated the applicability of a SAW-based micro-agitation for
for conventional, three-dimensional Y-shaped microfluidic systems. In the work of
Luong et al. [102], the concept of SAW-induced mixing of continuous flow is applied
to fluids having Peclet number as high as 74.4x103.

Electrokinetic forcing, in particular electro-osmosis, serves as an effective means
for enhanced fluid mixing [103-108]. Oddy et al. [103] used an electrokinetic process
to rapidly stir micro- and nanoliter volume solutions for microfluidic bioanalytical
applications. Using the same principle, Huang et al. [106] presented a cross-shaped
microfluidic mixer featuring a pair barrier to generate a shedding flow due to elec-
trokinetic instability that resulted in better mixing. Chen an Cho [107] analyzed
numerically the effects of the chaotic electrokinetic driving forces on the fluid flow
and mixing characteristics within the micromixer. Lim et al. [108] studied the effect
of introducing a constriction in a T-type micromixers under periodic electro-osmotic

flow.

Magneto-hydrodynamics (MHD) is the study of flow of electrically conduct-
ing liquids in electric and magnetic fields. The working principle of magneto-
hydrodynamic micromixers is nothing but the Lorentz force. The generated Lorentz
force can stretch and fold the liquids in a mixing chamber that is responsible for
superior mixing. Micropumps based on the magneto hydrodynamic forces are re-
ported by Jang and Lee [109], Lemoff and Lee [110] etc. Bau et al. [111] described a
prototype mixer based on MHD to enhance mixing in micro total analysis systems.
Oh et al. [112] utilized magnetically actuated ferrofluid plugs to generate perpen-
dicular periodic pressure oscillation in a T-shaped mixing channel. Tsai et al. [113]
reported the mixing phenomena between ferro-nanofluid and water using permanent

magnet in a Y-type semi-active micromixer.
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The dependency of diffusion constants on temperature is the key parameter for
enhanced mixing due to thermal actuation. Mao et al. [114] used a linear temper-
ature gradient across number of parallel channels for achieving micromixing. Tsai
and Lin [115] showed that generating thermal disturbance by using a thermal bubble
in a Y-shaped mixing channel produced an intrinsically oscillatory flow which can
induce a wavy liquid interface that accelerate the mixing process. Kim et al. [116]
accomplished micromixing in a biochemical reaction in a microfluidic chamber by
using natural convection. Xu et al. [117] analyzed the thermal mixing characteris-
tics in a T-shaped microchannel where hot and cold deionized water (DI water) is

injected through the two inlets.

The pioneering work of using pressure field disturbance as a means of active
micromixing technique has been reported by Lee et al. [118]. They investigated nu-
merically the mass transfer enhancement by a pulsatile laminar flow in an axisym-
metric wavy channel for the range of 50< Re <250. They reported the generation of
circulating vortices that is expected to enhance the mass transfer rate. Equivalent
to pressure disturbance, the use of pulsing velocity for attaining enhanced mixing

in micromixers at a small Reynolds number has been reported in many literatures.

Glassgow and Aubry [119] studied the effect of pulsing the flow rate in mixing
in a simple T-channel intersection numerically. They reported that the best results
occurred when both inlets are pulsed 90° out of phase. Studies related to the param-
eters that can influence the mixing behavior in a microchannel with pulsatile flow
has been reported by Glasgow et al. [120]. The work of Hitt and McGarry [121] pre-
sented a computational investigation of the interfacial dynamics of pulsatile flows at
a microchannel junction with circular and D-shaped cross-section. Mao and Xu [122]
performed similar numerical study with 180° phase difference between the two inlets
for a T-microchannel and reported that Strouhal number (St) and amplitude signif-
icantly effect the mixing performance. Ammar et al. [123] performed a comparative
study for the effect of pulsed flow with 180° phase difference on the mixing behavior
of different microfluidic junctions. A complete study of using pulsatile flow for mix-
ing enhancement has also been reported by Cheaib et al. [124]. They investigated

the dependence of the mixing index on various dimensionless groups.
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However, combination of both active and passive mixing techniques have also
been found in the literatures. Goullet et al. [125] studied the combined effect of
both flow pulsing and the inclusion of features in the channels (ribs in their study).
They found that the pulsed flow technique is more effective for mixing than the
secondary flow induced by the ribs. However, combining both the methods leads
to even better mixing. Chen and Cho [126] proposed a combined active-passive ap-
proach in which a wavy-wall section is incorporated within the microchannel along
with periodic velocity perturbations applied to the two inlet streams. Their results
revealed that mixing performance can be improved by increasing the length of the
wavy-wall section and the geometric amplitude of the wavy surface. Miranda et
al. [127] also proposed another combination of active-passive mixing approach by
combining alternate flow and rectangular obstacles. Their numerical results have
showed that mixing increases with the increase of the number of obstacles and fre-
quency. An active-passive mixing technique based on the interaction between the
fluids and an obstacle that is heaving in the middle of a channel is studied numeri-
cally by Ortega-Casanova [128]. They reported immense enhancement in the mixing

efficiency by this method.

Historically, active mixers seem to perform better than passive ones in terms of
time and space needed for mixing. However, they suffer from the drawback of fabri-
cation complexities, high cost for active control, typically high power consumption,
and difficulties arise in integrating with other devices due to the presence of moving
parts. Also, some of the active mixing mechanisms such as ultrasonic waves and
high temperature gradients can damage biological fluids making them a poor choice
for biological processing. Due to these problems, the use of active mixers is limited
on microfluidic devices and hence, passive micromixers are becoming more popular

among the microfluidics community:.

Considering all the above mentioned literatures, it has now been discussed about

the motivations of the present thesis.

TH-1793_126103044



22 Introduction

1.3 Motivation

By reviewing the available literature in the previous section, it has been noticed
that the use of incompressible formulation can be applied for a specific range of
variable density problems. For example, for problems involving density variations
due to thermal gradients, incompressible Boussinesq approximations can be used
when the density ratios remain small enough (< 2). This situation is feasible only
when the relative temperature difference of less than 10%. However, for flows where
the typical density ratio is higher than 8 (such as combustion), the fully incompress-
ible assumption is not at all valid, as these flows do not fall under the Boussinesq
limit. From the literature, it is evident that, both the two class of miscible fluids,
i.e., reacting and non-reacting, are handled by different formulations although they
fall in the low Ma limit. As such, there is a need to develop a single generalized
formulation for handling both these two domains of fluid flows problem. To the
best of my knowledge, very less attention has been given in this direction to develop
a generalized solver over hybrid unstructured meshes that can handle both incom-

pressible and quasi-incompressible limit.

Another important aspect is to enhance the mixing capability, especially for
liquid-liquid mixing flows. Previous works reveal that a considerable amount of
studies have focused on optimizing the mixing performances. Between the two
methods of improving the mixing ability of micromixers, the passive mixing tech-
niques are more popular in the scientific community due to its inherent advantages
over the active techniques. Numerous designs of passive micromixers are proposed
and investigated by various researchers to achieve efficient mixing. But most of
these designs are found to be either suffering from very complex design or from very
high pressure drop. Any new design of micromixers that can have the potential of
providing higher mixing efficiency but at the cost of lower pressure drop is always
appreciated. Thus, in this work, we would like to focus our attention to propose
certain new passive mixing techniques that can give higher mixing at lower pressure
head loss. However, a more detailed study to exploit the flow physics and the mixing

behavior of the newly designed passive mixing techniques is always warranted.

Motivated by the above points, this doctoral thesis is thus devoted to the de-

velopment of a generic and robust numerical framework for miscible fluid flows on
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arbitrary hybrid unstructured meshes and its application to laminar mixing and
combustion. Generic in that, the numerical framework adopted should be capable
of handling problems with no specific constraint on the density ratio whether low

or high.

1.4 Research Objectives

With the primary motivation to put forward a detailed numerical analysis of mixing

of multiple fluids in same phase, the objectives of this thesis have been set as follows.

1) Development and validation of a generic quasi-incompressible flow
solver

The first objective of this doctoral thesis is to develop a robust, generic, three-
dimensional mathematical framework for miscible flow simulations using finite vol-
ume method over hybrid unstructured grids. We exploit the low Mach number
formulation for handling variable density miscible flows with no specific constraint
on the density ratio. Extensive solution verification studies are carried out including

accuracy studies of the flow solver.

2) Investigations of truncation and discretization errors
We study the relation between local truncation and discretization error on different
meshes for convective and diffusive problems. A set of guidelines on the choice of

mesh and schemes for mixing problems are devised on the basis of these results.

3) Application of the solver to analyze mixing of liquids in microchannels
The solver is used to study the laminar mixing of a binary liquid mixture in two-
dimensional cross-T type microchannel. A novel passive micromixer with thin
curved ribs is devised and parametric studies of its performance, in terms of both

mixing efficiency and pressure drop, for ethanol-water mixture are carried out.

4) To study the performance of a three-dimensional micromixer
A three-dimensional cross-T micromixer designed exploiting the same two-dimensional
configuration studied earlier is analyzed for its mixing performances. Studies are

carried out using a commercial solver to understand the effects of obstacle geometry
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and layout on mixing index and overall pressure drop.

5) Application of the solver to study gaseous mixing in corrugated chan-
nels

The flow solver is also employed to study argon-air mixing in macrochannels with
wall corrugation. The role of wavelength and amplitude of sinusoidal corrugations
on mixing performance is thoroughly analyzed to determine an optimal configura-

tion.

6) Extension of numerical approach to combustible miscible flows

As a final step, attempts have been made to extend the approach to simulate mixing
of gaseous reacting species. A preliminary study for diffusion (non-premixed) flames
is carried out and demonstrates the efficacy of the quasi-incompressible formulations

for handling reacting miscible flows.

1.5 Thesis Layout

A general introduction on miscible fluid flows has been presented in Chapter 1. In
addition to this, literature survey regarding the different mixing enhancement tech-
niques has also been shown. The chapter is concluded by presenting the objectives
of the present thesis. Chapter 2 discusses the governing equations and discretiza-
tion procedure adopted in the context of developing a generalized formulation that
can handle fluid mixing in both incompressible and quasi-incompressible limit. A
detailed analysis of the numerical errors, truncation as well as discretization, asso-
ciated with different convective schemes has been conducted in Chapter 3 to choose
the best scheme among them for simulations of mixing flows. Chapter 4 presents
the results showing the verification and validations cases for the developed formula-
tion in simulating miscible flows with varying density due to presence of gradients
concentrations, for binary liquids and gaseous mixture. Application the developed
solver in regard to simulating the mixing performance of a two-dimensional cross-
T microchannel with the use of a newly designed obstacle geometry is presented in
Chapter 5. Chapter 6 posses the results of the three-dimensional effects of the newly

conceptualized obstacle design for mixing enhancements in microchannels. The fo-

TH-1793_126103044



1.5 Thesis Layout 25

cus of Chapter 7 lies in analyzing the mixing characteristics of a binary gaseous
mixture in a channel with wavy walls and to study the effect of different parameters
on the mixing ability. Chapter 8 presents a preliminary work showing the applicabil-
ity of the new formulations in simulating the laminar diffusion flames at low Mach
number limit. Chapter 9 concludes the present work together with the futuristic

scope of the present work.
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Chapter 2

Governing Equations and

Discretization Procedure

The focus of present work is to develop a generalized three-dimensional mathemati-
cal framework for the simulation of miscible flows that can handle simultaneously for
flows involving high density ratio (e.g. gaseous combustion) and low density ratio
(e.g. microfluidic mixing) over a hybrid unstructured grid at low Mach number limit.
The flow regime corresponding to this class is termed as ‘quasi-incompressible’. For
the simulation of this kind of flow problems, a popular approach found in the litera-
tures is the low Mach number formulation. In this chapter, a brief discussion on low
Mach number formulation has been carried out first. Then the final form of the three
dimensional governing equations are presented next followed by the discretization
procedure adopted with finite volume method methodology. This is then followed

by the solution algorithm and some post-processing technique of the numerical data.

2.1 Low Mach Number Formulation

In fluid dynamics the basic fluid flows problems can be broadly classified into two
categories : compressible and incompressible. The parameter which usually dif-
ferentiates the regimes of incompressible and compressible flows is known as Mach
number (Ma). In literature it is reported that the two flow regimes are generally

differentiated at Ma = 0.3. However, there are situations in which density cannot
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be considered to be constant even though Ma is less than 0.3, e.g., combustion in
the form of deflagrations. The variations of density field may be due to the presence
of gradients of temperature, concentrations of species or both. The terminology
associated with these type of flows is low Mach number variable-density flows or
quasi-incompressible flows. To investigate such type of flows, Boussinesq approx-
imation may not be appropriate when the relative temperature difference exceeds
10% limit for example combustion problems. As such, for handling of this category
of flows i.e., quasi-incompressible flows, an intermediate model between the Boussi-
nesq and the full compressible flow model must be employed. One such intermediate
model which is now very extensively used by the scientific community is the “low

Mach number formulation” presented briefly in the following section.

The low Mach number formulation adopted in the present work is based on
method proposed by Paolucci [4]. The inherent idea behind this approximation is
the decoupling between the acoustic speed and the flow velocity. Because it has been
found that in some flows particularly with low Mach number, the acoustic waves
moves much faster than everything else which is of interest and at the same time
carry a minute fraction of energy compared to the part transferred by the flow field.
As such the decoupling between the acoustic speed and flow velocity allows substan-
tial relaxation on time step constraint which is limited by Courant-Friedrich-Lewy
(CFL) condition which simply states that a sound wave cannot travel more than one
computational cell in one time increment. For any computational study the value
of time step should be such that one must use the maximum possible value within

the stability limit to get the faster results.

This approximation relies on the asymptotic expansion in respect of a small
number (Ma) of all the primitive variables like velocity, temperature, pressure and
density and properties like density, viscosity and thermal conductivity. The equa-
tions are finally reduced by taking the lower order values for the Mach Number.
For the derivation of low Mach number equations, the general form of governing
equations corresponding to non-reacting, non-radiative single species flows has been
taken. Equations 2.1 - 2.3 are the general form of the conservation equations for
mass, momentum and energy, respectively whereas Eq. 2.4 represents the equation

of state for ideal gas.
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Continuity Equation:

dp 0 (puy)
bt = 2.1
Momentum Transport Equation:
9 (pui) | 0 (pusu;) op | O
=— — ; 2.2
ot o oo, op, TP (22)

Energy Equation:

d(pc,T) 0(pec, T uj) 0 or dp
- a o 2.
o . o oz, \"az;) T @ (2:3)
Ideal gas law:
p = pRT (2.4)

where p, u;, p, T ¢,, k, R are density, velocity components in i direction, total pres-
sure, temperature, specific heat at constant pressure, thermal conductivity and spe-
cific gas constant, respectively. These equations are non-dimensionalized by using
co, 1o, po and pg as scales of velocity, temperature, pressure and density. Here ¢
represents the speed of sound at initial temperature Ty, density pg, and pressure py
all evaluated at the reference gravitational potential line. Similar normalization are
also done for viscosity, thermal conductivity and specific heat by their initial values
o, Ko, Cpo and c,o, respectively. The gravitational vector is non-dimensionalized
by their initial magnitude go. In addition length and time are referenced to [ and
[/U where [ is a representative length scale and U represents the characteristic fluid
speed. Here pg scales the thermodynamic pressure where as pyU? scales the dy-
namic pressure. Theses normalizations leads to appearance of seven independent
dimensionless parameters in the governing equations, which are Mach number Ma,
Reynolds number Re, Froude number F'r, Peclet number Pe, the ratio of specific

heat v which are defined by

U Ul U? Ul
MCL:_7R€:pO 7FT:_7P€:poch 77:@ (25)
Co Mo gol Ko Cy0
Using the above non-dimensional parameters the final form of the continuity, mo-

mentum, energy, and equation of state are reduced to equations described below
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with dimensionless variables written as their dimensional counterparts to prevent

overloaded notations.

gp 1 9(pw) _
ot Ma Ox; 0 (26)
0 (pu;) 1 0 (pujw) 1 Op 1 Or;  Ma
= — ; 2.
ot Ma  Ox; yMa Ox; + Re Ox; + Fr P9 (27)

d(pe,T) N 1 9(pcyTu;) 1 0 ( 8T) . 7—1( 8u,~)

ot Ma  0z;  Peor, \ oz, Re \'"0z,
y—1 (0p 1 0 (puy)
— - 2,
i ¥ (875 + Ma Oz, (28)
p=pT (2.9)

Further we expand the velocity and thermodynamic variables in small parameters

Ma as follows:

ui = Ma [uj + Ma*u} + o (Ma?)] (2.10)
T =T° + Ma®T" + o(Ma?) (2.11)
p = p’ + Ma*p' + o(Ma®) (2.12)
p =1’ + Ma’p' + o(Mad®) (2.13)

Similar expansions are adopted for properties like y, , ¢,. Using the above expan-
sions we obtain the O(1) and O(Ma?) conservation equation for continuity, momen-
tum, energy equations and perfect gas law.

Continuity Equation:

0p° 9 (p'uj)

O (1) : ——= =0 2.14
o, 00 + o)

2y . 9P j il _

O (Ma*) : BT + oz, 0 (2.15)
Momentum Transport Equation:
1 0p°

1): —— = 2.1
0(1): ——g =0 (2.16)

TH-1793_126103044



2.1 Low Mach Number Formulation 31
O(p°uf) O(Pwiug)  1opt 1 Omp 1
Ma®) : - = 2.1
O (Ma”) ot + Oz,  ~Oz;  Re (’330] (2.17)
Energy Equation:
a OTO 8 OTO 0
o(1) : 2STY) | 06IGT ) L9 (007"
ot Ox; Pe 0z; Oz,
y—1[8p" | o’}
— | = 2.18
8(p COT) 8(p cOT) 8(p001T0)
Ma?) : i 2.1
O(Md’) ot ot ot (2.19)
8(p COTO ) 8(p coToujl) 8(p COTl ug)
8.’13']‘ 83}]‘ al’j
LT ) - 107
Oz, Re ax] Ox;
Ideal gas law:
O(1) : p*=p"1° (2.20)
1 1 1
2y . P _ P T

From Eq. 2.16 it has been seen that the leading part of the pressure depends only
on time where as the motion-induced spatial variation in pressure p' = O(pU?)
are comparatively smaller than the total static pressure p°(t). After neglecting
the O(Ma?) terms in the continuity and energy equations and then reintroducing
the different scales for the variables and dropping the zero superscript, the final
dimensional form from the remaining leading order terms of the governing equations
are arrived. The pressure can be expressed as the sum of thermodynamic pressure

P(t) and dynamical pressure II(z,t) as

p(x,t) = P(t) + H(x,t) (2.22)
Continuity Equation:
dp  9(puy)
- = 2.2
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Momentum Transport Equation:

9 (pui) 9 (puiuy) oIl | om
_ o) 2.24
o o do; o, T PP (2.24)

Energy Equation:

0peT) | OlpeTuy) 0 ( 3T) dp (2.25)

ot ox;  ox, \or; dt

Ideal gas law:

P = pRT (2.26)

It can be seen that the splitting of pressure into thermodynamic part (P) and
hydrodynamic part (II) introduces a new unknown. Hence extra equations are
required for the calculation of thermodynamic pressure (P) and the % term appear
in the energy equation. These calculations are required only for closed enclosures
but not necessary for open systems. Because in the case of open systems the P
equilibrates with the ambient pressure instantaneously and hence the % vanishes.
For closed systems, the expressions for thermodynamic pressure and % are obtained

through mass and energy conservation equations, respectively.

2.2 Governing Equations

This section provides the generalized three-dimensional governing equations in dif-
ferential form for laminar, isothermal (non-reacting), single-phase, miscible flows
of fluids following low Mach number model. These equations include conservation
equations for mass, momentum and species mass fractions. Assumptions taken for
writing the governing equations are as follows:

1. Low Mach number flows.

2. Gravity is neglected.

3. The variations in density and viscosity take place only due to variation in
concentration of species.

4. Viscous dissipation, surface tension and radiative forces are neglected.

5. The channel walls are assumed to be smooth, i.e. no roughness present.
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Continuity Equation:
The overall continuity equation expressing conservation of mass is

dp  pu;)

8t 81‘]‘

=0 (2.27)

Momentum Equations:

The momentum equation expressing the law of conservation of momentum is

Opus) | Opuju;) _ OI1 | Omy
= — 2.28
ot 1 81‘]' 8I‘Z + aZL‘j ( )
where 7;; is shear stress tensor given as
Ou;  Ou; 2 ou
i = - -~ b =2 2.29
i P ((%j - 8%) 3 7o, (2:29)

and p is the dynamic viscosity.

Mass Fraction Equations:

where D is the mass diffusivity constant.
Density of the mixture:

For liquid mixtures having &% liquid species, the mixture density is updated as,

By 1
e Y,

p (2.31)

where p; is the density of the k™ species.
For a gaseous mixture, density of the mixture is calculated by using the equa-

tion of state. The equation of state for a multi-component gas mixture in a flow

satisfying the low Mach number assumption is

ol
=

p (2.32)

T R,T

where W = %}C is the average molecular weight of the mixture.
e
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Viscosity of the mixture:
The viscosity of the liquid mixture is calculated as a function of the mass fractions

of the species by using an expression similar to that used in Sahu et al. [129],

Yk 1n £maz

[ = [hmin €XD Famin (2.33)
where finae and fi,;, are the viscosities of the species having maximum and mini-

mum value, respectively.

Divergence constraint:
For low Mach number flows, the divergence of the velocity field is non-zero. For
multicomponent flows, this constraint on the divergence of velocity field takes two
different forms for mixtures of liquids or gases. The complete derivation for the
divergence constraint for liquids mixture is shown in Appendix A.1. The final form
of the velocity divergence constraint reads as

gz: = —% <%88—xpj) : for liquids (2.34)

However, for a gaseous mixture, the velocity divergence constraint can be derived by

differentiating Eq. 2.32 along particle paths and replacing the Lagrangian derivatives
by the corresponding governing equations [6]. The detailed derivation is shown in
Appendix B.1.

5 U zk: MV, Oz, (pD 8:@)’ for gases (2.35)

This constraint is used to calculate the source term of pressure Poisson equation

which is better described in the following section.

In numerical simulations, all these coupled governing partial differential equa-
tions are solved by using any one of the numerical techniques. The very first step
of implementing the numerical technique is the discretization. The discretization

procedure used in the present work has been discussed in Section 2.3.
2.3 Discretization Procedure

In order to carry out numerical simulations, there are primarily three different nu-

merical techniques available, which are finite difference method (FDM), finite vol-
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ume method (FVM) and finite element method (FEM). Among these three different
numerical techniques, we are using the FVM which is known for its conservative
properties to solve the set of partial differential equations. In the FVM, first, the
entire solution domain has been sub-divided in to a number of non-overlapping cells
called ‘control volumes’. This process is referred to as grid generation. In this work,
the unstructured grid generation software GAMBIT [130] is used for this purpose.
The geometric information pertaining to each control volume such as the volume,
face areas and surface normals as well as the centroids, needs to be used in the finite
volume framework. The cell shapes could be arbitrary convex polygons but largely
consist of tetrahedra, hexahedra, prisms and pyramids or a combination thereof
(refer Fig. 2.1). Figure 2.2 shows a typical representation of a hybrid grid where
a centrally located tetrahedral cell is surrounded by three prisms and one another
tetrahedral cell.

4
2
(@) (b)
> f 3 3 2
1 3 1 2 1
2
(d) (e) ®

Figure 2.1: Different types of cell: (a) Tetrahedron (b) Prism (¢) Hexahedron (d)
Pyramid (e) Quadrilateral (f) Triangle

To convert the continuous partial differential equations into discrete form using
FVM, the integral form of the governing equations are used. This form of governing
equations is obtained upon integrating the differential form of governing equations

over the entire control volumes and then applying Gauss divergence theorem. For
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 nb 7.
O nbl : \‘ i R
: ‘\‘. 7z
: /’nb4
“®.CO "\
Cell Type Centroid ~ ! >}
Tetrahedral CO E
Prism nbl
Prism nb 2 ? nb2
Prism nbs :
Tetrahedral  nb, JPSarey

Figure 2.2: Typical representation of a hybrid mesh showing the main control volume

along with its neighbor

example, the conservation equation for any variable ¢ in the integral form is shown

below.

0
o /V ppdV + /5 (pup — TyVg) - dS = /V SydV (2.36)

where I'y is the diffusivity constant and Sy is the source term. The numerical ap-
proach adopted in this work is similar to the work of Dalal et al. [131]. A collocated
grid arrangement has been used where all the dependent variables are defined at
the centroid of each individual cell. Consequently, the discrete form of the integral
governing equations for each cell may be derived using the following assumptions.
e A cell averaged value is ascribed to the centroid of each control volume.

e A single-point Gauss quadrature is employed for the surface integral and requires

only the face mid-point value of all variables.

In FVM generally the governing equations are being solved for conserved vari-
ables. As such for any general scalar variable ¢ it has been assumed that p¢p = ®
and all the discretized form are shown in terms of ®. The detailed discretization
procedure of the convective, diffusive and source terms for the generalized transport

equation (Eq. 2.36) are shown in the following section.
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2.3.1 Temporal term

The temporal term Eq. 2.36, is discretized with Euler implicit time scheme with the
assumption that the value of the dependent variable at the centroid is the average

over the entire control volume as shown below.

9 ()t = (p)ey,  (R)ar — (D)
- /V podv m e =0y Des = Qoo (937

where subscript co represents the cell centroid of a particular cell, n is the time-step

number and ® = p¢ is the conservative form of variable ¢.

2.3.2 Convective term

The discretization of convective flux term of Eq. 2.36 is done in following way.

Firstly, the approximation for surface integral is done as below

/S pug-dS ~ 3" psos (u-S), = 3 0 F (2.38)
f f

Now, ®; can be found out by utilizing different convective schemes. However, dif-
ferent schemes suffer from different degrees of numerical diffusion. In the present
solver, three different convective schemes are incorporated. One is Khosla-Rubin
scheme which is a linear combination of upwind and central differencing scheme
[132] whereas the other two are high resolution schemes namely Convergent and
Universally Bounded Interpolation Scheme for the Treatment of Advection (CU-
BISTA) [133] and Cubic Upwind Interpolation (CUT) [134].

Linear combination of upwind and central differencing schemes

Convection dominated flows suffer from unphysical oscillations if the direction of
propagation is not accompanied for. In order to implement oscillation free higher
order schemes on unstructured meshes with relative cost we adopt a linear combi-
nation of Central Difference Scheme (CDS) and first order Upwind Scheme (FOU).

The convective fluxes using this scheme can be expressed as,
Fy®p = (Fy®p) Y +4[(Fy®p) " — (F; @)™ (2.39)

where, FOU and CDS represent upwind and central difference schemes, respectively.

For calculating the value of variable ¢ at face center in case of CDS a volume
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interpolation is used where as for upwind scheme the value is taken to be equal to

that of upstream cell center. Expanding these terms will result in,

Vi Veo
Pﬂyzéwhﬂﬁﬂ—@mU—EMﬂ+7{ﬂ<vjf7©w+vjiv@mﬂ

7 | PuollFy O] + @l = 5,00 (240)

where [|oz, o] H represents the maximum value between a and . Subscripts (co,
nb) denote the owner cell and neighbor cell, respectively. The owner and neighbor
cells for any face are defined in a consistent manner with the unit normal pointing
from owner to neighbor. The factor v (0 < v < 1) allows the introduction of the

numerical diffusion (v = 0 means pure FOU, v = 1 means pure CDS).

CUBISTA
For implementing the CUBISTA scheme over unstructured meshes, normalized vari-

able approach of Jasak et al. [135] is followed and the final form of the scheme in

O—Pyy
dp—y°

upwind and downwind cells) can be written as below.

terms of normalized variable (® = where subscript U and D refer to the far

Tdc, 0<®c<?

d; = 1%t  §<Po<q (2.41)
Pc+3, 2<dc<1
P, elsewhere

In case of unstructured grid as shown in Fig. 2.3, far upwind point is not clearly
defined. Using the approach of Jasak et al. [135], the value at the far upwind point
is replaced by the known values of upwind and downwind grid points. They showed
that,

~ O — O op — P
c=-C¢_U_4y__D_7C (2.42)
(I)D — (I)U Q(Vq))c sy
CUI
Another popular second order accurate scheme for convective flux calculation is the
CUI scheme which is also presented by using the normalized variable approach and

is given as
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Figure 2.3: Unstructured grid showing upwind (C'), downwind (D) and far upwind
cells (U) with respect to face f

3%c, 0<do <2

N 5. 41 2§ <4

@f_ 6 C+37 143 ~C_5 (243)
1, g<¢c§1
é)CW 1<~C§O

2.3.3 Diffusive term

Integrating over the control volumes and then using Gauss divergence theorem, the
diffusive fluxes of Eq. 2.36 is

/ V- (=TyV$)dV = — / TyVé-dS~ —> (TyVe-S)y=—> Fuy (244)
1% 5 7 7

where Sy is the face area vector with a magnitude A; and its direction is shown
by unit vector fiy. For orthogonal grids, the vector fiy co-align to the line joining
adjacent cell centroids. However, for non-orthogonal grids, the surface vector is
inclined to the line joining adjacent cell centroids. To understand it, let us consider
a geometrical arrangement as shown in Fig. 2.4, where a face “abc” is shared by
two neighboring cells with centers marked as co and nb. The face unit normal is
represented by fiy. Projecting the cell centers over the surface normal will result in

two more points co’ and nb’. Now, we can write

On2+nbnb' = O nb

—
O co+ coco = O cod
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Figure 2.4: Non-orthogonal contribution of diffusive fluxes.

For a particular face, the diffusive fluxes can now be calculated as,

(q)nb' - (I)co/>
An

where An is the distance between points co’ and nb’. Using Taylor series expansion,

(V®),-Sp = As (VD) - fiy = A; (2.45)

¢, and P, can be expressed as (neglecting higher order terms),

—

O,y =D, + VO, - nb nb/ (2.46)
F =

&,y = P, + VO, - co co (2.47)

Substituting Eqs. 2.46 and 2.47 in Eq. 2.45, finally we get

(Pyp — Doo) N (VO - nb nZ’ — Vo, - co 03’)Af

(V(I))f Sy =4y An An

(2.48)

B E— . .
The value of nb nb’ and co co’ can be obtained by following the procedure as shown

below,
) ) —
nbnb = O nb — Onz, Ont = (0 nZ-n})n}
coco' =0 cd — O co, O co' = (0 co- 1)y

The first part of Eq. 2.48 is the orthogonal component of diffusive fluxes while
the second part is mainly appearing due to non-orthogonality of the grids. It is to

be noted that for calculating value at the face for any variable ®, inverse volume
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weighted interpolation technique employed by Dalal et al. [131] is used unless oth-

erwise stated.

However, the discretization of the diffusive term of the momentum equation i.e.,
the second term of RHS of Eq. 2.28 gives rise to a set of source terms which are

shown below (derivation is shown in Appendix A.2).

For u velocity

0 0 0
— ;Mf (Vu . S)f+;,uf (a—ZSfm + a_:;sfy + a_q;)sfz)

~ )
Ia ~\~

Ila

U 8v ow
__Z,uf( + az) Sfx (2'49)

For v velocity

8 0

%,_/
b

~
ITb

U 81} ow
—= Zuf ( 82) Sty (2.50)

dy

IITb

For w velocity

0 0 0
= zf:Mf (Vw : S)f +zf:uf (8_Zsf:v + a_zsfy + a—jsfz)
T/ N - F

Ilc

U (% 6w
_2 Zﬂf ( 82) 5. (2.51)

-~

Ilc
The first terms of Eqgs. 2.49 - 2.51 are similar to that shown in Eq. 2.44 and
hence the term is handled as shown in Eq. 2.48. The terms II-III of Eqs. 2.49

- 2.51 are zero for purely incompressible flows. Since, in this work, we are using

the quasi-incompressible formulation, and hence these terms cannot be neglected
and are treated as source terms. Any other source terms present in the governing

equations are shown in the next section.
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2.3.4 Source terms

The pressure term of Eq. 2.28 comes as a source term in the momentum equation

and can be discretized as

— / I-dS~ - ) ;S (2.52)

o !
Where I1; is the pressure at the face center f and S}; as the i direction component
of the surface vector of face f. For evaluating II; volume interpolation is used.

Whereas other source terms are integrated over the cell volume as follows.

/ SydV ~ (S,),. Vio (2.53)
1%

In addition to these, the two terms (terms II to III) of Eqs. 2.49 - 2.51 are also treated

as source terms which are already presented in its discretized form in Section 2.3.3.

2.3.5 Pressure velocity coupling

The present solver is based on collocated arrangement of grids. As such, to avoid
checker board pressure during iteration of the momentum equation, here we use the
momentum interpolation technique which was proposed by Rhie and Chow [136].
For this, in order to calculate the provisional momentum, first, the Navier-Stokes
equations are solved by dropping the pressure gradient term. The resultant momen-

tum equation in semi discrete form can be written as,

(pu)Zo — (pu)Zo n * *
At ‘/co+;Ff(pu)f_;quf:0 (254)

Then to get the pressure field, we solve the pressure Poisson equation (PPE), which
is obtained by subtracting the provisional momentum equation from the full mo-
mentum equation and then taking the divergence. In general the variable coefficient

PPE can be written as,

2
At(v H) =V-u —V.u't! (2.55)
P

The 2" term of RHS of Eq. 2.55 i.e., V - u"*! has been calculated by using
the expression given by Eq. 2.34. Since the density is spatially variable, the co-

efficients of the matrix changes with time rendering the matrix to be asymmetric
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which necessitates the use of a preconditioned krylov solver. This linear solver is
implemented using the Library of Iterative Solvers [137]. The discretized form of

the above pressure-Poisson equation is
VII* » "
MY (TF) s =X - S 250
f ! f f

where, Foy = u}-Sy is the volume flux due to the mass velocities. Once the pressure

field is obtained by solving the PPE then the volume fluxes at each face is corrected

by
Ff“:FOf—At( ) - Sy (2.57)
P/
Finally, the cell centroid velocities are updated in the following way.
Hn+1
utt! =uf, — At (V ) (2.58)
p co

The discrete form of all the governing equations generate a system of linear

equations, which are iteratively solved by ILU preconditioned krylov solver.

2.3.6 Solution algorithm

The overall solution procedure is as follows.

1. Initialize all variables and all the other parameters to their respective initial

conditions.
2. For the start of (n + 1)™ time step, assign
* n
Fy = Iy
where superscript “n” denotes values at previous time step.

3. Solve the (k — 1) scalar equations for the mass-fraction of the (k — 1) species

using Eq. 2.30 to obtain the corresponding values at (n + 1) level.

4. Calculate the mass-fraction of k™ species as

k—1
YknJrl -1 Z Y,
i=1
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5. Update the mixture density by using Eqs. 2.31 or 2.32 depending up to the

problem under consideration.

6. Solve Eq. 2.54 to get the provisional momentum. Then the provisional veloci-
ties (mass velocities) are calculated by dividing the provisional momentum by

the latest available density.

7. Provisional volume fluxes at each face are calculated using the values of avail-
able mass velocities and iterate the PPE (Eq. 2.56) up to the desired tolerance
level to get the pressure field.

8. Update the actual volume flux at each face using Eq. 2.57 and then calculate

the cell centroidal velocities at (n + 1) time level using Eq. 2.58.

9. Check if the momentum and scalars have converged to the required level of
accuracy. If not converged then for the next time step calculations, go back

to step 3 and repeat the same procedure until stopping criterion is met.

2.4 Post-processing: Quantification of Mixing

The focus of the present thesis is on studying the mixing of miscible fluids of the same
phase. For such studies, it is typical to evaluate the extent of mixing through some
of the quantitative measures. In order to have a quantitative idea of the goodness
of the fluid mixing process, several parameters have been found to be proposed in
the earlier studies. Some of the frequently used parameters includes mixing index,
pressure drop, mixing cost and mixing energy cost. The mathematical definitions

of these parameters are provided in the following sub-sections.

2.4.1 Mixing index

It is the most widely used parameter which is responsible for the quantification of
the degree of mixing. In literature, mizing index, also called as mizing efficiency, is
defined on the basis of Danckwerts segregation intensity and is expressed similar to
that used in Sarkar et al. [34]

M= (1 I ) % 100 (2.59)
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where o2 denotes the actual variance and of one of the components of the mixture.

The actual variance is expressed as

o2 = %Z Y; - Y) (2.60)

and N is the number of sampling points taken on a plane perpendicular to the axis

of the channel, Y; is the mass fraction at the sampling point 4, Y is the optimum

2
max

corresponds to a plane where apparently no mixing has taken place. For flows with

2
max

mass fraction, and o is the maximum possible variance of mass fraction which

equal volumetric flow rates of the streams to be mixed, o is equals to 0.25 by
taking Y equal to 0.5 and Y; is assumed 0 and 1, respectively, for the two halves of
the cross-section [34]. For the streams with unequal flow rates, values of Y should
The value of N is taken to be 200

for all the cases considered in the present study. It is easy to see that M can have a

be suitably adjusted to calculate ¢ and o2, .
maximum value of 100 indicating complete mixing and a minimum value of 0 which

corresponds to no mixing.

2.4.2 Pressure drop

Another important parameter for analyzing the mixing capability of a passive mi-
cromixer is the pressure drop. Pressure drop, which is difficult to realize, is routinely
overlooked in most of the designs. The pressure drop translates the power required
to pump the liquid through the channel and an ideal configuration would demand
maximum mixing with low pressure drop across it. However, mixing efficiency and
the pressure drop are two competing parameters. As such, enhanced mixing is also
likely to be associated with higher pressure drop. In the present study, pressure
drop is measured as,

All =TI, — 11, (2.61)

where II; and I, are the static pressure values at horizontal inlet and outlet of

the microchannel, respectively.

2.4.3 Mixing cost

It can however be noted that, combining M and AII together to have a unique pa-

rameter will result in a even better option to evaluate the goodness of a micromixing
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device. Different options have been proposed in some of the earlier literatures. One
of these parameters is termed as mizing cost (mc) which was introduced by Chung
and Shih [138]. Tt is defined as the ratio of the mixing efficiency to the pressure drop

in the microchannel. Mathematically it can be represented as

M

= A% (2.62)

mc

From Eq. 2.62, it is clear that for a mixer to be efficient, mc should be as high as

possible.

2.4.4 Mixing energy cost

Another parameter called mizing energy cost (mec) has been introduced by Ortega-
Casanova [128] which measures the power needed to get just 1% of efficiency and is

defined as o
P
= 2.
mec (2.63)

where, C, is the input power coefficient. In the present study, the input power

coeflicient has been defined as

_ Input power

o, (2.64)

1
§pavg U3A

where p,,4 is the average density of the two liquids, w is the inlet velocity and A is

the corresponding inlet area. Input power is calculated as
Input Power = ¢ x AII (2.65)

In contrast to me, an efficient mixer would demand as low mec as possible.

2.5 Closure

In this chapter, we have presented about the low Mach number formulation adopted
towards the development of a quasi-incompressible flow solver. The details of the nu-
merical framework involving governing equations, discretization procedure, solution
algorithm are also presented. Investigations of truncation and discretization errors
using the method of manufactured solutions are carried out in the next chapter to

quantify the numerical errors associated with a particular convective scheme.
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Chapter 3

Analysis of Numerical Schemes for

Mixing Problems

Numerical modelling of a given problem is based on the use of different numerical
schemes to convert the partial differential equations to their respective discretized
equations. The solutions to these discretized equations by using some suitable algo-
rithm finally lead to the solutions to the physical problems. However, as described in
the previous chapter, there are various numerical schemes developed with different
order of accuracies. Moreover, different schemes suffer from different pros and corns.
As such, selection of the best scheme among the all possible available schemes is the

primary requirement to carry out numerical simulations.

3.1 Discretization and Truncation Errors

Consistency and convergence are the two main property that any numerical scheme
should have. For a numerical scheme to be consistent, the discretized equations
must approach the original (continuum) partial differential equations in the limit
as the element size (Ax, Ay, Az, At) approaches zero. Convergence, on the other
hand, addresses the issue of the solution to the discretized equations approaching
the continuum solution to the partial differential equations in the limit of decreasing
element size. Thus, consistency addresses the equations, while convergence deals
with the solution itself. Convergence is measured by evaluating (or estimating) the

discretization error (DE). The discretization error can be defined as the difference
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between the solution to the discretized equations ¢ and the solution to the original

partial differential equation @eyact-

DE = ¢k - gbexact (31)

where k refers to the mesh level. For a stable numerical scheme, the errors must not

grow in the marching direction.

In addition to this, every numerical scheme has a formal order of accuracy. For
FDM and FVM, the formal order of accuracy is obtained from a truncation error
(TE) analysis. TE is the error made by truncating an infinite sum and approximat-
ing it by a finite sum. One approach to evaluate the TE is to start with a Taylor
series expansion of the solution variables. However, TE can also be evaluated by

the use of order of test which is an one shot calculation.

3.1.1 Order of accuracy test

There are a variety of acceptance criteria for code verification using method of man-
ufactured solutions (MMS). Among them, the “order of accuracy test” is the most
rigorous test and is therefore recommended as the acceptance criteria for the ac-
curacy of the developed solver. Every numerical scheme used either for spatial or
for temporal discretization has a theoretical formal order of accuracy that can be
determined by a truncation-error analysis of the discretized equations. This test as-
sesses whether or not the numerical method reproduce the formal order of accuracy

in space and/or time.

The order of accuracy test involves evaluating the numerical solution on a series
of nested grids, and with various time steps for unsteady problems. The spatial and
temporal discretization errors are monitored to determine if the observed order of ac-
curacy matches the formal order of accuracy. The discretization error will generally
decrease as 1/r? | where r is the grid refinement factor (i.e., r = AZcoarse/AZfine) and
p is the order of accuracy. For example, if the numerical scheme is of second order
accurate i.e., p = 2, then when the grid is doubled (or 7=2), then the discretization
error should decrease by a factor of four on each successively refined mesh level. In

order to examine the global discretization error behavior, both Ly and L., norms of
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the errors can be used

N 1/2
E |¢k,n - ¢ea}act,n|2
Ly normy, = | 2=t I (3.2)
Lo normy, = max|drn — Pezactn| (3.3)

where k refers to the discrete mesh level and n varies over all control volumes N
in space excluding boundary cells when Dirichlet boundary conditions are applied
for which the discretization error is identically zero. Obtaining the formal order of
accuracy in the L., norm is generally more difficult than the other error norms as
it represents the maximum error over the entire domain. In a similar manner, this

order of accuracy test can also be performed for truncations error analysis with the

help of MMS.

3.1.2 Method of manufactured solutions

The method of manufactured solutions is a general and very powerful approach in
which rather than trying to find an exact solution to a system of partial differential
equations, the goal is to manufacture an exact solution to a slightly modified set
of equations. The general concept behind MMS is to choose the solution a priori,
then operate the governing partial differential equations onto the chosen solution,
thereby generating analytical source terms. The chosen (manufactured) solution is
then the exact solution to the modified governing equations made up of the original

equations plus the analytical source terms. The six steps required for implementing
the MMS are:

1. Choose the form of the governing equations.
2. Choose the form of the Manufactured Solution.

3. Apply the governing equations to the Manufactured Solution to generate an-

alytical source terms.

4. Discretize the equations and solve on multiple mesh levels using analytical

boundary conditions and source terms from the Manufactured Solution.

5. Evaluate the global discretization error in the numerical solutions.
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6. Determine whether or not the observed order of accuracy matches the formal

order of accuracy.

If the comparison in Step 6 is favorable, then the coding options exercised are
verified. If the comparison is unfavorable, then one generally examines the local
discretization error, uses this information to debug the code, then returns to Step
4. MMS can be used to rigorously test the order of accuracy of a numerical scheme.
Manufactured solutions should be chosen to be smooth, analytical functions with
smooth derivatives. To get a more clear picture of error behavior of different schemes
for both convective and diffusive fluxes, the error behavior of these two terms are

addressed separately in the following sections.

3.2 Analysis of TE and DE using MMS

The purpose of analyzing the discretization and truncation errors is to numerically
establish a relation between the two for a given convective scheme. For linear equa-
tions, it is easy to show that the convection of the discretization error is dictated
by the truncation error (residual), although numerical studies are still necessary to
establish a more conclusive quantitative relation between the two errors. One must
realize that the discretization error is aposteriori meaning that it can be determined
after the solution process is completed and additionally requires an exact solution
or a close approximation thereof. Defined in the present manner, the truncation
error is apriori and exploits the manufactured exact solution with the latter used to
calculate the discretization error as well. In this section, the TE and DE are trying
to relate with each other so that the best possible conditions can be found as apriori
to carry out the numerical simulations. In order to do this, the order of accuracy

test has been performed to a problem having manufactured solutions.

3.2.1 TE and DE for convective fluxes

As described in Section 2.3.2, in the present solver, three different convective schemes
are incorporated. Omne is FOU, second is the linear combination of FOU and
CDS [132] whereas the remaining is the high resolution bounded scheme namely
CUBISTA [133]. Depending on the blending factor (v), full upwind or full CDS

scheme can be obtained. However, one can also argue that second order upwind

TH-1793_126103044



3.2 Analysis of TE and DE using MMS 51

(SOU) can be a better choice than that of FOU. The reason for not considering
SOU is that, unlike FOU and CUBISTA, SOU is not a bounded scheme which
might create trouble for problems with high gradient zones such as flames. The

general convective-diffusive equation for a variable ¢ has been taken for this study.

000) , 2low) _ 3 (590

8t 8$‘j N 8$‘j

To begin with, it is now considered the case with D = 0 such that diffusive fluxes

(3.4)

vanishes and we need to address only the convective fluxes. The manufactured
solution for this modified equation with no diffusive contribution has been chosen
as

b =2+ 9 with — w = y? v = —2? (3.5)

To find the order of accuracy of TE as well as the DE with respect to each
scheme, uniform Cartesian meshes of different grid resolutions (Az = 0.04, 0.02,
0.01, 0.005) are being used. For the TE or DE calculation on a particular mesh,
exact values of ¢ are initialized at all the cell centroids whereas exact velocities are
specified at all the face centroids. Since the convective fluxes are calculated on the
faces, the face average values of ¢ has been approximated by using different con-
vective schemes. To find out the DE at steady state, a convergence of 1078 has been
chosen as the stopping criteria. In order to examine the global TE or DE behavior
for each scheme, L., norms of the error are used excluding the boundary cells. The
obtained L., norms of TE and DE on each grid are plotted against different grid
resolutions for different convective schemes and are shown in Figs. 3.1(a) and (b),

respectively.

Figure 3.1(a) shows the variation of TE with grid size for three different schemes
viz. FOU, Khosla-Rubin scheme with deferred constant of 0.5 and CUBISTA
scheme. In all cases, the errors show a decreasing trend with grid refinement, with
the slopes indicating the order of accuracy of the local truncation error. From
the figure one can note an interesting point about CUBISTA scheme. Although
CUBISTA is devised as a second-order bounded scheme, the truncation errors for
CUBISTA scheme are falling at a rate equal to 2 only when exact gradients are
used. However, CUBISTA with gradients calculated numerically by Green-Gauss
reconstruction (GG), the truncation error for the convection problem decreases at a

rate equal to 1. It is believed that this may be attributed to the way the gradients
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Figure 3.1: Order of accuracy test for different convective schemes as applied to the
function ¢ = 2% + ¢® with u = y? and v = —z? for (a) truncation error and (b)

discretization error.

are calculated using the GG reconstruction, particularly at the boundaries. This
can be easily verified from Fig. 3.1(a) where it can be seen that when the gradients
are calculated using GG for all cells except the cells sharing the boundaries where
the exact gradients can be used, the TE decrease at a rate of 2. These issues how-
ever show no impact on the discretization error, where CUBISTA shows the lowest
errors with the rate of decay of errors showing a slope of 2 (on log-log scale). An-
other important scheme, which is often overlooked, is the Khosla-Rubin scheme that
is obtained as a equi-blend of FOU and CDS schemes. Despite the latter schemes
showing first and second-order accuracies on smooth flow problems, the Khosla-
Rubin scheme shows an overall first order accuracy, evident both in Figs. 3.1(a) and
(b). Importantly, these figures also show that the errors from the blended scheme is
no different from the FOU scheme, meaning that there is no real suppression of the
false diffusion that plagues first-order upwind schemes when applied to convection
problems. These results provide a fair indication that truncation error may be used
as an indicator of the discretization error for convective schemes. With the former
being apriori, these errors are easily determined without actually solving the prob-
lem making it an useful tool to compare different convective flux schemes in a finite
volume framework. As far as mixing problems dealt in the following chapters are

concerned, we largely employ the CUBISTA scheme for most simulations since they
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offer the lowest errors for a given grid resolution and nominal second-order accuracy
on structured meshes. One can argue that such an exercise to establish the need for
and superiority of bounded high-resolution schemes such as CUBISTA is not strictly
valid for laminar mixing problems since the chosen manufactured solution is not ex-
actly representative of the physical problem. While the latter is indeed desirable,
the chosen manufactured solution is a smooth function similar to how we would also
expect the numerical solutions to fluid mixing to behave as well and justifies the

study.

3.2.2 TE and DE for diffusive fluxes

Although the effect of convective term discretization plays a more crucial role in
liquid mixing problems in order to limit the false diffusion to an acceptable limit,
however, treatment of diffusive terms also plays a role in getting the correct numer-
ical solutions. In this context, the order of accuracy test for the TE and DE of the
diffusive terms are explored herein this section. The diffusive terms are discretized
with CDS which is devised as a second-order scheme. However, as described in
Section 2.3.3, diffusive flux calculations indeed require the gradients of the trans-
ported variable involved in the cross-diffusion terms. Moreover, the importance of
the treatment of gradients of a variable has also been observed from the TE analysis

of convective terms in Section 3.2.1.

A general Poisson equation has been selected for the order of accuracy test of

the diffusion term as shown below.
Vip =S (3.6)
where S denotes the source term. The manufactured solution and the generated

source term for Eq. 3.6 are

cos(4mx) + cos(4my)

= 4

(3.7)

S = —4r?[cos(4nx) + cos(4my)] (3.8)

To find the order of accuracy of TE of the numerical diffusive scheme, three dif-

ferent types of meshes (structured and unstructured), namely, uniform hexahedral,

TH-1793_126103044



54 Analysis of Numerical Schemes for Mixing Problems

non-uniform hexahedral and uniform triangulated hexahedral meshes having same
grid resolutions of Az = 0.04, 0.02, 0.01, 0.005 are used. Figure 3.2 shows the L.,
error norm for the TE of diffusive scheme with three different gradient schemes for

each of the meshes.
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Figure 3.2: Order of accuracy with respect to L, norm of TE for diffusive scheme.

From the figure, it can be seen that the TE decreases at a rate of 2 for uniform
orthogonal meshes only. Whereas for other types of meshes the TE does not at
fall with grid refinement at the expected rate. To get the reason behind this, it is
then decided to check the rate of fall of the error in gradients calculation schemes.
For this, two gradient calculation schemes viz, Green-Gauss (GG) and modified
Green-Gauss (MGG) are tested. The errors are defined as the difference between
the numerical gradients and that of exact gradients. Figure 3.3 shows the error norm

for different gradient schemes.

From the figure one can easily see that the errors in gradients are falling approx-
imately at a rate of 1 other than uniform orthogonal meshes irrespective of gradient
schemes. These observations confirm that if the gradients are second order accurate,
the truncation error will also be so. This happens due to fortunate cancellations. If
the gradients are first order accurate, the diffusive fluxes behave as O(1), meaning
they do not decrease with grid refinement which can be clearly observed in Fig. 3.2.
However, one can also argue that why gradients behave in one way and the diffusive

fluxes in other way. This may be because of the fact that diffusive fluxes use the

TH-1793_126103044



3.2 Analysis of TE and DE using MMS 55

10°g
10" 4
10%E E
- E
) E
g10°E P E
S -~ 2nd order accuracy E
c
5 10*F E
w - —A—— Uniform Hex: GG
10 3 ———— Uniform Hex: MGG
F —<—— Non-uniform Hex: GG ]
10° L ———— Non-uniform Hex: MGG |
E ——&—— Triangulated Hex: GG E
g ——<&—— Triangulated Hex: MGG
10-7 1 L L L TR R
10° 10

. 10‘2 .
Grid resolution {x)

Figure 3.3: Order of accuracy for errors in gradient schemes with respect to different

grids.

gradients at the face, which are interpolated from the cell centroids. Even if the
centroidal gradients are second-order accurate, the interpolation could reduce its
order of accuracy if the line joining the cell centroids is not bisected by the center
of the face shared by the two cells. The latter that happens on uniform hexahedral
grids are rarely happen on others. As such the calculations of discretization error
for the diffusive fluxes are done only for uniform hexahedral meshes and is shown
in Fig. 3.4. From the figure it can be seen that the DE for diffusive fluxes are of

second-order accurate.
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Figure 3.4: DE order of accuracy for diffusion scheme.
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3.3 Closure

In this chapter, truncation and discretization error analysis for convective and dif-
fusive fluxes has been performed. Based on these analysis it has been found that
a fair indication of truncation error may be used as an indicator of the discretiza-
tion error for convective schemes. Among the different convective schemes, scheme
which produces lesser truncation error is also observed to produce lesser discretiza-
tion error. Based on this analysis, CUBISTA like schemes have been adopted for
problems where physical diffusion plays an important role specially for mixing of
liquids. The performances of these schemes are checked by simulating a series of

well known benchmark problems and are presented in the next chapter.
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Chapter 4

Verification and Validation of the

Solver

As stated in the earlier chapter, CFD modelling has enormous potential to impact
the design, analysis, and optimization of engineering systems. It is basically the
use of any computer application which involves the numerical solution to a system
of partial differential equations that govern the flow physics. However, there may
always be a possibility of existence of certain sources of errors that may get overlook
sometimes. Hence, to achieve its full potential as a predictive tool for simulating the
physical problems, a rigorous testing of the numerical solver is of utmost important

to ascertain that the computed results are an accurate representation of reality.

The two terminologies associated with the determination of accuracy of any nu-
merical solver are wverification and validation. Although, these two terminologies
seem to be synonymous; however, in the current perspective, they both have very
different meanings which are basically related to the sources of errors in mathemat-
ical simulations. Verification deals with mathematics and addresses the correctness
of the numerical solution to a given model. Validation, on the other hand, deals with
physics and addresses the appropriateness of the model in reproducing experimental
data. In other words, it can be said that verification can be thought of as solving
the chosen equations correctly, while validation is choosing the correct equations in
the first place. This chapter is intended to provide a framework for building the

confidence in computational simulation predictions.
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4.1 Verification of Numerical Solver

Verification is defined as to insure that a model is correctly implemented according
to the developer’s conception [11]. Verification can be broken down into two dis-
tinct categories: code verification and solution verification. Code verification is the
process of ensuring, to the degree possible, that there are no mistakes (bugs) in a
computer code or inconsistencies in the solution algorithm. Solution verification is
the process of quantifying the numerical errors that occur in every numerical sim-
ulation. Examples of these numerical errors include round-off error, iterative error,
and discretization error. While code verification is generally performed once and
for all for a given set of coding options (at least for smooth problems), solution
verification must be performed for each and every simulation that is significantly
different than previous simulations. For code verification purposes, it is convenient
to define the DE as is defined in Eq. 3.1. Moreover, there must be a certain criteria
on the basis of which the code can be verified for its accuracy. Among a variety
of acceptance criteria for code verification, the “order of accuracy test” is the most
rigorous test. It determines whether of not the discretization error is reduced at the
expected rate. This test is equivalent to determining whether the observed order
of accuracy matches the formal order of accuracy and is therefore recommended
as the acceptance criteria for the accuracy of the developed solver. The classical
Taylor-Green (T-G) vortex problem [139] has been considered herein to investigate

the order of accuracy of the present solver.

4.1.1 Problem definition: Taylor-Green vortex

In fluid dynamics, the Taylor-Green vortex is an unsteady flow of a decaying vor-
tex, which has an exact closed form solution of the incompressible Navier-Stokes
equations in Cartesian coordinates. A 0.5x0.5 domain has been selected for the
computations. The analytical solutions for velocities (u,v) and pressure (II) are

given below.

—8r2t

u = —cos(2mx)sin(2my)e” ke (4.1)
v = sin(27rx)cos(27ry)ei§?1 : (4.2)
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I —{cos(27rx)4—|— cos(27ry)}e_1g:2t (4.3)

Dirichlet boundary conditions are specified at the boundaries by providing the
exact values. The problem has been simulated for Re = 100 by using the developed
solver with CUBISTA scheme for the convective terms and the implicit Euler scheme
for the discretization of the temporal term. The diffusion fluxes are computed with
central difference scheme. Simulations are carried out by considering a uniform
Cartesian mesh with 100x 100 grid resolution with At =5 x 10~° s. The numerical
results obtained at ¢ = 1 s are compared with the exact solutions at that particular

time instant and are shown in Fig. 4.1.
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Figure 4.1: Comparison of instantaneous contours obtained from present simulation
(top) with that of exact (bottom) for T-G vortex problems at t = 1 s: (a) u-velocity,

(b) v-velocity and (c) pressure.

Numerical results are found to be in close agreement with that of the exact
solutions as can be seen from Fig. 4.1. However, the order of accuracy of test of the

solver with different schemes has been carried out in the following section.
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4.1.2 Studies on spatial accuracy

In order to study the spatial accuracy of the present solver, T-G vortex problem has
been selected. The spatial discretization of the convective terms are carried out by
(a) FOU, (b) blending of FOU and CDS with v = 0.5 and (¢) CUBISTA. To find
out the discretization errors with respect to each scheme, uniform Cartesian meshes
of different grid resolutions (Az = 0.04, 0.02, 0.01, 0.005) with a constant time step
At = 5 x 107° are used. The temporal discretization and the diffusive fluxes are
calculated in a similar manner as given in Section 4.1.1. In order to examine the
global discretization error behavior for each scheme, both Ly and L., norms of the
error are used. The obtained error norms, as a representative of global DE, are plot-
ted against different grid resolutions for each convective scheme which are shown in
Figs. 4.2(a)-(c).

From the figures, it can be clearly seen that among the selected convective
schemes, a slope of two for the DE vs grid refinement line is observed only for
CUBISTA scheme whereas the slope is nearly one for the other two schemes. This
means that, only CUBISTA scheme is of second order accurate whereas, both FOU
and blending scheme show nominal first order accuracy. Another point to be noted
is that between the two 1st order schemes i.e., FOU and blending of FOU and CDS,
the absolute values of the DE are less for blending scheme than compared to that
of FOU. Thus blending can be viewed as a better choice than compared to that of
FOU scheme. These results, however, matches with the formal order of accuracy of
the respective schemes. This provides a significant evidence of the accuracy of the

solver in regard to the implementation of different numerical schemes.

4.2 Validation of Numerical Solver

This section is intended to address the appropriateness of the developed numeri-
cal model in reproducing experimental data to simulate the interaction of multiple
species that are non-reacting and miscible in nature. To do that, the developed solver
using unstructured variable density formulation described in the previous chapter is
used to solve a set of problems involving constant density as well as variable density
due to the presence of concentration gradients. Several problems are simulated and

the obtained numerical results are validated against the published literature in each
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Figure 4.2: Order of accuracy study of the discretization error for T-G vortex prob-

lem at t =1 s: (a) FOU, (b) Khosla-Rubin (v = 0.5) and (¢) CUBISTA.

and every step to check the capability of the solver to simulate flows with single as

well as multiple species (gases or liquids), flows in macrochannels and microchan-

nels in both two- and three-dimensional geometries. Among these problems the first

problem essentially check the implementation of Navier-Stokes equations for single

species. The remaining test cases deal with open domain problems with gas mix-

tures and liquid mixtures.

The developed solver is inherently three-dimensional. Therefore, to solve two-

dimensional problems, one makes use of hexahedral/prismatic elements of one cell
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width in the direction normal to the plane of the flow and provide symmetry bound-
ary conditions on the lateral walls to ensure that the simulations are necessarily
two-dimensional. Furthermore, problems having steady-state solutions are solved

using pseudo-transient manner.

4.2.1 Lid driven cavity

The three-dimensional lid driven cavity flow problem is solved using 2,71,320 tetra-
hedral cells in a 1x1x1 cubical cavity with a moving lid at the top and stationary
walls at the sides and the bottom. The top lid moves with a non-dimensional ve-
locity of unity and simulations are carried out for Reynolds numbers of 100, 400
and 1000, ensuring a laminar regime for the flows. The velocity variations along
the vertical and horizontal centerline of the cavity are compared with that of Ku et

al. [140] and shown in Figs. 4.3(a) and (b). It shows very good agreement with the

literature.
1 N 0.6
Ku et al. [140] Ku et al. [140]
u] Re=100 o Re=100
a Re = 400 oal a Re = 400
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Figure 4.3: Comparison of (a) u-velocity along vertical centerline, (b) v-velocity

along horizontal centerline for the 3D lid driven cavity.

4.2.2 Coflow mixing of laminar jets in a horizontal channel

The present code is also validated for mixing of two laminar jets coflowing at dif-

ferent velocities in a coaxial horizontal channel. A schematic layout of the problem
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definition is shown in Fig. 4.4. Argon (Fluid 1) flows through the inner channel
having radius R; while ambient air (Fluid 2) flows through the outer channel having
radius Ry. A radius ratio of 0.25 (R1=0.5 in, R;=2.0 in) and a mixing length L=30
in. are considered. Fully developed velocity profiles of both the jets are specified
at the entrance to the mixing region. This problem is taken from the experimental
work performed by Shavit and Lavan [141]. The Reynolds number (Re) at the inlet
of each jet is 1072 and the Schmidt number (Sc) is 0.772. The density ratio (p1/p2)
and the viscosity ratio (u1/p9) of the inner fluid to that of the outer fluid are 1.345
and 1.255, respectively. The numerical simulation is carried out by considering half
the domain. Uniform hexahedral cells with 4000 control volumes are used for the
computation. Argon concentration profiles along planes perpendicular to the chan-
nel axis at various axial lengths from the inlet are plotted and shown in Fig. 4.5.
The present results are found to be in good agreement with the experimental work
of Shavit and Lavan [141].

|
—
Flud2 —— R2
P R 0 T s I
Fluid 1 [—> X —
Fluid 2
== |

Figure 4.4: Schematic diagram of the coflow mixing of two laminar jets in a hori-

zontal channel.

4.2.3 Counterflow mixing of jets in a confined channel

The numerical model considered in this section is an isothermal, laminar mixing
process of two confined non-reacting opposing jets in a parallel channel. The two
species enter through two different equi-sized slots positioned exactly opposite to
each other creating a counter flow when they meet each other. The fluid mixture
then flows out of the channel along a direction normal to the jet axes. Figure 4.6(a)
shows the schematic diagram of the problem considered. The widths of the two

inlet slots of the channels (D) and the height (h) are equal. Since the geometry is
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Figure 4.5: Validation with experimental work: Comparison of Argon concentration
profiles along planes perpendicular to channel axis at distances of 4, 16 and 30 inches

from the inlet.

symmetrical about the axis of the inlet jets (y-axis), one half of the of the physical
domain is chosen as the computational domain to reduce the cost of numerical
calculations. Figure 4.6(b) shows the numerical model of the problem of study
where the widths of the two inlet slots of the channels are 0.5h and L = 12h is the
length of the computational domain.

The left boundary of Fig. 4.6(b) represents the plane of symmetry while the right
boundary represents the outlet of the low domain. The walls are impermeable. The
temperatures of the two impinging jets are assumed to be constant and equal so as
to prevail an isothermal mixing situation. In order to maintain equal momentum
for both the inlet fluids as that of Gomes and Caldeira [142], we have assumed that
the two inlet fluids are having same properties and both fluids are flowing with the
same velocity. Fully developed velocity profiles are specified at the entrance to the
mixing region. The non-dimensional parameters such as the inlet Re and Pe of 60
and 42, respectively, are based on the average velocity at the inlet and the inlet
slot width (0.5h). For the numerical simulation uniform hexahedral cells of 24000

numbers are used.
The mass fraction of species entering from the top inlet are plotted along a line

perpendicular to the axis of the mixing channel at * = 0.4h from the inlet and

compared with the work of Gomes and Caldeira [142]. The comparison is shown in
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Figure 4.6: (a) Schematic of the flow domain for confined counterflow mixing of jets

and (b) representative computational domain adopted for validation study.

Fig. 4.7 which represents a reasonably good match with the published literature.

4.2.4 Two-dimensional mixing of liquids in a T-shaped mi-

cromixer with and without obstacles

The validation cases studied in Sections 4.2.1 - 4.2.3 are to demonstrate the capa-
bility of the present solver for handling mixing of gaseous species. However, the
test problems chosen in the following sections have been selected to validate the
developed solver against mixing of liquids in microchannels. This test case has been
adopted from the work of Rasouli et al. [143]. The geometry includes a straight
microchannel with two inlets that form a T-shaped micromixer. Two fluid streams

(Fluid 1 and Fluid 2) with constant mass fractions having (Y ;1=1 and Y} =0 and
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Figure 4.7: Validation results: Comparison of Argon mass fraction profile along a

plane perpendicular to channel axis at a distance of 0.4 from the inlet.

vice versa at the two inlets) are assumed to flow into the micromixer through the
upper and lower inlets, respectively. When the two liquids come into contact with
each other, transfer of mass will take place at the interface and the resulting mixture
then flows out of the channel. Figure 4.8 shows the schematic diagram of the basic
geometry for the test problem.

Fluid 1

_ l i 550 wm N

300 pm
{‘4"%
T
100 wm

50 wm

100 wm

i

Fluid 2

Figure 4.8: Mixing Geometry of the basic two fluids T-shaped micromixer

The boundary conditions for the fluid velocity components at walls are typi-
cally no-slip condition and zero flux condition for the species, while pressure outlet
boundary condition is applied at the channel outlet and the normal gradients of

pressure on the solid walls of the micromixer was considered to be zero. A velocity
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boundary condition having a magnitude of 4 mm.s™!, derived from Re (based on
the width of inlet channel), has been implemented at both the inlets. The inlet Re
and Sc are 0.2 and 200, respectively. It has been assumed that both the incoming
fluids are having similar properties that are given in Table 4.1. In order to carry

out the numerical simulations, 70882 prismatic cells are being used.

Table 4.1: Properties of the fluids.

Parameters Values
Density (p) 1000 kg/m?
Viscosity () 0.001 Pa.s

Mass diffusivity (D) 5 x 1072 m?/s

The second part of this test problem involves the mixing behavior due to the
placement of five rectangular obstacles having a width of 20 ym and a height of 50
pm in the middle of the same T-channel, schematically represented in Fig. 4.9. The
boundary conditions are same as that of the base case with the additional no-slip
conditions applied on the obstacle walls. For this simulation, 64834 prismatic cells

are being used.
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Figure 4.9: Mixing Geometry of two fluids T-shaped micromixer with obstacles

The variation of concentrations with respect to channel width at four different
cross sections along the two micromixers (without and with obstacles) has been

illustrated in Figs. 4.10(a) and (b). From the figures, it can be seen that at steady
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Figure 4.10: Variation of concentration with respect to channel width at four differ-
ent cross sections for (a) the basic T-shaped micromixer, (b) T-shaped micromixer

with obstacles.

state, apparently no mixing has occurred at the left wall and hence the mass fractions
will vary from 0 to 1. However, as one move downstream to the mixing channel this
variation gradually decreases. The variations obtained in the present work are found
to be in good agreement with that of the published literature. Also, the mixing
efficiency calculated at the outlet of both the two micromixers are shown in Table
4.2. The corresponding mixing efficiencies are within the acceptable limit of error

(maximum 2.5%).

Table 4.2: Mixing efficiency at the outlet of the two micromixers.

Mixer Mixing Efficiency, M (%)

%Error:% %100

type Present results Rasouli et al. [143]

(a) (b)

Basic T-channel 62.41 61.48 1.5

T-channel with obstacles 84.39 82.45 2.3
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4.2.5 Three-dimensional mixing in a T-microchannel

In order to validate the computational approach for a three-dimensional problem,
we choose the mixing of liquids in a T-shaped microchannel geometry investigated
by Hsiao et al. [92]. The problem definition is shown schematically in Fig. 4.11.
Geometrical dimensions are expressed in terms of channel height H = 130 um. The
widths of the main channel and the inlet channels are W,, = 3H and W; = 1.5H,
respectively, and L = 78.25H is the total length of the straight main channel. The
fluids entering from the two inlets are pure DI water and a 33 pmole/l solution
of Rhodamine B (Fluka, Germany) in DI water with a diffusion coefficient (D) of
3.6x 10719 m2.s~!. Thus, the fluids entering the two inlets are assumed to possess
the properties of water having density and the viscosity equals to 997 kg.m ™3 and
0.00097 kg.m~t.s71, respectively. Equal flow rate at both inlets is considered with
uniform inlet velocities corresponding to Re of 0.125, 0.5, 2, 8, 32 and 64. Here,
the definition of Re is taken as Re = u d;, v~' where @, d; and v denotes the
characteristic value of flow velocity, the hydraulic diameter of the main channel
(195 pm) and the kinematic viscosity of the fluid, respectively. The outlet pressure

is set to be 1 atm and the no-slip condition is set on the solid walls.

Inlet 1

H =130

W, = 3H
4 W, =15H
~ L =78.25H

Inlet 2

Figure 4.11: Schematic diagram of 3D T-shaped microchannel

The spatial discretization is done by using CUBISTA scheme for the convective
terms and CDS for the diffusive terms in all the governing equations. The time step
size (At) is 107* s. Convergence is set at 107°. The problem is also solved by using
the commercial solver ANSYS Fluent 14.5. In ANSYS Fluent, the steady-state solver
with second order upwind (SOU) scheme has been used for the spatial discretization
and to evaluate the mixture density, the volume weighted mixing law has been used.

The mixing index obtained at the outlet of the channel and the associated pressure
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drop for different Re by using the developed solver and the commercial solver are
compared with that of Hsiao et al [92]. The comparison is shown in Figs. 4.12(a)
and (b), respectively. From the figure, it can be clearly seen that the numerical
results obtained from the developed solver are more closer to that of those reported
in Hsiao et al. [92] than compared to that of the ANSYS Fluent.
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Figure 4.12: Comparisons of the present numerical results with literature and Ansys-
Fluent for the 3D T-microchannel at different Re: (a) outlet mixing efficiency, (b)

pressure drop between the inlets and the exit of the microchannel.

4.2.6 Three-dimensional mixing in a microchannel with lon-
gitudinal vortex generators

In this section, a more complicated three-dimensional mixing problem has been se-
lected. The problem consists of mixing of two liquids in a T-shaped microchannel
in the presence of longitudinal vortex generators. This test problem has also been
adopted from the work of Hsiao et al. [92]. The problem concerns the mixing behav-
ior of the same T-shaped micromixers (referred in Section 4.2.5), but in the presence
of divergent rectangular winglet pairs (RWPs) mounted on the bottom of the main
channel. The basic channel dimensions are same as shown in Fig. 4.11. The winglet
thickness is t = 0.3H, L. = 10H is the length from the inlet of the straight main
channel to the first pair of winglet. The vortex generators with height (h=0.75H)
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protrude into the flow at an angle of attack (#=22.5°). The width of the gap between
the winglets of a RWP is w, = 32.5 um, the distance between each winglet of a RWP
and its neighboring sidewall is w; = 30 pm and the number of modules N,,, = 5. The
spacing between the consecutive winglet pairs is D=1.5W,, whereas d=0.167W,, is

the asymmetry index. The schematic diagram of the problem is shown in Fig. 4.13.
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y dﬁ%f x ,,,,,,, 0 X & W,
PO 0O Lo
D fw
o~ L
] @
InletzT
R : Exit
[ CTL T T e L g
(b)

Figure 4.13: Schematic diagram of 3D T-shaped microchannel with LVG (a) top

view, (b) side view

Comparison of mixing index calculated at the outlet of the channel from present
simulations and the associated pressure drop for different Re are depicted in Fig.
4.14. Tt is easy to see a reasonably good agreement of the results from the present
solver with that of Hsiao et al. [92]. The validation results undercover the ability
of the present solver to simulate microfluidic problems with complex flow structure

with a good amount of accuracy.
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Figure 4.14: Comparisons of the outlet mixing efficiency and the pressures drop of

the 3D T-shaped microchannel with LVGs at different Re

4.2.7 Mixing in a three-dimensional micromixer with gaps
and baffles

This test case has been adopted from the work of Xia et al. [144]. They studied, both
numerically and experimentally, the mass transfer characteristics in a micromixer
with gaps and baffles. The schematic diagram of the micromixer has been shown in

Fig. 4.15. The specific geometric dimensions are provided in Table 4.3.
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Figure 4.15: Schematic diagrams of the micromixer with gaps and baffles
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Table 4.3: The geometric dimensions of the micromixer presented in this study

Parameters W, W, W. W W, W. S; S H B Ly Ly L3

Values (um) 80 80 160 290 40 30 50 90 100 50 100 510 910

The three inlets are set as velocity inlets and the outlet is a pressure outlet where
the reference atmospheric pressure is zero. The adiabatic boundary conditions are
set at the solid walls. DI water and labeled water are taken as the two working
fluids for mixing analysis. In the simulation, the temperature is taken to be 20
°C. The density and viscosity of water are 998.2 kg.m—2 and 0.00097 kg.m~!.s7!,
respectively. The diffusivity between water and ink is 3.23x 107! m?.s7!. The
Reynolds numbers are calculated based on the physical parameters of water and the

characteristic length of inlet 3 (horizontal inlet).

The computational mesh comprises of 522800 hexahedral elements. For the spa-
tial discretization of the convective terms, CUBISTA scheme has been used whereas
CDS has been used for the discretization of the diffusive terms. The time step size
is 10~* s with the steady-state convergence criteria is set at 10~°. Simulations are
carried out for Re = 10. A velocity of magnitude 6.073x102 m.s~*

all the three inlets.

are specified at

Figures 4.16(a) and (b) represent the visualization of the flow field in the zy-
plane at the middle of the channel height obtained from the present numerical re-
sults with that of the experimental results performed by Xia et al. [144] for both Re.

Figure 4.16: Comparison of the characteristics of fluid flow in the xy-plane at the
middle of the channel height for Re = 10: (a) present simulations, (b) experimental

results.
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However, for a quantitative comparison, the mixing index values calculated at
the outlet are shown in Table 4.4 along with the values reported in the literature.
From the table it can be seen that the present results are in better agreement with
the experimental results than compared to that of the numerical results obtained
by Xia et al. [144]. However, the present numerical results underpredicts the values

of mixing index a bit, but the percentage errors are within the acceptable limit.

Table 4.4: Comparison of mixing index

Present results Xia et al. [144] % Error
Parameter .
(a) Experimental (b) Numerical (%% x 100)
Re=10 54.2 56.4 61 3.9

4.3 Closure

The present chapter discusses the verification and validation studies for the devel-
oped solver. In this chapter, some of the early results for flows with single as well
as with multiple species (without phase change) obtained from the in-house quasi-
incompressible solver are presented. For problems involving multiple species, all the
three aspects of varying density i.e., gradients of temperature, concentration and
both, have been explored. For all the cases studied, the results obtained are found
to be in good agreement with the available literatures. In the next chapter, the de-
veloped solver has been used to study the mixing characteristics of a newly devised

passive micromixer for its mixing capabilities.
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Chapter 5

Numerical Assessment of Mixing

Performances With Curved Ribs

Numerous works were carried out in examining the mixing capability in conven-
tional symmetric micromixers typically, T and/or Y type micromixers. Use of dif-
ferent bluff-body obstacles like circular, triangular, diamond and rectangular shaped
showed appreciable amount of mixing enhancement in these symmetric micromix-
ers [82,83,86]. However, to the best of our knowledge, very few of them has focussed
on to explore the mixing quality in cross-T type microchannels which renders a sim-
ple asymmetric microfluidic junction. Despite of its simple geometry, this type of
microfluidic junctions suffer from the disadvantage of demanding a longer channel to
get proper mixing. Indeed for a specific configuration of this class, Ansari et al. [32]
reported a value of about 17% of mixing efficiency at the outlet when the interface
between the fluids is along the centerline of the mixing channel. It has already been
mentioned that an ideal configuration would demand maximum mixing with lower
possible pressure drop across it. Therefore, an effort has been made in this work to
improve the mixing performance as a whole, both in terms of increased efficiency
and lower pressure drop, in a simple asymmetric microfluidic junction. We select
the microchannel geometry to be comprised of a Cross-T microfluidic junction as
referred in the work of Sarkar et al. [34].

The present work considers a measure to enhance the mixing capability in cross-

T micromixers by placing a new design of obstacle geometry, in the form of thin
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curved ribs. The mixing performance of the micromixer is studied extensively by
using the developed numerical solver for low Re flows (<1), typical of microfluidic
applications. However, one point to be noted is that the purpose of placing the
obstacles is not to generate turbulence in this flow regime which is characterized by
a sufficiently low Re, but their effect is to stir the fluid creating transversal mass
transport. The principle is very similar to the phenomenon of mixing sugar in a cup
of coffee. For example, one has to wait passively for a longer time for the sugar to get
mixed evenly into a cup of coffee. But the same mixing process can be accelerated

by stirring the mixture with a spoon.

First, the effect of the newly designed obstacle is studied for this asymmetric
microchannel. Results have been analyzed thoroughly in terms of the flow field
and quantifying the mixing performances to draw the salient conclusions for the
mechanism of mixing enhancements. Numerical simulations are also performed to
compare, on one to one basis, the mixing capability by using curved ribs with that

of conventional straight rib obstacles having the same geometric parameters.

Secondly, a parametric study is carried out with the newly devised curved obsta-
cles to examine the effects of certain geometric as well as flow parameters such as,
the number of modules (defined as one staggered pair of ribs), angle of inclination
(0) i.e. the angle between the chord of the obstacle and the horizontal line and
size of obstacles (based on chord length [), axial distance between the obstacles (s)
and Reynolds number (Re) on the mixing efficiency across various points inside the
channel. For all the cases, mixing efficiencies at the outlet of the channel as well the

pressure drops are calculated and suitably tabulated .

5.1 Problem Definition

In this section, a two-dimensional study has been presented to investigate the ef-
fect of placing a set of curved ribs as the obstacles on the mixing performances in

a cross-T shaped micromixer. The selection of obstacles with a curved surface is

1A substantial portion of this chapter has been published in P. Borgohain, A. Dalal, G. Natara-
jan and H. P. Gadgil (2018), ”Numerical assessment of mixing performances in cross-T microchan-

nel with curved ribs”, Microsyst. Technol., vol. 24, pp. 1949-1963
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motivated from the success of implementing curved winglet type vortex generators
for heat transfer enhancements [145]. The analogy between heat and mass transfer

compels us to see its effect in mass transfer enhancement in microchannels.

The base geometry is taken same as that of used by [32]. The geometry is shown
schematically along with the dimensions in Fig. 5.1. The width of the mixing chan-
nel (W) has been taken as 200 pm and is equal to the widths of the two inlet channels
(side and main/horizontal). The lengths of the main mixing channel and inlet chan-
nels are fixed at L=5 mm and L;,=1.8 mm, respectively. Species considered to be
are ethanol and water. The properties of the water and ethanol were taken at 20°C
and are given in Table 5.1. The non-dimensional numbers such as Reynolds number
(Re) and Schmidt numbers (S¢) are defined based on the reference quantities which
are assumed to be associated with the unmixed ethanol stream entering from the
main inlet. Thus, in the definition of Re and Sc, properties (such as p, p and D)
of ethanol, average velocity at the main inlet (7) and the width of the main inlet

channel (W) are being used.

Side Inlet

W W =200 um

W= L =5 mm
= LIn =1.8 mm
c - . f = A
< = —x_ W | =5
g }

| | |
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Figure 5.1: Mixing Geometry of two fluids micromixer for the basic cross-T mi-

crochannel.

For the obstacle geometry, first a curved surface has been generated by selecting
the curvature similar to that of the inner profile of the EPPLER-376 airfoil with
a chord length of I=1 mm. In that curvature, a constant thickness (t,) of 0.02
mm has been provided so as to generate a thin curved rib by taking into account
of the manufacturing facility. The curved obstacle generated from this profile has
been scaled down to a factor of 0.2 to fit inside the channel that corresponds to
a chord length (I) and thickness (¢,) of 0.2 mm and 0.004 mm, respectively. The

schematic diagram of the obstacle geometry is shown in Fig. 5.2(a). A staggered
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Table 5.1: Properties of the fluids at 20°C.

Density, p  Viscosity, © Mass Diffusivity, D

Fluid

(kg/m?)  (Pa.§) (m*/s)
Water — 999.8  0.9x 1073 1.2 x 107°
Ethanol ~ 789.0  1.2x 1073 1.2x 107

configuration of the ribs placed on either side of the centerline of the mixing channel
has been chosen, which is schematically shown in Fig. 5.2(b). The set of one pair of
obstacles/ribs are termed as one module. Moreover, the two obstacles comprising a
module are chosen such that they represent the mirror image of each other. Inside
the main channel the obstacles are placed at an angle of inclination of 6 = 45° which
is defined as the angle between the chord of the obstacle and the horizontal line.
The distance between the wall of the channel and that of the obstacle (d) is 0.01
mm. The first obstacle is placed at an axial distance (Lgps) of 0.225 mm from the
start of mixing channel whereas the spacing between two consecutive obstacles (s)
is 0.135 mm. The number of modules taken is denoted by N,, which is equal to 4
in Fig. 5.2(b).

w

—

Main Inlet

-

Figure 5.2: Schematic layout of (a) curved ribs employed as the obstacles within the

microchannel and (b) the cross-T microchannel with modified curved obstacles.
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A uniform and equal velocity profile based on Re = 0.5 (which is of 3.8 mm/s) is
specified at both the inlets. The walls are assumed to be impermeable with no-slip
condition specified for velocity components. At the outlet of the channel, a fixed-
pressure boundary condition is applied and the normal gradients of pressure on the
solid walls of the micromixer was considered to be zero. CUBISTA scheme [133] is
used for the discretization of convective terms whereas CDS is used for the diffusion

terms. Time step size is 107* s and the relative convergence is set at 1075,

5.2 Grid Independence Study

In this section a grid independent study is performed to choose the mesh resolu-
tion for the present simulations. For this, four different grid densities are selected to
study the effect of the number of cells on the predicted mixing behavior in the cross-
T junction at Re = 0.5. Details regarding the obstacle arrangement are: N, = 4
(i.e., 4 staggered pairs of curved ribs), § = 45°. At both inlets, a uniform velocity
boundary condition of magnitude 3.8 mm/s (based on Re = 0.5) has been imple-
mented while the no-slip condition is specified at the walls. At the outlet, pressure
outlet boundary condition is applied. Hybrid meshes consisting of hexahedral cells
and prismatic cells are being used. Prismatic cells are placed in the neighboring
regions of ribs and remaining parts are filled with hexahedral cells. A wide ranges of
meshes having 23354, 39448, 64172 and 82422 numbers of cells (also referred to as

coarse, medium, fine and finest meshes, respectively) were considered for the study.

Figure 5.3 shows the ethanol mass fraction distribution along the width of the
channel at the middle of the main channel (i.e. at = 2.5 mm). The mass frac-
tion distributions observed on fine and finest meshes appear to be quite close to
each other. Furthermore, the mixing index at the outlet of the channel and the
corresponding pressure drop for all four meshes are shown in Table 5.2. One can
observe that as the number of volumes is increased, both mixing index and pressure
drop tend to converge to a constant value. It is evident that results for mixing
index and pressure drop on the fine and finest meshes agree well and therefore are
grid-independent. In order to keep computational cost to a minimum, all studies
are carried out on a grid resolution comparable to the fine grid having 64172 (ap-

proximately) control volumes in this work.
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Figure 5.3: Grid independent study: Ethanol mass fraction profile along the width
of the mixing channel extracted at the middle of channel i.e., at x=2.5 mm from

the junction for various numbers of grids.

Table 5.2: Mixing performance with respect to different grid densities.

Sl. no. Grid density (no. of cells) Mixing efficiency, M (%) Pressure drop (Pa)

1 23354 48.4 146
2 39448 45.0 153
3 64172 42.1 156
4 82422 41.5 159

5.3 Results and Discussion

This section presents the results of the numerical simulations for the effect of the
obstacles in mixing enhancements. All the results are thoroughly analyzed to draw
the salient conclusions for the mechanism of mixing enhancements. It has already

been mentioned that the basic reason behind the placement of obstacles is to stir the
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fluid to enhance the transversal mass transport. As such, first, the results showing
the mixing capability of the new micromixer with the curved obstacles are presented
and compared against the standard micromixer having integrated with straight ribs.
The results of a complete parametric studies performed for the present work are

reported in the subsequent subsections.

5.3.1 Comparison of curved and straight ribs

In order to carry out the comparative study for the mixing capabilities with the
two obstacle designs, viz, curved and the conventional straight ribs, an arrangement
with N, =4 with § = 45° has been selected (see Fig. 5.2). The distance between
the wall of the channel and that of the obstacle (d) is 0.01 um. The first obstacle
is placed at an axial distance (Lgps) of 0.225 mm from the start of mixing channel

whereas the spacing between two consecutive obstacles (s) is 0.135 mm.

The developed solver uses a pseudo-transient method to handle the steady-state
problems. As such a simple first-order Euler Implicit scheme is employed for tem-
poral discretization. For spatial discretization, the second order accurate CUBISTA
scheme [133] and central difference scheme (CDS) are being used for handling the
convective and the diffusive terms, respectively. The developed solver is inherently
three-dimensional. Therefore, to solve two-dimensional problems, one makes use of
hexahedral /prismatic elements of one cell width in the direction normal to the plane
of the flow and provide symmetry boundary conditions on the lateral walls to ensure

that the simulations are necessarily two-dimensional.

Figures 5.4(a) and (b) show the mass fraction contours for the channels having
curved ribs and straight ribs for the same axial locations between r=0.2-1.6 mm,
while Figs. 5.4(c) and (d) show the streamlines patterns for the same, respectively.
From the figures, it can be seen that for both the two types of obstacles, i.e., curved
as well as straight, the mass fraction contours and the streamline patterns are almost

similar.
Table 5.3 shows the comparison of mixing efficiencies at different axial locations

along with the pressure drop encountered for both the two configurations of obsta-

cles. From the table, it has been seen that the placement of both the obstacles gives
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Figure 5.4: Ethanol mass fractions contours across x=0.2-1.6 mm for microchannels
with (a) curved ribs and (b) straight ribs and streamlines at the same location for
microchannel with (c) curved ribs and (d) straight ribs and (e) contour levels for

mass fractions.

rise to a significant increase in mixing quality of the cross-T channel compared to
that of the base case ( i.e., without obstacles ). The main reason for this enhance-
ment can be attributed to the fact that the placement of obstacles stirs the fluids in
the transverse direction giving rise to species mixing due to lateral convection. But
it has also been noticed that a marginally higher enhancement in mixing has been
found in terms of the mixing efficiencies for the channel with curved obstacles as
compared to that of the straight obstacles. However, the pressure drop occurred in
the channel with curved obstacles are significantly low than the corresponding value
for the channel with straight obstacles. This observation, which is an outcome of the
present study, is also interesting in that the reduction in pressure drop (and hence
the power needed to drive the flow) when curved ribs are employed does not degrade
the mixing efficiency for the low Re flows investigated in this work. Moreover, the
ideal configuration for any passive micromixer is the one where maximum mixing
efficiency can be obtained at the cost of minimum pressure drop. As such, the new
design of obstacles considered opens up opportunities to design optimal micromix-
ers, which have high mixing efficiencies accompanied by low pressure drops for a
range of Re, and to analyze the specific mechanisms that allow the realization of

such designs.
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Table 5.3: Comparison of mixing efficiency and pressure drop with different obstacle

geometry for cross-T micromixer with that of no obstacle case.

Obstacles Mixing efficiency, M (%) Pressure
geometry r=02mm z=2mm z=3mm z=4mm =5 mm drop (Pa)
Straight

9.39 33.80 37.10 40.28 43.40 225.2
obstacles
Curved

.71 35.00 38.30 41.50 45.00 153.1
obstacles
Without

5.23 13.10 16.6 19.07 21.58 15.8
obstacles
Without
obstacles 4.3 11.8 14.4 16.9 - 1
(32])

5.3.2 Parametric Studies for the curved ribs

As can be seen in Section 5.3.1, the basic advantage of using of curved ribs is the
higher mixing efficiency with the lower pressure drop. However, it is also important
to note that the design could give good mixing performance at decent pressure drop
cost only for a limited range of parameters which may be categorized as geometric
and flow parameters. There are a large number of geometrical parameters that can
influence the performance of the micromixer. Among these, the following parame-
ters, which are believed to be influential factors, are chosen to study their effect on
the mixing performance. The parameters selected for detailed analysis are (1) the
number of modules (N,,), (2) the angle of inclinations (), (3) axial spacing between
curved ribs and (4) size of obstacles. Finally the effect of inlet Re on mixing perfor-

mance is also investigated.
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5.3.2.1 Effect of number of modules (N,,)

In this section, the effects of the number of modules on the mixing behavior of
the cross-T type microchannel are studied. The module is defined as a pair of
obstacles placed staggeredly on either side of the axis of the channel. Keeping all
the parameters same as considered in the study conducted in Section 5.3.1, only the
number of modules are varied for the microchannel. The number of modules taken
for this study are 1, 4, 5, 6, 8, 10, respectively. The variation of mixing efficiencies
calculated along the length of the channel having different number of modules are

shown in Fig. 5.5.

701

| ——=—— Ansarietal. (no obstacles)

| ——w—— 1 Module
_60F — = 4Modules
Y [ —a—— 5Modules ‘/’/o/’/‘
N—r
s I ——— 6 Modules
" S0F 8 Modules
a | ——— 10 Modules
o i
c 40
QT
e I
= |
O 30
o [
= 3
X 20k
> [

10k
L N [
0 1 5

? x(m}ng‘

Figure 5.5: Variation of mixing efficiencies along the length of the channel having

different number of modules.

From Fig. 5.5, it has been seen that the placement of more number of modules
leads to enhanced mixing over the plane channel with no obstacles. In the case of
the plane channel, the mixing efficiencies increase almost linearly from the start of
the mixing channel till the exit. The first value of mixing efficiency for each line
involving a different number of modules corresponds to that location in the channel
which is after the last module. For the channels with a progressively higher number
of modules, the mixing efficiencies increase to a high value while passing through
the modules and after crossing the last obstacle point, the mixing efficiencies follow
a more or less linearly increasing pattern. The slope of this linearly increasing pat-

tern is nearly same for all the cases including for the case with no obstacle. This
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Table 5.4: Mixing efficiency and pressure drop for different number of modules.

Sl. no. No. of modules Mixing Efficiencies, M (%) Pressure drop, (Pa)

1 1 35.16 44
2 4 45.0 153
3 d 47.26 189
4 6 49.39 225
) 8 53.0 299
6 10 97.5 371

clearly compels us to believe that the enhancements observed in mixing behaviors
of the channels is basically due to the placements of the obstacles and more number
of modules leads to higher mixing efficiencies. The reason behind this is that the
placement of obstacles agitates the transversal motion of the fluids and thus lateral
convective transport of the species takes place in addition to diffusive transport.
Since mixing efficiency and the pressure drop are two competing objectives, the
enhanced mixing has been achieved at the cost of additional pressure drop. The
corresponding mixing efficiencies calculated at the outlet for each case and the as-
sociated pressure drops are shown in Table 5.4. It has been seen that the increased
pressure drop is significantly higher than the corresponding increase in mixing effi-
ciencies. For the 10 module case, the pressure drop is near about 2.5 times more to
get an enhancement of 12.5 %, i.e., only 1.27 times more than compared to that of

the corresponding values for the 4 module case.

5.3.2.2 Effect of angle of inclination (0) of the curved ribs

In this section, an effort has been made to see the effect of angle of inclination of
the obstacles (#) on the mixing behavior of the channels under study. Six sets of
angles have been taken for the present study including both positive and negative
angles. Positive angles correspond to the clockwise rotation of the obstacles whereas
negative angles correspond to anticlockwise rotation of obstacles (see Fig. 5.6). The
magnitudes of angles considered in the present study are +30°, £45° and +60°. The

basic geometry is same that of studied in Section 5.3.1.
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Figure 5.6: Schematic representation of angle of inclination of the obstacles (a)
clockwise rotation of obstacles giving +ve angle of inclination and (b) anticlockwise

rotation of obstacles giving -ve angle of inclination.

Figures 5.7(a)-(f) show ethanol mass fraction contours for different angle of in-
clinations. In each sub-figure, the zoomed view of the selected portion of the mixing
channel (specified by dotted lines) for the same axial locations of is shown. It can be
seen that mixing increases qualitatively with the increase in the angle of inclination
irrespective of signs, either positive or negative. However, for the same magnitude
of the angle of inclinations, the mixing zone is shifted towards the bottom of the

channel for negative angles than compared to that of its positive angle counterparts.

To quantify the degree of mixing, variation of mixing efficiencies along the length
of the mixing channel for different angle of inclinations is shown in Fig. 5.8. Also
the comparison of mixing efficiencies at the channel outlet along with the pressure
drop obtained for different angle of inclinations for the obstacles is shown Table 5.5.
From the table it has been seen that with the increase in the value of the angles,
both for positive and negative, the mixing efficiencies increases. But at the same
time, pressure drop also increases significantly. It has also been seen that for the
same value of the angles but with different signs, the value of mixing efficiencies are
almost in the same range. However, the channels with the negative angles achieve
this mixing at the cost of much higher pressure drop than compared to that of their
positive angle counterparts. One of the possible reasons behind this higher pressure
drop for the negative angle of inclinations may be the clearance between consecutive
obstacles. From Figs. 5.7(a)-(f), one can clearly see that the clearance is more for

positive angles rather than the negative angles. Because of the larger clearance,
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Figure 5.7: Effect of angle of inclination: Ethanol mass fraction contours for angle

of inclination of (a) 30°, (b) 45°, (c¢) 60°, (d) —30°, (e) —45° (f) —60°.
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Table 5.5: Mixing efficiency and pressure drop for variation angle of inclination.

Sl no. Angle of inclination, 6 (°) Mixing efficiency, M (%) Pressure drop (Pa)

1 +30 38.0 52
2 +45 45.0 153
3 +60 62.0 467
4 -30 39.3 149
5 -45 39.5 322
6 -60 62.5 487

the fluid suffers from less resistance to flow through the gap and vice versa. This

finally leads to increase in pressure drop for the negative angles of inclinations of
the obstacles.

w B al o]
o o o o
LA L B B B s

Mixing efficiencies,M (%)

=
o
| B

N
o
T T

Figure 5.8: Variation of mixing efficiencies along the length of the channel for dif-

ferent angle of inclination of the obstacles.

5.3.2.3 Effect of axial spacing between curved ribs

This section presents the results for the effect of the axial spacing (s) provided

between the ribs on mixing behavior of the microchannel. The channel configuration
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Table 5.6: Mixing efficiency and pressure drop for different axial spacing.

Axial distance between
SI no. Mixing efficiency, M (%) Pressure drop (Pa)

obstacles, s (mm)

1 0.085 40.5 702.9
2 0.135 45.0 153.0
3 0.270 44.7 91.0
4 0.405 42.9 91.73

studied in Section 5.3.1 with 4 modules and 45° angle of inclination is taken as the
reference case. In the reference case, the axial spacing between the obstacles is
5=0.135 mm. In this configuration, the distance between the ribs is varied making
it almost halved, twice and thrice (i.e., 0.085, 0.27 and 0.405 mm, respectively) than
that of the reference case. The variation of mixing efficiencies along the length of
the channel for three different spacing between obstacles are shown in Fig. 5.9. In
this figure, the first point for each line corresponds to the axial locations sufficiently
downstream of the last module so that the local effect of obstacle placement doesn’t
come into the picture. Thus, with greater spacing, the first point shifts to a further
downstream location. Also, the outlet mixing efficiencies and the pressure drop for
the channel having obstacles with different axial spacing are shown in Table 5.6.
Comparing the values in the figure and the table, it has been seen that keeping
the obstacles very close to each other (i.e., with halved the spacing) did not lead
to increase in mixing efficiency but rather it leads to a very huge pressure drop.
However, keeping the spacing twice than that of the reference case, the mixing
efficiency almost remains same but this time it has been achieved with significantly
less pressure drop (almost less than 1.5 times compared to that of the reference
case). Any further increase in this distance beyond a limiting value which is 0.27
mm for the present study, the pressure drop almost becomes constant but at the
same time mixing efficiency also start dropping. So, it can be concluded that an
optimum spacing is required between the obstacles to get the benefit with respect
to the combined effects in terms of the higher mixing performance as well as lower

pressure drop.
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Figure 5.9: Variation of mixing efficiencies along the length of the channel for dif-

ferent spacing between the obstacles.

5.3.2.4 Effect of size of curved ribs

Size of the obstacle is another important factor that can directly affect the mixing
performance of the microchannel under study. So it is very much important to have
a certain idea of how the size of the obstacles can affect the mixing performance
in microchannels. Obstacle configuration with 4 number of modules with an angle
of inclination of 45° is taken for this study. For the different sizes of the obstacles,
the original curved obstacle with a chord length of 1 mm has been scaled down to
different scaling factors such as 0.1, 0.15, 0.175, 0.2 and 0.225 that finally leads to
obstacles having dimensions in terms of chord length and thickness (I,t,) of (0.1,
0.002), (0.15, 0.003), (0.175, 0.0035), (0.2, 0.004) and (0.225,0.0045), respectively.
Ethanol mass fraction contours over the last 2 modules for the channel with different
sizes of obstacles are shown in Figs. 5.10(a)-(c) for the scaling factor of 0.1, 0.175
and 0.225, respectively. The figures are plotted for the same axial locations between
x=0.6 mm to =1.6 mm. From the figures it can been seen that with the increase

in the sizes of the obstacles, the two species got more diffused across the interface.

The mixing efficiencies calculated at different axial locations along the length of

the channel having different sizes of obstacles are shown in Fig. 5.11. From the figure
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Figure 5.10: Effect of obstacle size: Ethanol mass fraction contours with different
sizes of obstacles for cross-T microchannel across the axial locations of x=0.6 mm to

r=1.6 mm for scaling factor of (a) 0.1, (b) 0.175, (c¢) 0.225 and (d) Contour levels.

it has been seen that the efficiency of the micromixer increases with the increasing
size of the obstacles which also supports the mass fraction contours shown in Figs.
5.10(a)-(c). The increments for consecutive higher sizes of the obstacles are also same
till a particular size of obstacles which corresponds to the chord length (/) of 0.2 mm

for the present study. After this critical size of obstacles, any further increase in the
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size of obstacles doesn’t lead to any appreciable enhancement in efficiency of the
mixer. The quantitative measure of the mixing quality of the present microchannel
with different sizes of obstacles are given Table 5.7 in terms of mixing efficiencies at
the channel outlet and pressure drop. From the table it can be seen that the increase
in efficiency is also counteracted by the significant increase in pressure drop across
the channel. And after the critical size of the obstacles, the increase in efficiency
by using a bigger size of obstacles is very marginal whereas the increase in pressure
drop is significantly high for almost comparable mixing efficiencies. So it is not

preferable to use a bigger size of obstacles in regard to pressure drop.
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Figure 5.11: Variation of mixing efficiencies along the length of the channel for

different sizes of the obstacles.

Table 5.7: Mixing efficiency and pressure drop for different sizes of the obstacle.

Sl no. Obstacle dimensions Mixing efficiency, M (%) Pressure drop (Pa)

1 [=0.1, t,=0.002 33.8 30.0
2 [=0.15, t,=0.003 37.04 44.3
3 [=0.175, t,=0.0035 40.9 71.0
4 [=0.2, t,=0.004 45.0 153.0
5 [=0.225, t,=0.0045 45.08 537.7
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5.3.2.5 Effect of Reynolds number (Re)

This section focuses on the effect of the inlet Reynolds number (Re) on the mixing
behavior of the microchannel. The Reynolds number is defined as: Re = ppuW/ug,
where pg,u, W and pp are the density of ethanol, average velocity of ethanol in the
main inlet, width of the mixing channel and dynamic viscosity of ethanol, respec-
tively. The value of Re is varied from 0.1 to 10. The channel having 4 modules
with 45° angle of inclination with a scaling factor of 0.2 is taken as the base case.
The degrees of mixing and the pressure drop associated with respect to different Re
values are shown in Table 5.8. From the table it can be seen that with the lower
value of Re equal to 0.1, higher mixing efficiency (about 86.3%) is achieved even at
a comparatively very low pressure drop compared to other channels with different
Re values. With the increase in Re, the mixing efficiencies start decreasing with
a corresponding increase in pressure drop. One of the possible reasons may be is
that at low Re value, the residence time for the fluids is more and since the mixing
relies mainly on diffusion at this Re, a comparatively shorter length of the channel
is required to achieve the equilibrium mass fraction of 0.5. As the value of Re in-
creases, the flow velocities also get increased having fixed all the other parameters.
This results in the reduction of the residence time for the fluids and the fluids get

less time to diffuse into each other.

Table 5.8: Mixing efficiency and pressure drop at different Re.

Slno. Re Mixing efficiency, M (%) Pressure drop (Pa)

1 0.1 86.3 30

2 0.5 45.0 153
3 1 33.1 308
4 D 234 1784
D 10 21.7 4494
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5.4 Closure

The focus of this chapter lies in the implementation of the developed solver in ap-
plication to microfluidic devices, such as micromixers. It involves a newly designed
obstacle geometry, in the form of thin curved ribs, and its layout in a cross-T mi-
crofluidic junction type micromixer to enhance the rate of mixing between different
liquids. The performance of the newly designed micromixer is explored thoroughly
for its mixing capability via numerical analysis. It has been found that the use
of curved ribs is more preferable compared to its straight ribs counterparts for en-
hancing the mixing capability in terms of the combined effect of increased mixing
efficiency with lower pressure drop. Subsequently, a set of parametric studies are
also carried out to see the effects of different geometric as well as flow parameters

on the mixing capability of the present micromixer.

Nevertheless, these investigations were two-dimensional in nature. However, it
led to interesting results. As such, the current analysis has been extended for a more
realistic three-dimensional configuration to study the flow and mixing characteristics

which is presented in the next chapter.
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Chapter 6

Performance of a

Three-Dimensional Micromixer

with Curved Ribs

The studies carried out in Chapter 5 show some interesting results for the mixing
performance in regard to a cross-T micromixer by the use of curved ribs. The newly
designed curved ribs employed as the flow obstacles are found to produce enhance
mixing typically at lower pressure drop compared to that of using conventional
straight rib. However, these investigations were two-dimensional in nature. The
present chapter focuses on extending this work for a more realistic three-dimensional
configuration to study the flow and mixing characteristics. In particular, investi-
gations have been carried out for the role of three-dimensional effects and obstacle
curvature for low to medium Re mixing flows, typical of most microfluidic appli-
cations. The enhancements in mixing with the incorporation of thin curved ribs is
evaluated in a simple cross-T or perpendicular microfluidic junction through exten-
sive three-dimensional numerical simulations. Simulation results for the influence of
some of the important geometrical parameters are also brought out for the selection

of an optimum configuration of the obstacle layout. !.

LA substantial portion of this chapter has been submitted to Chemical Engineering Research

and Design after first revision
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6.1 Problem Definition

The present study focusses on assessing the mixing performance of two liquid streams
in a three-dimensional cross-T micromixer with the introduction of thin curved ribs.
The basic details of the numerical model is similar to that used Section 5.1. In
the present study, however, the obstacles are mounted on one of the side walls (at
z = 0) of the mixing channel protruding with height (h) into the flow at an angle
of inclination designated by 6. The schematic diagram of the model under study is

shown in Figs. 6.1(a)-(c). All dimensions of the geometry is provided in Table 6.1.

Table 6.1: Basic dimensions of the geometry under study.

SI. No. Parameter Dimensions Sl. No Parameter Dimensions

1 w=W 200 pm 6 [ 200 pm
2 L;, 1.8 mm 7 to 4 pm

3 L 5 mm 8 0 45°

4 H 140 pm 9 Lops 225 pm
5 h 0.7 H 10 d 0.01 pm

In the present study, we consider the mixing of ethanol and water with the former
entering through the main inlet and the later enters through the side inlet. Both

the two inlet fluids are entering with the same volume flow rate.

An extensive parametric study is carried out with the newly devised curved
obstacles to examine the effects of certain geometric as well as flow parameters on
the mixing efficiency of the microchannel. In this work, we choose the obstacle height
(h), number of mixing modules (N,,), angle of inclination () and size of obstacles
(based on [,t,) as the geometric parameters to be investigated; while the values of
H, L, Ly, W, d, Lys are kept fixed. The effect of inlet Reynolds numbers (Re) is
also explored to judge the mixing performance over a range of flow conditions. We
remark that the non-dimensional numbers reported in this study are defined based
on the reference quantities associated with the unmixed ethanol stream, the average
velocity of ethanol at the main inlet and the width of the main channel. The value
of Sc is equals to 1267.
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Figure 6.1: Schematic diagram of the complete set up of the microchannel geometry

with curved obstacles (a) 3D view, (b) side view and (c¢) top view ( not to scale ).
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6.1.1 Boundary conditions

Uniform velocities are specified at the inlet based on fluid properties and chosen
Reynolds number. The mass fraction of water and ethanol for the main and side
inlets are (0,1) and (1,0), respectively. The walls are assumed to be impermeable
with no-slip condition specified for velocity components. The applicability of the
no-slip condition is justifiable as the Knudsen number (Kn), defined as the ratio of
the mean free path () of fluid molecules to a characteristic length (L), is less than
1073 [144]. At the outlet of the channel, pressure outlet boundary condition with
a fixed value of 1 atm is applied and the normal gradients of pressure on the solid

walls of the micromixer was considered to be zero.

6.1.2 Numerical flow solver

The present study comprises of three-dimensional numerical simulations which incur
a high computational cost. To avoid the high computational cost, problems having
a steady-state solution is preferably solved by using a steady-state solver. Although
the solver developed in this work has been verified to handle three-dimensional prob-
lems with a good amount of accuracy, as can be seen in Sections 4.2.5 and 4.2.6, it
is based on a pseudo-transient approach to solve steady-state problems. This can
further increase the computational cost to a great extent. As such, the commercially
available numerical software ANSYS Fluent 14.5 [146], has been used to simulate

the flow and mixing in this case.

The steady solver with SIMPLE algorithm is adopted to implement the coupling
between pressure and velocity. Second order upwind scheme is used to discretize
the convective term of the governing equations [92]. This choice also minimizes false
diffusion which could otherwise be detrimental to mixing problems. Solutions are
considered to be converged when the relative residual of each variable is less than
107°.

6.2 Grid Independence Study

Before performing the final numerical simulations, a grid independent study has

been carried out to choose the mesh resolution for the present cross-T microchannel
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geometry studied in this work. To this end, the following parameters are being
selected, viz, Re=0.5, N,, =4, 6 = 45° and [ = 0.2 um. All the obstacles are placed
at an axial distance of s=135 pum from one another. To perform the test, three
different meshes having approximately 0.2, 0.4 and 1 million hybrid unstructured
cells (also referred to as coarse, medium and fine meshes respectively) are used
for the simulations. The results of grid independence test are summarized in Fig.
6.2 which shows the mass fraction distributions at the outlet. The mass fraction

distributions observed on medium and fine meshes appear to be quite close to each

other.
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Figure 6.2: Grid independent test: Mass fraction variation along the width of the
channel at the z=100 pm.

Furthermore, the mixing index at the outlet of the channel and the correspond-
ing pressure drop for all three meshes are shown in Table 6.2. One can observe that
as the number of volumes is increased, both mixing index and pressure drop tend to
converge to a constant value. It is evident that results for mixing index and pressure
drop on the medium and fine meshes agree well and therefore are grid-independent.
In order to keep computational cost to minimum, all studies are carried out on a

grid resolution comparable to the medium grid of 4.6 lakhs (approximately) control

volumes in this work.

In this context, the Grid Convergence Index (GCI) proposed by Roache [147]
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Table 6.2: Effect of number of cells used in the simulation on mixing index and

pressure drop.

Number of control Mixing index, Pressure drop,

Sl. no.
volumes M (%) AII (Pa)
1 271402 72.93 110.91
2 462486 70.72 113.02
3 1076976 70.33 114.87

is found to be an another measure of convergence of relevant quantities with mesh
refinement. The index is an indicator of the proximity of the solution to its asymp-
totic value and typically employs three mesh resolutions to estimate the solution in
the continuum regime using Richardson extrapolation. Stated mathematically, the

GCI may be calculated as,

€
GCly = F, ,,| 21 (6.1)
where, Fy, = 1.25 is the factor of safety, €51 = % with the subscripts 1, 2 and
@]
3 referring to fine, medium and coarse meshes and ry; = ﬁ—if is the grid refinement

ratio. In the present studies, we use the mixing index (M) as the solution functional
and assume p = 2, since nominally second-order accurate scheme is employed. It
must be noted that we do not use the solutions to determine p since the meshes are
unstructured and are not generated through uniform refinement. Table 6.3 shows
the GCIy; and GClI3y values for the micromixer configuration. For specific details

on computation of GCI, the readers may refer to [147-149].

Table 6.3: Grid convergence study.

Parameter GCIy,; GClss

Mixing Index (M) 0.923% 9.38%

It can be seen that the GCly; is significantly smaller than GClj3, indicating that
the dependence of the mixing index on the grid resolution is considerably reduced.

Importantly, the smaller value of GCls; is also evidence that the solution is nearly
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independent of mesh resolution and no reasonable improvement can be achieved by
increasing the number of cells in the domain. This is also reflected in Fig. 6.3 which

shows the mixing indices on the three meshes along with the extrapolated value.

74F

M (%)

69|
68

67

. . .
0 0.0005 0.001 0.0015 0.002

Grid spacing 4x)

Figure 6.3: Variation of mixing indices on the three meshes along with the extrap-

olated value.

6.3 Results and Discussion

This section presents the results of the numerical simulations for the effect of the
obstacles in mixing enhancements. All the results are thoroughly analyzed to draw
the salient conclusions for the mechanism of mixing enhancements. The basic reason
behind the placement of obstacles is to stir the fluid that may lead to the genera-
tion of transverse velocity components. These transverse convective currents, when
combined with diffusion are observed to aid the mixing process. First, the results
showing the mixing capability of the new micromixer with the curved obstacles are
presented and compared against the standard micromixers. This is then followed by

the results obtained from the parametric studies performed for the present work.

6.3.1 Comparison of straight and curved obstacles

In this section, we presented the results obtained for three different microchannels

geometries which are as follows,
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1. Microchannel with no obstacles placed inside the channel (referred to as the

base case),

2. Microchannel integrated with non-curved (straight) rectangular obstacles placed

inside the channel and

3. Microchannel with the newly conceptualized obstacles having a curvature

along the surface.

The geometrical parameters associated with the obstacle, such as height (h), an-
gle of inclination (), size (), spacing between each obstacle (s), number of modules
(N,,) are kept same to make a comparative study of the above three configurations
possible. The corresponding values are h = H=140 pum, §=45°, [ =0.2 mm, s =0.135
pm, N,,=4. The value of Re is assumed to be 0.5, typical of many microfluidic ap-

plications.

The mass fraction distributions at three different vertical cross sections namely
before the first module, after the last module and at the exit of the channel is shown
in Figs. 6.4(a)-(c) for the base case and cases with straight and curved obstacles,
respectively. It has been seen that among the three microchannels, the mass frac-

tions become more homogenized at the outlet for the channel with curved obstacles.

To get a better insight of the mechanism of mixing in the presence of obstacles,
we have observed the flow patterns on different vertical cross sections, viz, before the
start of obstacles, after the third and sixth obstacles that corresponds to the planes
at £=0.2, 0.6388 and 1.043 mm, respectively. These vector plots are shown in Figs.
6.5(a)-(c) for the base case and for the channels with straight and curved obstacles,
respectively. From the Fig. 6.5(a), it has been clearly seen that for the base case
the velocity magnitudes are very small compared to that of the channels with ob-
stacles shown in Figs. 6.5(b) and (c). However, for the cases with obstacles, higher
magnitude of velocity vectors can be seen and also the velocity field in the cross
sections corresponding to subsequent obstacle changes their direction accordingly to
mirror the flow field of the preceding obstacle. From these results one can conclude
that the presence of obstacles generate additional transverse velocity components.
The strength of these secondary flows determines the extent of mixing attained in

channels with obstacles.
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(a)
(b)
()

Figure 6.4: Mass fraction distributions on three vertical cross sections namely before

the first module (left), after the last module (middle) and at the exit of the channel
(right) (a) base case (without obstacles), (b) channel with straight obstacles and (c)

curved obstacles.
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Figure 6.5: Comparison of simulated flow patterns at three different vertical cross
obstacle and (c) after 6th obstacle for base case (top), channel with straight obstacles

(middle) and curved obstacles (bottom), respectively.
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To get a quantitative measure of the strength of the secondary flows generated
due to the presence of obstacles, variations of the transversal velocities (v and w)
along the channel height for the plane at x=0.6388 mm is presented in Fig. 6.6.
From the figure, it can be identified that the transversal velocities (v and w) for the
channel without having any obstacle is very poor compared to those with obstacles.
Furthermore, curved obstacles lead to generate the greatest transversal velocity,
which may result in superior mixing due to greater convective transport of species

in these diffusion dominated flows.

140 "

120}

——a&—— Base case
——a&—— Base case

—~ ——— Curved obstacle
’ Curved obstacle S i ———— Non-curved obstacl¢
——<«—— Non-curved obstacle = I
N 60;
sf
: 20
07”‘|H‘|HH|HH|H 07”‘|HHHH|HH|H‘
0 0.0025 0.005 0.0075 0.01 -0.0005 0 0.0005 0.001
v (m/s) w (m/s)

(a) (b)

Figure 6.6: Comparison of the transversal velocity along the horizontal center-line

of zy plane at x=0.6388 mm.

For the quantitative comparison, the mixing indices calculated at the exit of the
microchannel and the associated pressure drop for each of the channel as shown in
Table 6.4. From the table, it can be seen that the mixing index is very low about
24.3% for the base case whereas the mixing capability is greatly enhanced by the
implementation of the obstacles, both straight and curved, giving mixing indices of
about 47.6% and 61.3%, respectively. Interestingly, the pressure drop for the channel
with curved obstacles is lower than for those with straight obstacles. This is clearly
an added advantage for obstacles with curved surfaces since increased mixing index
is associated with the lower pressure drop. Thus, it can be concluded that, the
cross-T type of microchannel, which is very inefficient on their own, can be made

suitable for enhanced mixing by the use of the newly designed curved obstacles.
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Table 6.4: Mixing index for microchannels with different obstacles geometry com-

pared to that of its base channel without obstacles.

Configuration of Mixing index, M Pressure drop, All
microchannel (%) (Pa)

Sl. no.

Base case without
1 24.3 52.5

obstacles

Channel with straight
47.6 276.3

obstacles

Channel with curved
61.3 193.1

obstacles

6.3.2 Geometrical variations for the curved obstacles

This section contributes to the studies for the effects of the following parameters
which are believed to be the influential factors for the mixing performances of the
microchannel. The parameters selected for detailed analysis are (1) height of the
obstacles (h), (2) the angle of inclinations (), (3) chord length (/) and (4) the
number of modules (V). Finally the effect of inlet Re on mixing performance is

also investigated.

6.3.2.1 Effect of height (h) of the curved obstacle

For this study, six values of obstacle heights ranging from h = 0 to h = H through
0.25H,0.5H, 0.75H and 0.875H has been chosen. All the other geometric parame-
ters are kept constant at #=45°, [ =0.2 mm, s =0.135 um, N,,=4. Simulations are

carried out for Re equals to 0.5.

Figures 6.7(a) and (b) present the transverse components of the velocity along
the horizontal center-line of zy plane at x=0.6388 mm for different obstacle height.
Combining the magnitudes of both the transverse velocity components, one can
summarize that there may be an optimum height (around h = 0.75H) for the ben-

efit of achieving the greatest transversed convection of species.
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h=0.25H
h=0.5H
h=0.75H
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Figure 6.7: Transverse components of velocity along the horizontal center-line of zy

plane at x=0.6388 mm for different heights of the obstacles.

To quantify the degree of mixing, the variation of mixing indices calculated at
different vertical cross sections is plotted along the length of the channel and is shown
in Fig. 6.8. From the figure, it can be seen that the mixing indices continuously
increase all along the length of the channel with heights of obstacles up to h=0.75H.
There has been seen little change in mixing indices for h = 0.75H — 0.875H. When
the obstacle heights are further increased beyond h = 0.875H, there has been noticed
a drop of mixing efficiencies. Also, it has been evident that major percentage of
enhancements has been observed in the region where the obstacles are placed. This
is because, in this region convective transport of species dominates over the diffusive
transport. Beyond this region the mixing almost follows a linear variations with a
slope similar to that of the base case without obstacles (i.e., h = 0). Another
reason of getting higher mixing may be that with the increase of the heights of the
obstacles, the region of influence in z-direction ( i.e., along the depth of the channel)
for transversal mass transport got increases. Thus, it gives rise to more mixing of
fluids due to the evolution of convective transport. However, when the height of
the obstacles reaches a point above a certain height i.e., h = 0.875H, the throttling
by the gap between the obstacle and the side wall decreases and hence it shows a

decreasing trend of degrees of mixing for the microchannel.
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Figure 6.8: Variation of mixing index at vertical cross sections along the length of

the microchannel for different heights of the obstacles.

6.3.2.2 Effect of angle of inclination of the obstacles

In this section, efforts are made to analyze the effect of angle of inclination of the
obstacles () on the mixing behavior of the microchannel. For this study, we have
taken angles ranging from both positive and negative values (Fig. 5.6). The other
geometric and flow parameters are h = 0.75H, [ =0.2 mm, s =0.135 pum, N,,=4,
Re = 0.5.

Figure 6.9(a) shows the variation of mixing indices along the axial length of the
microchannel for all the angles under study while Fig. 6.9(b) shows the variation of

outlet mixing index (M,,yer) With respect to angle of inclination (@).

It can be observed that the mixing ability of the channel is greatly influenced by
the angle of inclination of the obstacles. Unlike intuitive expectations, the mixing
process does not show a monotonic trend. For the positive values of angles, at lower
magnitudes (6 < 5), the mixing index at the outlet is slightly greater than that of
the base case (M = 25%). For these low values of 6, one can speculate that the fluid
streams follow smoothly the curvature of the obstacles and the generated transverse
components are possibly not strong enough to enhance the mixing process to a great

extent. However, the mixing index then increases with # showing a maximum at
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Figure 6.9: Variation of mixing index (a) at vertical cross sections along the length of
the microchannel for different angle of inclination of the obstacles and (b) variation

of outlet mixing index with respect to angle of inclinations.

0 = 45° and then decreases with further increase in the inclination angle. However,
the case is showing just an opposite trend for the negative angles. For negative
angles, mixing capability first decreases reaching a minimum near at § = —45° af-
ter which it increases as the inclination magnitude increases. Among all the values
studied herein, the maximum mixing is achieved with 6 = —30° while the minimum
is found at # = —45°. The justification for the above speculation can be found in
Fig. 6.10 which shows the corresponding transverse velocity profiles along the depth
of the channel at y = 100 um of the plane after the end of third obstacle for all the
angles. The magnitudes of the v velocity strongly tally with the enhancements i.e.,

higher the transverse velocity better is the mixing (see Fig. 6.9) except for § = —30°.

In order to explore the mechanism that makes the channel having § = —30° the
potential candidate for the best mixing in spite of having the lower magnitude of
transverse velocities, the cross sectional vector plots at x = 0.6388 mm are plotted
and shown in Fig. 6.11. From the figure, it can be observed that among all the
angles, only # = —30° brings about two circulating flows in different sizes, rotating
in opposite directions. For all the other cases, only one circulating fluid zone is
established rotating in a particular direction, either upward or downward. Also the

staggered pattern of subsequent obstacles alters the directions of these circulations
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Figure 6.10: Comparison of v velocity along the depth of the channel at y=100 pym

for the planes at just at the end of the third obstacles for angle of inclinations.

zones. These alternate counter-rotating circulation patterns may cause the exchange
of the fluid from one side of the cross section to the other side more intensely which

finally lead the better mixing among all the angles of inclinations.

6.3.2.3 Effect of size of obstacle

Another important geometric parameter related to the obstacles is their size. In
this section, the size of the obstacles has been studied for its effect on mixing. We
define the size of obstacle in terms of its chord length (1) and thickness (¢,). Five
different sizes of obstacles are selected having (I,t,) of (0.1, 0.002), (0.15, 0.003),
(0.175, 0.0035), (0.2, 0.004) and (0.225,0.0045) pm . The height (h = 0.75H) and
angle of inclination (# = —30°) of the obstacles are chosen from the Sections 6.3.2.1
and 6.3.2.2, respectively, for which the maximum mixing has been achieved. The
distance between the obstacles and the number of modules are fixed at 0.135 pm

and 4, respectively.

The mass fraction distributions at the outlet plane of the channel are shown Figs.
6.12(a)-(e) for all cases. From the figure, one can observe that the mass fraction

contours are more homogenized having a mean value close to 0.5 for [ = 0.2 ym

(Fig. 6.12(d)).
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Figure 6.11: Comparison of simulated flow patterns across vertical cross section at
r=0.6388 mm for (a) # = 30° (b) € = 45°, (c) § =60°, (d) 0§ = —30°, (e) § = —45°
and (f) & = —60°, respectively.

For the quantitative estimate of the degree of mixing with respect to different
sizes of the obstacles, variation of outlet mixing index and the pressure head re-
quired is shown Fig. 6.13. From the figure it can be seen that with smaller the size
of obstacles (I=0.1 pm), the mixing efficiency of the microchannel is found to be
around 33% which is about 8% higher than that of the base case (see Table 6.4). The
mixing index and the pressure head required then continuously increases with the
increasing size of the obstacles. However, there exists a critical size of the obstacle,
beyond which mixing index decreases with further increase in it’s size. However, the

pressure head goes on increasing beyond the critical size of the obstacle. One of the
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Figure 6.12: Mass Fraction contour plots at the outlet of the microchannel under

study at Re=0.5 for five different sizes of obstacles having chord length (/) equals
o (a) 0.1 gm, (b) 0.15 pm, (c) 0.175 pm, (d) 0.2 pm, (e) 0.225 um, respectively.

probable reason may be that with the increasing size of the obstacles, the strength
of the convective transport of species gradually increases. But since the spacing
between the obstacles are fixed, the increase in size of the obstacles beyond the crit-
ical value restricts the flow passage area between each pair of obstacles. Thus, the
advantage of using the bigger size of obstacles to stir the fluid is counteract by the
resistance offered to the flow due to its over size. As a result, mixing index reduces

but the pressure head increases.

Comparisons of mc and mec with respect to different size of the obstacles are
also shown in Fig. 6.14. From the figure it is clearly seen that the obstacle size

with chord length of 0.2 mm represents the optimum size of the obstacle among all
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Figure 6.13: Variation of outlet mixing index and the associated pressure drop with

respect to different chord lengths of the obstacles.

the sizes with respect to both mc and mec. This conclusion is however found to be
consistent with the Fig. 6.13 where it shows that maximum mixing efficiency is also

achieved for the channel with chord length of 0.2mm.
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Figure 6.14: Variation of mc and mec with respect to size of obstacles.
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6.3.2.4 Effect of number of modules of the obstacle

Simulations are also carried out to study the mixing capability of the present mi-
crochannel with the number of modules. For this study, six sets of simulations have
been carried out by varying number of modules (N,,), from 1 to 10 in order to ex-
plore its effect on the mixing index. The height, angle of inclinations, axial distance
between the obstacles, Re are taken to be same as that of in Section 6.3.2.3. The size
of the obstacles is fixed at [ = 0.2 gm which corresponds to the maximum mixing

index among all the sizes (see Fig. 6.13).

Figure 6.15 depicts the variation of outlet mixing index along with the pressure
head required to maintain the flow with respect to the number of modules. From
the figure, one can observe that the degree of mixing of the two fluids increases with
the increase in the number of modules. The maximum mixing index is found to be
almost 3.6 times higher than that compared to the conventional simple microchannel.

However, it can be seen that beyond four modules, the rate of increase in mixing
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Figure 6.15: Variation of outlet mixing index and the associated pressure drop with

respect to number of modules.

efficiency is found to be more gradual for even higher number of modules while the
pressure drop increases linearly. In order to analyze the reason behind this, the
transverse velocity profiles for both v and w are plotted for channels with different
number of modules. Variations of both v and w velocities along the width of the

channel (y) after the last module at the mid z-plane are shown in Fig. 6.16(a) and
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Figure 6.16: Transverse velocity profiles along the channel width for different number

of modules: (a) v velocity and w velocity.

(b), respectively. From the figure it can be seen that as the number of modules
increases from 1 to 4, the peak transverse velocities increases. However, for the
channels with 6 modules, the magnitudes of peak transverse velocities become lower
than that of the 4 module channel. Moreover, the induced transverse velocities are
seen to be not substantially different when the numbers of modules are increased
beyond 6. Since transverse convection is the dominant mechanism in mixing at the
conditions studied and its effect is weakened when the number of modules exceeds
four, the mixing index shows a much gradual increase than observed when the

number of modules is lesser than four.

It must also be noted from Fig. 6.15 that although increasing the number of
modules ensures good mixing, this is achieved at the cost of higher pressure drops.
This is because every module introduces an added resistance to the flow leading to a
nearly linear relation between pressure drop and number of modules. This, however,
should not be considered as the disadvantage of the proposed design. The compar-
ison of a simple and a complex microfluidic junction should be done for a desired
mixing index. It must also be remembered that achieving a mixing performance
similar to 10 modules case using the conventional cross-T type microfluidic junction
would necessitate a very long channel and the pressure drop associated with the
long length may turn out to be in the range of the pressure drop observed for 10

modules case or so [34].
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6.3.2.5 Effect of inlet Re

Mixing at a microfluidic junction is strongly dependent on Reynolds number. Any
new design should ensure good mixing over a wide range of Reynolds number.
Reynolds numbers reported in this study are based on the width and average ve-
locity in the main inlet channel. This section reports the results from numerical
simulations carried out at different Reynolds numbers to check the versatility of
the new design of obstacles over a range of Re. This study is performed for the
microchannel having parameters for which maximum mixing has been observed in
the previous sections, defined by, N,, = 4, h = 0.75H, 6 = —30°, [=0.2 pym and
s=0.135 pm. The Reynolds numbers are varied ranging from 0.1 to 60.

The variation of mixing indices and the pressure drop associated with each Re
value is shown in Fig. 6.17. From the figure it can be seen that, the present design
shows a local minimum for the mixing index at Re = 5.0 with the mixing index
increasing for lower and higher Re. At very low Re, the mixing index is quite high.
Low Reynolds number generally defines a stratified flow where the fluid streams do

not interpenetrates each other causing mixing to be poor. But at the same time, the
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Figure 6.17: Variation of outlet mixing index and the associated pressure drop with

respect to Reynolds number.

residence time of fluids is more and also the presence of curved obstacles impart some
transversal velocity components that break the flow stratification. The combined

effect of both these two factors results in higher mixing at low Re. As Reynolds
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number is increased stratified flow still persists but residence time reduces causing
mixing to decrease marginally. When Reynolds number is high enough the streams
starts interpenetrating each other resulting in better mixing compensating for the
reduced residence time. A noticeable aspect with this new design is that even the
minimum value of mixing index is significantly greater than that of the base case.
One can hence argue that the new design ensure the requirement of achieving good

mixing over a wide range of Re for cross-T microchannels.

6.3.3 Comparison of the present micromixer design with
earlier micromixer designs

This section presents a comprehensive analysis of the comparison of the mixing per-
formance of the present micromixer with respect to micromixer designs reported in
the earlier works. Numerous designs of microchannel geometry have been proposed
in the previous literatures to achieve better mixing performances. Therefore, one
way to conclude, among them, on which method is better, is to compare all the
mixing parameters for different designs of microchannels. This primarily includes
comparison of mixing efficiency, pressure drop, mc and mec. In order to perform
the comparative study, three microchannel configurations have been selected other
than that of the present design of micromixer. A short description and the primary

mixing mechanism of each of the microchannels are given below.

1. The first configuration is a planar rhombic micromixer with an asymmetrical
structure (constriction elements at the junctions between two rhombi) designed
by Chung and Shih [138] for mixing enhancement. The mixing enhancement
reported were due to result of multiple mixing mechanisms such as focus-

ing/diverging, recirculation and Dean vortices.

2. The second configuration is a staggered herringbone micromixer (SHM) stud-
ied by Tsui et al. [58] who evaluate the mixing performance of different grooved
and obstructed micromixers. The primary mechanism that leads to superior

mixing is the chaotic mixing.

3. The third configuration consists of a T-microchannel with longitudinal vortex
generators studied by Hsiao et al. [92]. The primary mixing mechanism in this

design is the generation of longitudinal vortices.
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Table 6.5 shows the values of different mixing parameters for the four different

micromixer design adopted for comparison.

Table 6.5: Comparison of different micromixer designs for their mixing parameters.

Micromixer
Sl. No. Re M (%) AII (Pa) mc mec
design
Present design with
1 1 74.8 195.6 0.38 101.3
curved obstacles
3 SHM [58] 1 32.4 174.7 0.18 65.8

4 Microchannel with LVG [92] 1  65.4 128.7  0.51 159.1

From the table, it can be seen that with respect to mixing efficiency, both
micromixer-1 and -4 are comparable with the maximum value among the selected
micromixer designs whereas micromixer-3 shows the minimum. However, between
micromixer-1 and -4, micromixer-1 is better with respect to mec whereas micromixer-
4 is better with respect to me. Furthermore, micromixer-3 shows the ideal design
with respect to mec with the minimum value among all the four, but it is not com-
parable with respect to mixing efficiency and mc. On the basis of pressure drop,
micromixer-2 becomes the second best option, but it requires the highest mec among
all. Thus, it has been seen that the present design of micromixer has the capability
of producing superior mixing efficiency. However, it is believed that the pressure
drop, on the other hand, can be managed to reduce by optimizing the geometric
parameters of the channel. Tt may also be noted that designing a micromixer for
best results with respect to all parameters is not an easy job and hence, the selection
of the best method and/or design of micromixer can be done depending upon the

requirement of the application problem.

6.4 Closure

In this chapter, the performance analysis of a three-dimensional cross-T micromixer

has been presented, specially focusing on its mixing characteristics, by the use of
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curved ribs. Simulations are also carried out to compare its mixing characteristics
to those having obstacles with straight ribs and to those having no obstacle at all.
Results showed that the channel having curved obstacles is found to perform supe-
rior mixing than compared to those with straight ribs. Furthermore, a full set of
parametric studies has also been conducted for the effect of the several geometric

properties associated with the obstacle layout.

Studies performed till now focuses on laminar mixing of liquid species typically
found in microfluidic applications (Chapters 5 and 6). However, the mixing of
gaseous species, which may be non-reacting or reacting in nature, are also found in
different industrial applications such as combustion in industrial burners. As such,
first, the mixing of non-reacting gaseous species in a confined channel along with a
measure to enhance the mass transfer rate has been explored and are presented in

the next chapter.

TH-1793_126103044



TH-1793_126103044



Chapter 7

Mixing Characteristics of (Gaseous

Mixture in Wavy Channels

The present work deals with the development of a general purpose flow solver to sim-
ulate mixing of multi-species flows. A significant amount of work has already been
reported in Chapters 5 and 6 that demonstrates the capability of the present solver
in simulating mixing of liquid mixtures in microchannels. As such, the present chap-
ter focuses on analyzing the mixing characteristics of gaseous mixtures. The field of
gaseous mixing can be divided into two categories: reacting and non-reacting. For
both these two categories, rapid mixing of gases plays an important role. However,
in this chapter, attention will be given in analyzing the mixing characteristics of
non-reacting gaseous mixtures and exploring ways to rapidize the mixing rate. The

reacting part will be handled in the next chapter.

The present chapter considers the mixing of a binary, laminar, non-reacting
gaseous mixture in a confined horizontal channel. Furthermore, the mixing char-
acteristics of the channel is explored with the introduction of waviness along the
channel walls. Also, the dominant mechanism of mixing is brought out through

extensive numerical simulations performed by using the developed solver !.

LA substantial portion of this chapter has been published in P. Borgohain, D. Choudhary, A.
Dalal and G. Natarajan (2018), ” Numerical investigation of mixing enhancement for multi-species

flows in wavy channels”, Chem. Eng. Process. Process Intensif., vol. 127, pp. 191-205
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122 Mixing Characteristics of Gaseous Mixture in Wavy Channels

7.1 Problem Definition

The basic geometry to study the mixing characteristics of gaseous mixture is taken
from the work of Gomes et al. [142]. The schematic diagram of the numerical model

is shown in Fig. 7.1. Detailed geometric description can be found in Section 4.2.3.

12h ‘
‘Inlet 1 (Argon)

|l

Symmetry plane

' Inlet 2 (Air)
Figure 7.1: Schematic diagram of the horizontal channel selected for the base case

Next, the effect of introducing ridges of sinusoidal nature along the walls of the
channel on mixing performance has been presented. For this, in the base geometry
represented in Fig. 7.1, waviness in the form of sinusoidal nature are imparted along
the walls of the channel. The equation of the sine wave is uniquely defined by y = a
sin(2mz/\) where a is the amplitude and A is the wavelength of the wave. We have
selected two configurations of the wavy channel depending upon the phase difference
(PD) of the waves on both the walls, i.e., 0° and 180°. The channel with 0° and 180°
PD are also commonly termed as asymmetric and symmetric channels, respectively.

These two configurations are shown in Figs. 7.2(a) and (b).

The widths of the two inlet slots of the channels are 0.5h where A is the height.
L(= 12h) represents the length of the computational domain. The value of h is
taken to be unity. Species considered for this study are Argon (Ar) and ambient air
where the later is entering from the bottom inlet. The use of Ar and ambient air
as the working fluids have been adopted from the works of Shavit and Lavan [141].
The density ratio (pa,/pai-) and the viscosity ratio (pa,/pair) of argon to that of
air are 1.345 and 1.255, respectively. The Schmidt number (Sc) of the flow is taken
to be 0.772. The flow physics is studied for two different Reynolds numbers (Re).

In the present work, the non-dimensional numbers (like Re, Sc and Pe) are defined
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Inlet-1 Inlet-1

=

Symmetry plane
Symmetry plane

Figure 7.2: Schematic of channels having (a) 180° and (b) 0° phase difference waves

along the walls.

based on the reference quantities associated with the unmixed air stream coming
from the bottom inlet, its average velocity (u) and the width of the inlet channel
(0.5h). Both the two streams are assumed to have equal volumetric flow rate. Fully
developed velocity profiles with average velocity (u) are enforced at the inlet. The
walls are assumed to be impermeable with no-slip boundary conditions. At the out-

let, pressure outlet boundary condition has been specified.

The developed solver uses the pseudo-transient method to handle the steady-
state problems. As such a simple first-order Euler Implicit scheme is employed
for temporal discretization. The time step size (At) is set at 1073. For spatial
discretization, a blended scheme that uses a weighted average of central difference
scheme (CDS) and first order upwind (FOU) schemes [132] are being used for han-
dling the convective terms whereas diffusive terms are handled by second order ac-
curate central difference scheme (CDS). The present study uses symmetric blending
of CDS and FOU so as to ensure trade-off between solution accuracy and numerical
diffusion. ILU preconditioned BiCGSTAB is used to solve the variable coefficient
pressure Poisson equation in Eq. 2.55. Since the density is spatially variable, the
coefficients of the matrix changes with time rendering the matrix to be asymmetric
which necessitates the use of a preconditioned krylov solver. Solutions are considered

to be converged when the relative residual of each variable is less than 107°.
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7.2 Grid Independence Study

Prior to carry out the actual numerical simulations, a grid independent study, which
is must, is carried out in this section. For this study, the channel with sinusoidally
varying wavy walls having wavelength (A = 0.575h), amplitude (¢ = 0.1h) and 0°
PD has been chosen. Simulations are carried out for Reg;, = 120 and Peg;, = 92.64.
The corresponding values for argon stream are Re = 128 and Pe = 98.8. Hybrid
meshes consisting of hexahedral cells and prismatic cells have been used. Hexahe-
dral cells are placed in the near wall region and prismatic cells towards the center of
the channel. 9130, 16976, 27916 and 35156 numbers of cells were considered for the
study. Figure 7.3 shows the variation of Ar mass fraction along a plane perpendic-
ular to the channel axis at a distance of 0.5h from the symmetry plane. From Fig.
7.3, one can easily see that the results are mesh independent for more than 27916

number of cells and therefore this mesh has been chosen for all subsequent studies.
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Figure 7.3: Grid independent study: Argon mass fraction contours along a plane
perpendicular to the channel axis at a distance of 0.5k from the symmetry plane for

various numbers of grids.
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7.3 Results and Discussion

In this section, the numerical results obtained from the developed in-house solver
is analyzed to evaluated the mixing characteristics of a binary gaseous mixture in
a plane channel as well as in corrugated channels consisting of sinusoidal waved
ridges on the walls. The effect of symmetrical and anti-symmetrical wave patterns
(differed by a phase difference of 7 radian) on the mixing efficiency is investigated
and the mechanism of enhanced mixing for the symmetrical wave pattern case is
brought out through extensive numerical simulations. A full set of parametric study
has also been carried out to examine the effects of some of the important geometric
and flow parameters such as, (1) phase difference (PD) of the waves between the
walls, (2) wavelength (\), (3) amplitude of waves (a), (4) inlet Re, and (5) Pe on the
mixing efficiency across the channel length. All different configurations are analyzed

in terms of both mixing index and pressure drop.

7.3.1 Effect of phase difference (PD)

In this section, we study the effect of phase differences of the sinusoidal corrugation
provided along the channel walls. For the shake of better understanding, to begin
with, only a single sine wave of amplitude (a = 0.1h) and wavelength (A = 1.15h)
is introduced at the walls near the inlet of the channel and its effect on the mixing
efficiency is studied. The channel geometry considered for the present case is similar
to Fig. 7.2 except that it considers only one wave instead of multiple waves across
the channel walls. Simulations are carried out for Re = 120 and Pe = 92.64, based

on the reference quantities associated with the unmixed air stream.

Figures 7.4(a)-(c) show streamline contours at steady state in case of a plane
channel (without wave), and the channels having waves of 180° and 0° phase differ-
ence (PD), respectively, with equal amplitudes and wavelengths. It must be noted
that the formation of vortex near the Argon inlet in the plane channel case is due to
the unequal momentum of the two fluid jets. Although velocities of the fluid jets are
same, density of Ar being higher, Ar jet has a higher momentum. Due to turning
of the two fluids by 90°, recirculation zones are expected to be produced near both
the jet inlets. But as the Ar jet momentum is larger, the lower vortex is suppressed

and the air jet turns without any recirculation zone. This also explains why a larger
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Figure 7.4: Streamline contours for (a) plane channel, (b) channel with single sinu-
soidal wave having a phase difference of 180°, and (c¢) channel with single sinusoidal
wave having a phase difference of 0° for a length of 2h from the inlet (along the

wave).

vortex is formed in the crest of the upper wall in case of the sinusoidal walled channel.

Figure 7.5(a) shows the variations of mixing efficiencies along the lengths of the
single sinusoidal wavy channels with both 0°, 180° PD and also along the length of
a simple plane channel without wall corrugation. It can be seen that the mixing
process of both plane channel and channel with 180° PD are very close to each
other. The mixing efficiency increases almost linearly and reaches a value of about
14% at the axial location where the wave ends (i.e. at z = 1.65 m). On the
other hand, the mixing progresses a little faster for the channel with 0° PD and the
mixing efficiency is observed to be 19% at the same location of z = 1.65 m. The
corresponding values of mixing efficiencies at the channel outlet for plane channel,
channels with 0° and 180° PD are 60.1%, 63.4% and 60.4%, respectively. This shows
an enhancement of nearly 3.3% in mixing efficiency for the channel with 0° PD with

a single sinusoidal wavy wall. Also it is seen that 50% mixing is attained earlier in

TH-1793_126103044



7.3 Results and Discussion 127

the 0° phase difference channel at around x=7.81h while for the other two channels,
it is attained at around x=8.84h. Thus, it can be reported that the introduction
of even a single asymmetric sinusoidal wave on the walls of a channel enhances the
mixing efficiency over a plane channel without waves. This is due to the fact that,
in case of channels having waviness, the combined effect of the crests (troughs) and
lower (upper) wall directs the fluid jets towards the core flow region, giving rise to

transverse velocities thus enhancing mixing.
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Figure 7.5: Comparison of mixing efficiencies along the axial length for a plane
channel and single wave corrugated channels with 180° and 0° PD having same

amplitude a=0.1h.

Figure 7.5 corresponds to the mixing characteristics of corrugated walls having
only one wave along the channel walls. However, in channels having sinusoidal waves
all throughout, similar trends for mixing efficiencies follow along the entire chan-
nel. Figures 7.6(a) and (b) show the mixing efficiencies of various channels having
different number of waves incurred along the walls of the channel for both 0° and
180° PD channels. It can been seen that 0° PD channels always give higher mixing
for same number of waves compared to that of the 180° PD channels. For the case
of 0° PD channel, 16 waves case is showing the highest mixing efficiency of 88.1%
which is about 67.7% for the case of 180° PD channel. This shows an enhancement
of about 28% and 7.6%, respectively, for 0° and 180° PD channels compared to that
of the plane channel without waviness.
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Figure 7.6: Effect of phase difference on mixing: (a) channels having different num-
ber of 0° PD waves and (b) channels having different number of 180° PD waves all

throughout the length of the channel having a=0.1h.

It is interesting to note that the 0° PD channel shows a superior mixing perfor-
mance when compared to the 180° PD channel for the same number of waves and
amplitude. A closer look reveals that the 180° PD channel has a symmetric recir-
culation pattern (involving clockwise and counterclockwise vortices) during a single
period while the 0° PD channel exhibits an asymmetric recirculation in one period
as can be seen in Figs. 7.7(a) and (b), which represent the streamline patterns in

16 waves case for 0° and 180° PD wavy channels, respectively.

The differences in the vortex patterns of 7.7(a) and (b) which arise out of asym-
metries in the geometry are seen to manifest in the transverse velocities, as shown
in Fig. 7.8. It is evident that the magnitudes of transverse velocities are higher for
the 0° PD case as opposed to that of 180° PD case. The alternate recirculation zone
patterns in the former causes higher transverse velocities which combine with diffu-
sion to enhance mixing. We refer to this mechanism of better mixing performance
in asymmetric (0° PD) channels as the “chirality effect”. Consequently, we carryout

numerical investigations in the successive sections to follow using only the 0° PD

channel.
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Figure 7.7: Effect of phase difference on the generation of recirculation zones for 16

wave channel (A = 0.718h, a = 0.1h) with (a) 0° PD and (b) 180° PD.

Figure 7.8: Effect of phase difference on transverse velocities: Variation of v velocity
along the widths of two channels having 16 waves for 0° and 180° PD, respectively,

at the axial location corresponds to the mid-point of the third crest.
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7.3.2 Effect of wavelength

Mixing of species in channels having sinusoidally varying wavy walls shows superior
performance as it can be seen from section 7.3.1. The focus of this section is to
study the effect of wavelength of the walls on the mixing efficiency. Simulations are
performed for a wide range of wavelengths ranging from 2.3h-0.328h giving rise to
a total of 5-35 numbers of waves, respectively. The 0° PD wave has been selected
for this study as from section 7.3.1, it shows a better candidate than that of 180°
PD wave for mixing enhancement. Simulations are carried out for Rey; = 120 and
Pe,;, = 92.64. The corresponding values for argon stream are 128 and 98.8. The
value of a of the waves was also kept constant at 0.1h. Figures 7.9(a)-(e) show the
Ar mass fraction contours and streamlines for the same location of the channel for

various cases of wavelengths.

When the number of waves is low, the wave is flatter and the streamlines follow
the shape of the channel. No recirculation zones are created near the crests/troughs
(Fig. 7.9 (b)). As a result, the fluid jets do not get directed to the core flow region to
that extent as that in case of vortex formation. When the number of waves increases,
the recirculation zones appear as seen in Figs. 7.9(c) and (d). The Ar mass fraction
contours of the 16 waves case are more homogenized (see Fig. 7.9(c)) than the other
three cases. However, when the number of waves exceed some critical range (Fig.
7.9(d)), the flow detaches at a very early point in the wave and re-attaches at a later
stage, that results in the generation of weak transverse velocities. As a consequence,
in such cases, mixing, like in the plane channel case, takes place mostly by molecular
diffusion as very little transverse velocities are introduced. Thus mixing efficiency

drops.

Figure 7.9(e) shows the comparison of variation of mixing efficiencies along the
length of channels having different number of waves. It can be seen that mixing
efficiency is low for lesser number of waves. Mixing is improved initially with in-
creasing number of waves up to a certain limit, but then it starts decreasing with
further increase in the number of waves. Among the cases studied, the wavy channel

having 16 waves shows the highest outlet mixing efficiency of 88.1%.

In order to understand the mechanism that promotes mixing, the profiles of mass
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Figure 7.9: Varying wavelength case: Streamlines and Ar mass fraction contours at
Re=120, Pe=46 in sinusoidal channels at the same location between 5h to 7h having
a = 0.1~ (a) no waves, (b) 5 waves, (c) 16 waves, and (d) 35 waves. (e) Variation

of mixing efficiency with varying wavelengths along axial length of channels having

0° phase difference.
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fractions and transverse velocities along the width of the channel at two different

axial locations, namely x = 7 and x = 9, are compared in Figs. 7.10 for 5 waves

and 16 waves case.
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Figure 7.10: Variations of mass fractions at (a) z = 7 and (b) 2 = 9 and transverse

velocities at (¢) = 7 and (d) = 9 for 5 waves and 16 waves cases along the width

of the channels having 0° PD.

From Figs. 7.10(a) and (b), one can observe that between corrugated channels,
for the channel having 16 waves that shows a greater mixing efficiency as compared
to that of 5 waves case, the mass fraction profiles become much flatter for the former
than compared to that of the latter. This is not merely due to physical diffusion

but also due to a significant amount of transverse convection. This effect is clearly
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visible in Figs. 7.10(c) and (d) which shows that the maximum and minimum values
of v-velocities at a particular axial location are higher for the 16 waves case than
compared to that of the 5 waves case. Thus the combined effect of the transverse
velocities generated and the physical diffusion, leads to the enhancement in mixing
to a greater extent in corrugated channels. The results for even higher waves are
essentially very similar to that of the lower number of waves and therefore we do

not discuss it any further.

Furthermore, a comparison between mixing efficiency at the outlet and a mea-
sure of pressure drop (in terms of pressure gradient) for channels having different
wavelengths in 0° PD waves has been shown in Table 7.1. One can see from Table
7.1 that higher mixing efficiency is typically obtained at the cost of increased pres-
sure drop. However, practical applications would demand a configuration having as

high as mixing efficiency possible with low pressure drop.

Table 7.1: Mixing efficiency and pressure gradient for channels having 0° PD waves

with different wavelength but with same amplitude (a = 0.1h)

Mixing Efficiency, Pressure Gradient
SI No. Different Channels

(O %) (am)
1 Plane channel 60.1% 0.14
2 Channel with 5 waves 71.7% 0.36
3 Channel with 10 waves 79.4% 0.53
4 Channel with 16 waves 88.1% 0.76
5 Channel with 20 waves 80.1% 0.63
6 Channel with 35 waves 76.7% 0.60

7.3.3 Effect of amplitude

As like the case with wavelength (section 7.3.2), the mixing efficiency can also be
improved by adjusting the amplitude of the sine waves. Simulations were performed
for 0° PD channels by keeping A constant at 0.575h. Three different amplitudes, viz,
0.05h, 0.1h and 0.2h with Re,;;=120 and Pe,;,=92.64 are selected for this study.
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The corresponding values of Re and Pe for argon stream are 128 and 98.8, respec-

tively.

Figures 7.11(a)-(c) show the streamlines and Ar mass fraction contours at steady
state in all the three amplitudes under consideration for a particular length of the
channels (2h-4h). It is seen from the contours that the fluid mixture is more ho-

mogenized as the amplitude increases.

Figure 7.11: Streamlines and Ar mass fraction contours at Re=120, Pe=46 in sinu-
soidal channels at the same location between 2h to 4h having A = 0.575h and a =
(a) 0.05h, (b) 0.1h, and (c) 0.2A.

Figure 7.12 shows the variation of mixing efficiency along the channel length for
channels having the aforesaid amplitudes. Among the considered amplitudes, the
channel having a=0.2h gives the fastest mixing while that having a=0.05h gives
the least such that at the outlet, the mixing efficiencies are around 83.4%, 80.1%
and 73.7% for channels having A = 0.575h with amplitudes of 0.2k, 0.1h and 0.05h,
respectively.

The explanation for this is similar to that in the varying wavelength case. At a

lower amplitude of the wave, the fluid flows close to the channel walls. Thus flow
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Figure 7.12: Variation of mixing efficiency with varying amplitudes along axial

length of channels having 0° phase difference, A = 0.575h at Re=120, Pe=46.

is mostly uni-directional and the mixing takes place primarily by diffusion. As the
amplitude increases, flow begins to separate from the walls and the recirculation
zones push the fluid particles towards the core part of the channel. As amplitude
increases, these zones increase in size. The amount of fluid flowing unhindered in
the core region reduces. Thus the core fluid gets mixed in shorter lengths. It seems
that the application of even higher amplitude would be beneficial as far as mixing
efficiency is concerned. However, it is very likely that there could be a critical

amplitude for which mixing efficiency is maximum.

7.3.4 Effect of Re

The mixing phenomenon in channels having sinusoidal ridges were studied for three
different Re, viz, 20, 60 and 120, at constant Sc=0.772, A=0.575h. The correspond-
ing Pe numbers are 42 and 92.64, respectively. Figure 7.13 shows the comparison
of mixing efficiencies along the length of the channel having 0° PD with 20 waves
for different Re. It is observed that as Re increases, mixing efficiency drops. The
reason for this is that as Re increases, the flow velocities are also increased having
the other parameters constant. As a result it reduces the residence time for the
fluids and hence a longer length of the channel is required to achieve the equilibrium

mass fraction.
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Figure 7.13: Comparison of variation of mixing efficiency along the length of the
channel for Re = 20, 60 and 120, for channels having 0° PD with A = 0.575h, a =
0.1h.

7.3.5 Effect of Pe

In order to check the contribution of convection and molecular diffusion on the mix-
ing process, a study with a low and high Pe (42 and 4200, respectively) at Re = 60
is performed. The corresponding Sc numbers are 0.772 and 70, respectively. These
values are with respect to the properties of air stream. The corresponding Pe for
argon stream will be The results that have already been reported in the previous
sections are corresponding to low Pe value case. In this section the Pe has been
increased two orders more than that of the low Pe case. Simulations are carried
out for two types of wavy channels having 180° and 0° PD, respectively. Keeping

Re, ;=60 at inlet, Peg;, is now increased to 4200.

Figures 7.14(a) and (b) show the Ar mass fraction contours for the two channels
considered in this study for Pe = 4200. From the figures it can be clearly seen that

for a high Pe, both the wavy channels with 180°and 0° PD behaves in a same manner.

This can also be verified from Fig. 7.15 which shows the comparison of distribu-
tion of mixing index along the length of the two wavy channels for the two Peclet
numbers. One can also see from the Fig. 7.15 that for Pe = 42, the channel with
0° PD shows superior mixing capability to that of the channel with 180° PD, which
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(b)
Figure 7.14: Contours of Ar mass fraction for inlet Re=60 and Pe=4200 for wavy
channel having (a) 180° PD and (b) 0° PD for A\ = 0.575h.

is however not observed for the channels at high Pe.
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Figure 7.15: Comparison of variations of mixing efficiencies along axial length be-

tween Pe=42 and 4200 keeping Re=60 for 0° PD channel and 180° channel (A =
0.575h and a = 0.1h).

One of the probable reasons for this behavior may be that high Pe numbers leads
to low molecular diffusion which is the dominant mechanism for mixing. As can be
seen from Fig. 7.16, there is hardly any significant difference in the magnitudes of

transverse velocities generated in both 0° and 180° PD channels at Re = 60. As such
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mixing due to advection of the species may be considered to be negligible. Hence,
the rate of mixing of the two species is largely determined by the molecular diffusion

which is same for both channels.

006 3

7 — 180 PD

002

v (m/s)

-0.04f

-0.06 |

-0.08

0 0.2 O.Ay (m) 0.6

Figure 7.16: Comparison of v-velocity profiles along the width of the channels having
0° and 180° PD for Pe=4200 and Re=60 (A = 0.575h and a = 0.1h) at the middle

of the channel.

7.4 Closure

In this chapter, the developed solver has been successfully used to study the mixing
performance in a wavy channel compared to its plane channel counterparts. Re-
sults show that wavy channels lead to enhanced mixing compared to that of a plane
channel. It is basically due to the generation of recirculation patterns that lead to
higher transverse velocities. A complete set of parametric studies is subsequently
carried out to investigate the effect of the geometric parameters of waves along with

Reynolds number, Peclet number for the 0° PD wavy channel.

The results presented warrant the capability of the present solver to analyze the
flow field and the mixing characteristics of mixing of gaseous species, particularly
non-reacting in nature. Approaching the last objective of the present work, an
effort has now been made to extend the numerical approach for handling variable
density reacting flows. The detailed mathematical formulations for reacting flows

are described in the next chapter.
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Chapter 8

Extending the Approach to
Mixing of Reacting Flows

In all the previous studies, the interacting species are non-reacting in nature. How-
ever, there are applications where mixing of reacting species are involved. In this
type of flows, variation in density is taken place due to the simultaneous effects of
gradients of temperature and concentrations. Major applications of reacting flows
can be found in the field of combustion which is associated with the transforming
of chemical energy content of fossil fuels into useful energy in the form of heat. It
is defined as a complex sequence of chemical reactions between fuel and oxidizer
accompanied by liberation of heat and light. Based on the mixing modes of fuel
and oxidizer, the combustion process can be categorized as either premixed or non-
premixed. In case of premixed mode, both fuel and oxidizer are mixed prior to
actual combustion whereas in non-premixed mode they are not mixed beforehand.
The use of combustion technology can be found in different applications such as

power generation, household heating (cooking), propulsion and transportation etc.

However, the limiting nature of these fuels in the earth crust and the continu-
ously increasing global energy demand necessitates a detailed analysis of combustion
systems so that optimum utilization of the available energy sources can be granted.
This require a detailed simulation of the combustion process, both experimentally
and numerically, to know the underlying flow dynamics associated with mixing of

reacting species. However, the presence of reactions in itself makes this a challenging
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endeavor that makes its numerical simulations very challenging too. In this chapter,
an initiative has been made to extent the present quasi-incompressible formulation
developed for isothermal mixing in Chapter 2 and extensively studied in Chapters
4-7, for problems involving gaseous combustion. However, this study is considered
as a preliminary work involving only laminar gaseous diffusion flames (non-premixed
flames). The salient details of the numerical approach adopted are discussed in the

following sections.

8.1 Challenges in Numerical Modelling of Com-
bustion

The numerical modeling of combustion problems is based on the solution of a set of
conservation equations for momentum and scalars, supported by additional auxiliary
equations. The science of combustion often involves complex interactions between
many constituent disciplines: thermodynamics, chemical kinetics, fluid dynamics,
heat and mass transfer, turbulence etc., which makes its simulation is very complex
and much challenging. These are basically because of the following reasons:

e Chemical time scales for different reactions are different and are very small
compared to that of flow time scales. As such, time step size (At) should be suf-
ficiently small to resolve the flow physics at different time interval which, on the
other hand, drastically increases the computational cost.

e The increase in the number of species involved in the process further increases
the computational cost.

e Handling of chemical source terms needs special attention due to its stiffness.

e The heat released by combustion leads to a temperature rise of the order of
thousands of Kelvin. This makes the properties like density, specific heat, thermal
conductivity, thermal diffusivity dependent on temperature which must be taken

ito account.

However, with the development of the computational facilities, a number of com-
putational methods have been developed to numerically model the reacting flows. It

gives an insight into flow patterns that are difficult, expensive or impossible to study
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using traditional (experimental) techniques. Although numerical modeling does not
replace the measurements completely but the amount of experimentation and the

overall cost can be significantly reduced.

8.2 Modelling of Reacting Flows

This section provides the generalized three-dimensional governing equations in dif-
ferential form for laminar non-premixed combustion flows. The governing equations
involve conservation of mass, momentum and species with the inclusion of source
terms due to reaction. The species conservation equation for chemical species k in

a system of NV species is given as

ot 8:@3 B 8xj

Y, Y; Y 0
8(/) k) +a(Pug k) . 0 (pDkg;) b ) (8.1)
J

where Wy, is the source term due to production and destruction of species k by
chemical reaction. Handling of this term is very complex in nature. Moreover, the
traditional method of solving a reacting mixture involves solving of (N —1) number of

species equations, which becomes computationally very expensive, if N is very large.

To avoid this, however, there is an another approach based on the “flame sheet”
concept proposed by Burke and Schumann [150], specifically suitable for the sim-
ulation of diffusion flames. This concept is based on the idea that the reaction
rates are infinitely fast and limited to a very thin exothermic reaction zone which
separates the fuel and oxidizer. This assumption implies that the reaction time is
much shorter than the mixing time and no fuel is present on the oxidizer side and
vice versa. As such all the intermediate products can be neglected and hence global
single step reaction may be assumed for the chemistry modeling. The single step
reaction of fuel (Fu) and oxidizer (Ox) in the presence of inert gas (in) to form

product (Pr) can be written as,

vpFu+voOx +in — vpPr +in (8.2)

where vp, Vo, vp are the stoichiometric coefficients of the reaction.

This concept allows to determine the complete chemical state by solving only one
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source-free conservation equation for the variable called mixture fraction (Z) which
is a conserved scalar. The conservation equation for Z is deduced from species

conservation equation (derivation is given in Appendix B.2) and is given as

d(pZ) N dpZu;) 0 82}

— \pD, -2
[/) .

815 aSL’j N 8.’,13']‘ j (83)

The mass fractions of fuel and oxygen are related to the mixture fraction accord-

ing to the following relationships [151]:

[ T [Q Ypu + Tfu} Z
qu =0,

0« <8 ¥ 4 (1 - %) v (8.4)
Yor = Viusmwgs 2
(T = 15,2 + [T+ Vo @ MW v2] (1 _ 7
Zu<Z<1:{ Y= <% Ypus (8.5)
Ve =0
. Y )

where () is the heat release per unit mass of the fuel and Z is the stoichiometric

value given by

1

Iyt = ——Fo—~ (8.6)
L+ (1)
where s = %ﬁzg The mass fraction of the inert component, Y;, is given by

This conserved scalar concept is particularly useful in dealing with non-premixed
mode of combustion. For premixed combustion, the mixture fraction is everywhere

uniform, assuming all species have the same diffusivities.
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8.3 Quasi-Incompressible Formulation for React-
ing Flows

The generalized non-solenoidal divergence constraint for variable density reacting

flows is given by Eq. B.15 which reads as

It can be seen from Eq. 8.8 that the divergence constraint of velocity field in re-
acting flows results due to the presence of both temperature as well as concentration
gradients. Moreover, the heat released by combustion leads to rise the temperature
to a much higher value that provides the major contribution to the constraint on
the divergence of velocity field. Furthermore, larger temperature difference also re-
sults in a significant variations in density and hence the use of purely incompressible

algorithm can be vulnerable for modelling reacting flows.

However, the system of equations for reacting flows are overdetermined in terms
of using continuity (Eq. 2.27) and equation of state (Eq. 2.32). Use of Eq. 2.27
ensures conservation of mass in the discrete level. But in a sequential approach, it is
rather impossible to simultaneously satisfy both continuity equation and equation
of state (EOS). It has been observed that conservation of mass is more important
for problems involving high density ratios. Hence, in the present approach also
the mixture density is evaluated by solving Eq. 2.27. In regard to the low Mach
number model, it has already been mentioned in Section 2.1 that use of this model
introduces new unknowns in terms of thermodynamic pressure (P) that has to be
handled carefully. Handling of these new unknowns are separately discussed in the

following sub-sections for closed and open systems.

8.3.1 Handling of close systems for large density ratio

For closed systems, the expressions for P is obtained through mass conservation

equations. Let mgy be the mass in the enclosure at time ¢ = ¢3. Using the ideal gas
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law we arrive at the expression for initial mass in a enclosure of volume V' as

P(to) W (to)
= t)dV = | ———24V 8.9
o= fLo = | i .
As the total mass remains constant in a enclosure so at any particular time instant
t
PHW(t)
mo = pth:/idV 8.10
from the above equation we get
_l R,
Jv T dv

The equation for can be obtained by integrating Eq. 8.8 over the entire domain
) and then applymg impervious boundary condition. For a non-reacting mixture of
gases and assuming specific heat of the species are equal and constant, this expression

can be given as

dpP 1
— T)
i (R o0 pcpT/v (kNI AV +
\%
P Il — W
N — —V - (pDVY})d A2
ey || S 2 Y PPV (812)

8.3.2 Handling of open systems for large density ratio

For open systems, P equilibrates with the ambient pressure instantaneously and
hence it is independent of both space and time. As such the term % vanishes in
Eq. 8.8. But, violation of satisfying EOS discretely may leads to drifting of the
thermodynamic pressure (P) from its actual value say Py, that needs to remain
constant in open systems. This, effect is however not significant for non-reacting
flows where the density ratio is quite small. In such problems, either of the continuity
equation or the equation of state can be used to evaluate the mixture density. In
order to prevent the algorithm from drifting too far off the equation of state, a

pressure relaxation term is added to numerical representation of the divergence
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constraint as discussed in the work of Pember et al. [6] and is given as

- e R,
Vu=S+f22 —“(P,—P 8.13
fAth7COPZ'j ( 0) ( )
where P,, refers to the instantaneous value of thermodynamic pressure at the cell
centroid (co) of each computational cell and f is a constant satisfying f < 1.0. For

open systems, Py = 101325 Pa which is nothing but the atmospheric pressure.

8.4 Validations

In this section, the results obtained from the developed solver are validated against
problems involving high density ratio having benchmark solutions for closed as well
as open systems. The first problem considers the natural convection in a closed
cavity where the variations in density is due to gradients of temperature only. The
second problem considers the same natural convection in a closed cavity but in the
presence of multiple species where gradients of both temperature and concentration

are involved. The last problem considers the simulation of a laminar diffusion flame.

8.4.1 Two-dimensional natural convection in a square cavity

In this section, the natural convection in a closed square cavity is chosen as the
benchmark problem to see the effect of density change due to temperature gradi-
ents. Figure 8.1 represents the schematic diagram of a 2D square cavity where the
top and bottom walls are insulated and right and left walls are subjected to hot
(Th) and cold (7,) temperatures, respectively. An important parameter for natural
convection problem is the temperature difference parameter denoted by e, which
defined whether the Boussinesq approximation will be valid or not. It is defined
as € = % such that T, = To(1 + €) and T, = Ty(1 — €) where T, is the mean
temperature. If € is large enough, for example ¢ = 0.6, the flow inside the cavity
undergoes large density variation due to significant temperature variations. How-
ever, with small values of € (< 0.05), the density variation is not significant enough.
As such, for this range of problems Boussinesq approximation is also valid which
is applicable for incompressible flows only. However, with the present formulation

both this limit can be explored without making any change.
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Figure 8.1: Geometry and boundary conditions for square cavity

Considering the Boussinesq and non-Boussinesq limit, numerical simulations are
carried out for € = 0.01 and 0.6 with (7}, T.) values of (303 K, 297 K) and (960 K,
240 K), respectively. A mesh size of 10,000 hexahedral elements is used for Rayleigh
number (Ra) of 10° and Prandtl number (Pr) of 0.7. The values of the properties
such as viscosity (i), thermal conductivity (k) are assumed to be constant and cal-
culated from the definitions of Ra and Pr, respectively. The time step size (At)
is taken as 1073 s. The value of acceleration due to gravity in negative y direction

2

is 9.8 m.s™". The continuity, momentum, energy equations are solved to get the

distribution of density, velocity and temperature respectively.

Figure 8.2 displays the comparison of local Nusselt number (Nu) distribution
on the hot and cold walls of the cavity for ¢ = 0.01 and 0.6, respectively. In the
Boussinesq limit i.e. € = 0.01 the variation of Nu is symmetric for both the walls
whereas in the purely non-Boussinesq limit i.e., ¢ = 0.6, this symmetricity in the
local Nu distribution is broken down which shows a reasonably good match with the
results reported by Darbandi and Hosseinizadeh [152]. Also a comparison of average
Nusselt number (Nu) is shown in Table 8.1 below with the benchmark results of De
Vahl Davis [153] and Darbandi and Hosseinizadeh [152].

From the table it can be seen that the % error in the calculation of Nu for e = 0.01
and 0.6 are 2.1% and 2.2% respectively, which is under the acceptable limit. This
proves the correctness of the present quasi-incompressible model to investigate the

flow fields with different magnitude of buoyant forces.
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Figure 8.2: Local Nusselt number distribution along the hot and cold walls

Table 8.1: Average Nusselt number comparison

e=0.01 e=0.6
Parameter
De Vahl Darbandi and
Present % Error Present % Error
Davis [153] Hosseinizadeh [152]
Nuy, 8.99 8.8 2.1 9.08 8.88 2.2
Nu, 8.99 8.8 2.1 9.08 8.88 2.2

8.4.2 Two-dimensional natural convection in a square cavity

with multiple species

The test problem has been taken from the work of Ebrahimi-Kebria et al. [154] where
mixing natural-convection flow in a square cavity with large temperature gradients
has been studied. The problem domain is similar to that presented in Section 8.4.1.
The cavity is initially filled with two species namely, Nitrogen (Ns) and Oxygen
(O3), which are separated by a diaphragm. The amount of both the species should
be such that 79% of total volume will be occupied by N, and remaining 21% of
volume will be occupied by O,. The initial condition and the boundary conditions
are schematically shown in Fig. 8.3. The temperature boundary conditions at the
right and left walls are such that ¢ = 0.6 with 7}, and T, of 960 K and 240 K,

respectively.
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u=v=0, 0T/0y=0Y, /oy=0

< o
< 1l
< g
| o N, S
= (21%) g (79%) o
Il
! L
: o
o I
i 5
4 1l
% >
b/

X u=v=0, dT/dy=0Y, /oy=0
Figure 8.3: Initial and boundary conditions for mixing-thermobuoyant flows

It is expected that as the diaphragm is removed, the convective currents estab-
lished due to the temperature differences between the two vertical walls lead to the
transport of the two species via convection and diffusion. When the steady-state
condition will be reached, both the two species will fully mix forming a homogeneous
mixture having same composition as that of air. As such, the steady-state results
obtained from this test case should match with the available solutions provided for
a square cavity filled with air [152]. For this test case, in addition to the continuity,
momentum and energy equations, the species conservation equation for O, mass-
fraction has been solved. For simulations a mesh with 10,000 hexahedral elements
has been used with At = 1073,

Figures 8.4(a) and (b) show a comparison of the longitudinal velocity (u/uo)

and transverse velocity (v/ug) corresponding to the centerline of the cavity. Here,

KQ
po cpo L

erties at mean temperature of 75 = 600 K. Both the velocities profiles are in good

uy = where L is the characteristic length and subscript 0 refers to the prop-

agreement with the available literature.

The initial and steady-state mass fractions of Oy are shown in Figs. 8.5(a) and
(b), respectively. From this figure, it has been seen clearly that, at steady state both
the two species are uniformly distributed all throughout the domain representing the
composition of air. Also the average Nusselt number along the hot and cold walls

are 9.08 each which is same as that obtained for the test case of Section 8.4.1. The
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Figure 8.4: Distribution of velocity components along the centerline of the cavity

results justify the correctness of the mass transportation predicted by the current

formulation in highly thermobuoyant flow fields.
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Figure 8.5: Oy mass-fraction contours

8.4.3 Laminar Diffusion Flames

To validate the reacting flow solver, the two-dimensional laminar diffusion flame test,
carried out by Darbandi and Banaeizadeh [155], is considered as a model problem.
The burner consists of an upward rectangular burner with dimensions of 40 x 400
mm. The physical domain is shown schematically in Figure 8.6. The fuel (C'Hy)

enters from the bottom of the burner with a width of 8 mm whereas dry air with
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(Yo, = 0.232 and Yy, = 0.768) enters from the rest of bottom through two slots of
16 mm on both sides of the fuel slot. The overall chemical reaction for CH, — Air

mixture is given as:

|
|
|
|
|
|
|
|
|
[
|
|
|
|
|
|
i
Lty
Air Fuel Air
(CH,)

Figure 8.6: Computational domain for laminar diffusion flame test

The flow conditions at the inlet (y= 0) are as follows:
For fuel inlet
u=0cm/s, v=11cm/s, T =298 K, Yop,=1,
Yo, = wi, = Yeo, = Yio = 0.0
For air inlet
u=0cm/s, v=217cm/s, T =298K, Yp, =0.232,
Yn, =0.768, Yo, = Yeco, = Y0 =0

The pressure at the exit is taken as p = latm. The outer tube wall of the
burner is assumed to be adiabatic. The flame-sheet concept is used for modelling
the chemistry. In this approach, chemistry is modeled by solving only one conserved
scalar variable called ‘mixture fraction’ (7). Temperature and mass fractions of all
the five species (Eq. 8.14) are calculated using Eqs. 8.4 - 8.7. The heat release
2)

parameter (=) is taken from the heat of combustion and a representative heat
P
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capacity [151]. In the present case value of ) = 55.5 MJ/kg and ¢, = 1598 J/kg.K
are assumed to be constant. The other thermo-physical properties like thermal
conductivity (k), dynamic viscosity (i) are calculated as a function of temperature

(T') by using the relation given as [6]

7\ 07 p "
o [ = d pp=21 -1 15
1= flo (To) and pD === 5 (8.15)

To start the numerical simulation, first the domain is assumed to be completely
filled with air (Yo, = 0.232 and Yy, = 0.768). Then the fuel (CHy) is injected
through the respective inlet. When both fuel and air comes in contact of each other,
reaction proceeds to produce the products (COy and H,0). Figures 8.7(a) - (h)
show the contour plots for various variables at steady state. It is evident from the
Fig. 8.7(d) that there has been a significant drift of thermodynamic pressure (P)
from the actual value (101325 Pa).

Figure 8.8 shows a comparison of variation of temperature and C'H, mass-fraction
profiles along the width of the channel at different height. A little more deviation has
been observed with reference to the results given by Darbandi and Banaeizadeh [155]
near the walls. One of the probable reason for this may be the drift of thermody-
namic pressure reported above. It has been observed that the drift of P can be

reduced by increasing the grid resolution as can be seen in Table 8.2.

Table 8.2: Maximum drift in P
No. of Cells Max. drift in P (Pa)

20,000 3,10,675
84,500 34,147

However, depending on the grid spacing, a significant amount of drift in P has
also been reported by Day and Bell [7], when they solved an axisymmetric C'Hy-Air
diffusion flame with complex chemistry. Thus, it is believed that it is very difficult
to completely nullify the drift of P, but controlling it to the best possible limit can

improve the results of the present case.
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8.5 Closure

In this section, we have presented an extension of the quasi-incompressible formu-
lation adopted for the simulation of non-reacting mixing flows to study the mixing
phenomena in the presence of chemical reaction. We have also discussed about the
complexities associated with the numerical modelling of reacting flows. In this first
attempt, the simplified chemistry model based on mixture fraction approach, typical
of diffusion flame, is implemented for handling the reaction kinetics. The number of
chemical species can be found from the single step reaction mechanism. In order to
validate the present developed solver with that of reacting flows, the diffusion flame
developed by the reaction between methane and air has been analyzed. Results
show that the present solver has the capability of studying the laminar diffusion

flame with a good amount of accuracy.
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Chapter 9

Conclusions and Scope of Future

Work

This chapter summarizes the key strategies implemented in the development and
application of a single-phase, multi-fluids solver proposed in this thesis. The major
contributions of the study highlighting its novel findings are recapitulated. Further-
more, stating about the limitations of the present work, it has also been provided

the directions for future work.

9.1 Conclusions

The thesis discusses the development and validation of a generic quasi-incompressible
flow solver and its applications to micro and macro mixing as well as combustion.
The solver is devised to handle arbitrary polyhedral meshes, both orthogonal and
non-orthogonal, both in incompressible and quasi-incompressible flow regimes with
no specific constraint on the density ratios of the multiple fluids involved. We stud-
ied the relation between local truncation and discretization error on different meshes
for convective and diffusive problems. It has been found that truncation and dis-
cretization errors are related and method of manufactured solutions can be used to
arrive at a quantitative conclusion between the truncation and discretization errors.

From this study the salient conclusions are as follows.
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1. Convective schemes tested in this work can be arranged in the increasing order
of DE as: CUBISTA < Khosla-Rubin < FOU. However, the truncation error
also shows the same trend which being apriori can be give a fair indication of

the discretization errors which are aposteriori determined.

2. Based on this we conclude that CUBISTA scheme is found to be the better

candidate for incurring lesser numerical diffusion.

3. Khosla-Rubin scheme that is obtained as a equi-blend of FOU and CDS
schemes, shows an overall first order accuracy, despite the fact that the latter
schemes show first and second-order accuracies on smooth flow problems. This
indicates that there is no real suppression of the false diffusion that plagues
first-order upwind schemes when applied to problems involving mixing of lig-

uids.

4. However, the discretization errors obtained from the Khosla-Rubin scheme is
lower than that obtained from FOU scheme as observed from the Taylor-Green

vortex problem.

The final developed solver is thoroughly validated for a wide range of problems
involving mixing of non-reacting species of both liquids and gases. All the validation
studies performed are found to be less than 5% error limit. For e.g., mixing indices
obtained for liquid mixing in micromixers are having 2.3% and 3.9% errors compared
to numerical and experimental results, respectively. The final developed solver is

then applied to solve two pertinent problems related to enhancing the mixing of

fluids.

The first study is to explore the fascinating dynamics of mixing of liquids in
a novel passive micromixer with thin curved ribs and to access the mixing perfor-
mances in a two-dimensional cross-T microchannel. The salient conclusions drawn
from the two-dimensional study of using curved ribs in microfluidic applications are

given below.

1. Mixing efficiencies of the micromixer with curved obstacles is found to be
marginally higher than that obtained with the conventional straight obstacles
(45% and 43.4%, respectively). However, the key point is that the same can
be achieved with a significantly lower pressure drop with the curved obstacles
(153.1 Pa) compared to straight obstacles (225.2 Pa).
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2. Mixing efficiencies of the channel increase with increasing the number of mod-

ules as well as the size of the obstacles.

3. From the angle of inclination study, it has been found that the negative angles
lead to much higher pressure drop than compared to that of their positive
angle counterparts for the same mixing performance. As such positive angles

are more preferred for this type of microchannels.

4. The present obstacle geometry is more preferable for flows with low Re typical

for microfluidic applications.

The second study is to exploit the use of curved ribs in a three-dimensional
cross-T microfluidic junction to understand the role of three-dimensional effects and
obstacle curvature for a wide range of Re flows. We observed a large difference in the
mixing performances between the two-dimensional channel as compared to three-
dimensional channel. The salient conclusions drawn from the three-dimensional

study of using curved ribs as flow obstacles are as follows.

1. The difference in mixing index between curved and straight ribs are much
smaller for two-dimensional channel as compared to its three-dimensional coun-
terparts (61.3% and 47.6% for three-dimensional channels with curved and
straight ribbed channels, respectively). This leads to an enhancement of 2.5
times with respect to the planner channel by the use of curved ribs whereas

the same is around 1.9 times by using conventional straight ribs.

2. The advantage of lower pressure head loss observed in two-dimensional configu-

rations with curved obstacles is also found in three-dimensional configurations.

3. The magnitude of the transversal velocities (v and w) is higher for the channels
with curved ribs than that of straight ribs, which however is almost negligible
for plane channels. This concludes that superior mixing with curved ribs is

due to induced convective transfer.

4. Another difference with respect to 2D study is related to the enhancements
with increasing number of modules. The increase in M is dominated by the
increase in pressure drop after a certain number of modules which is 4 in this

study.
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5. Parametric studies conducted in the present work lead to nearly optimum
configuration of the channel with h = 0.75H, § = —30°, [ = 0.2 ym, N,, =4
and s = 0.135 pum, which are arrived at considering both mixing index and

pressure drop.

The third study is the application of the developed solver in simulating the dy-
namics of gaseous mixing in a sinusoidally corrugated macrochannel and to evaluate
the role of wavelength () and amplitude (a) of the sinusoidal corrugations. We
observed that the vortex patterns which arise out of asymmetries in the wavy geom-
etry seem to manifest in mixing compared to that of a plane channel. The salient

conclusions drawn from the parametric studies are given below.

1. Asymmetric wavy channels having 0° phase difference (PD) show better mixing
capability (M = 97%) than their symmetric counterparts with 180° PD (M =

74%) for otherwise same configuration.

2. Investigations lend support to the fact that generation of higher transverse
velocities are responsible for enhanced mixing in asymmetric channels. For a
channel with A = 1.15h and a = 0.1hA, the maximum v-velocity for 0° and 180°
PD channels are around 0.16 and 0.08 m/s, respectively.

3. For channel with 0° PD and a = 0.1h, the optimum value of wavelength ()

is found to be 1.15h which gives maximum mixing efficiency of 97 %.

4. For the given range of amplitudes studied (0.05kh-0.2h), mixing efficiency is

found to increase with increase in amplitude of the wave.

5. At very high Peclet number, both symmetric and asymmetric channels end up

with same mixing efficiency.

Finally, the quasi-incompressible formulation successfully implemented for the
simulation of non-reactive mixing is extended to gaseous reacting flows. It has been
found that the evaluation of mixture density plays an important role in flows having
high density ratio which has not been observed for non-reacting flows. This study is,
however, considered as a preliminary work involving demonstration of the capability
of the present approach to handle of high density ratio problems. The solver is
found to reproduce the benchmark results with a good amount of accuracy. Study

of laminar diffusion flames of methane-air mixture can be concluded as follows.
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1. Controlling of drift of thermodynamic pressure is very important.

2. Selection of reasonably good mesh resolution reduces the drift of thermody-
namic pressure to the acceptable limit and hence on the accuracy of the ob-

tained results.

9.2 Scope of Future Work

The numerical framework described in the thesis is robust, generic and versatile
but there are a few lacunae which need to be explored in the future. Some of the
possible directions for future research that can further enhance the potential of the

numerical framework are listed below.

e Numerical results obtained for mixing of liquids with S¢ ~ O(1000) are sus-
ceptible to numerical diffusion. Therefore, analysis of different convective schemes,
for their numerical errors, needs to be performed for a more realistic problem rep-

resentative of mixing to select the optimum combination of grid density and schemes.

e Any practical application of mixing of multiple species would demand a con-
figuration that gives as high as mixing efficiency possible with lower pressure drop.
Therefore, a better measure/criteria needs to be devised in future studies to compare
different configurations for their mixing performances to find the optimal configura-

tion.

e It has been seen from the current study that mixing in liquids is a quite slow
process requiring a significant length of the channel to achieve better mixing. As
such, it will be good if a study can be conducted to find out a co-relation among
the flow properties and the geometric parameters of the mixing channel. It will help
in selecting the optimum length of the mixing channel required to carry out the

numerical simulations to save computation time.

e Moreover, combination of both the conventional straight obstacles and the

newly devised curved obstacles can be analyzed for their mixing capabilities.
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e All the cases studied in this work involves smooth flows without any disconti-
nuity in the domain and the developed solver is found to be capable of handling this
type of flows with a good amount of accuracy. However, in future, modifications
in the solver can be made to account for the discontinuities, if present any, in the

problem.

e The reacting flow solver that has been implemented in this thesis is valid only
for laminar diffusion flames only. As such, integration of the more generic method-
ology for simulation of both premixed and non-premixed (diffusion) flames based on

the mass-fraction approach is needed.

e Last but not the least, the existing solver runs on a single processor only
that demand significantly high computational cost for attempting three-dimensional
problems. As such parallelization of the developed solver is highly recommended in

order to reduce the computational time for three-dimensional simulations.
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Appendix A

Derivations of Some Basic

Equations

A.1 Divergence Constraint of Velocity Field for

Liquids
Equation 2.30 of Chapter 2 can be rewritten in a nonconservative form?® as,
Y}
1% W +V. (qu) =V (pDVYk) = kaV - (Al)
oY},
Y,
=p {8—; +u- VYk} =V - (pDVYy) (A.3)

Let us consider a mixture of two liquid species with the corresponding mass-
fractions and densities of Y o and p; 2. Then the mixture density can be represented

as,

1
R
1 Y Y]
p P2 P1

IFor simplicity we are using vector forms of the equations
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1 Y
= Yi—p (5-2) (A6)
P P2
Equation A.3 can be written for the component Y] as,
Y
=p {8—151 +u- VYl} =V - (pDVY}) (A.7)

Replacing Y; of the above equation by Eq. A.6, we get,
0 Y; Y; Y;
:>,0[— (ﬂ—pl 2) +u-v<ﬂ—p1 2)] -V [pDV (ﬂ—”l 2)} (A.8)
ot \ p 02 p P2 p P2

1 Y, 1 1
= [plg (—) %y (—) ~ Py, VYQ} - V~lpD (p1 - - ﬂvyz)}
ot \p) p2 Ot ) P2 P P2

(A.9)

) aY. D
= PP PPLC e Py PP VY, = iV (—Vp) LY. (pDVYs) (A.10)
p ot p Ot p P2 p P2

Cancelling p; from both sides of the above equation and after rearranging the

terms we get,

1 /8p p [0V, D 1
[ Z= | — = VY, | =V [ = ——V-(pDVY,) (A.11
=2 (Vo)L (52t u ) =+ (D¥p) - w09 (1)

Rearranging the first term on the L.H.S. of the above equation using continuity

equation we get,

aY; D 1

= V.ou- L2 (—2+u-VY2> =V. (—Vp) — —V - (pDVY3) (A.12)
p2 \ Ot p P2
Y5 D 1

=V.ou=-2 (2+u-VY2) -V (—Vp) + —V - (pDVY,) (A.13)
p2 \ Ot p P2

Replacing the first term on R.H.S. of the above equation using Eq. A.3 we get,

1 D 1
=V.-u=—-——V_-(pDVY;) -V (—Vp) + —V - (pDVY3) (A.14)
P2 p P2
D
=V.u=-V. (;Vp) (A.15)

which is the final expression for divergence of the velocity field for quasi-incompressible

flows.
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A.2 Basic Expression For Diffusive Flux for Mo-

mentum Equation

The generalized form of Navier-Stokes equation is given as-

d(pu)
ot

where 7 is the stress tensor, fis the body force per unit volume. The expression for

(puu) = —Vp+ V-7 +f (A.16)

7 in vector form is given as

7= u[Vu+ (Vu)T] - g p(V-u)l (A.17)
where I is the unit vector. Integrating the diffusive term (the 2nd term on R.H.S.

Eq. A.16) over the entire control volume and then using Gauss-divergence theorem,

/v-?dv:/%ds (A.18)

we get

v S
2
= / (,u[Vu+ (Vu)'] — 3 H (V-u) I) -dS (A.19)
S
ou ou v ou ow
25 (a—y %) (3 + %) N
g, ov ou v v ow
~ D (a—+a—y> 25y <—z+a—y) Sty
f ou ow ov ow ow Sfz
(5 + %) (a_ + a—y) 2oz
A
1 0 0 S
2 0 0 0 fz
-y cn (a—“ a—” a_w) 01 0/|]|sp, (A.20)
7 v 9 9%/ 0 1] ] s
B

The z- component of Eq. A.20 can be written as

ou ou Ov ou Ow
:;“{Qa_xsf”(a_y %) s (5 + 55 o7

8u 6@ 8w
2 Zu (e + 50+ 50 ) 5 (A21)
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2 ou Ov Ow
— AN Y A2
fu(ax+8y+az)5fx (A.23)

Similarly, the y, z- components of Eq. A.20 can be written as

ou ov ow
=S s (VoS4 (—Sx+—S +—SZ)
f g ( f) f Hi\ gyt ¥ 5,9+ 5, %

TH-1793_126103044

2 ou Ov Ow
_§ZM<%+@+£) Sfy (A.24)
f

2 ou Ov Ow
—g - M(&‘i‘a—y"—a) sz (A25)



Appendix B

Derivations of Reacting Flow

Equations

B.1 Divergence Constraint of Velocity Field for

Reacting Flows

Equation of state for mixture of gases:

s Y,
P:pRuTZWkk (B.1)

Taking the substantial derivative of Eq. B.1

;sll))];_ (TZ ) (B.2)

Applying chain rule we get:

1 DP D Y

(0T) = (S 2E B.3
SEtn g (Sa) e

| DP Yi [ DT Dp D Y,
N e 2P oy = (S B.4
~ R Dt ZWk{thJr DJJF(”)Dt(ZWk) (B4)

By writing ) & Y’“ = W, we get:

| DP Yy DT Yo Dp ..D (1
I WU YL I S B.5
= o P o VT o T o (W) (B:5)
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From continuity equation, we know that 2 T = —pV - u, therefore:
1 DP Y, DT D /1
— =z T— | = B.6
= 5 b Pt Z (=pV )+ Dt(W) (B-6)
Y, DT D (1 1 DP
=T V.ou= — | - =—— B.7
pr v ZWth Dt(W) R, Dt (B.7)
1 DT 1 D (1 1 1 DP
- T Dt pTZWth W pTZWkR“ Dt
1DT —D (1 W DP
=Vu==—+NWN—|=|— — B.9
T T D <W> oTR, Dt (B9)
Also from species conservation equation it can be written as
D (1 Y
S e [ - oD B.10
EG)-gr (i)
The energy equation for reacting flows can be written as,
DT DP
= Plpmizpy = V - (KVT) + Z pDVY}, - Vhy, — Z . - — Dt (B.11)

where uj, is the reaction source term. Replacing 1% and 2"? term of RHS of Eq. B.9

by Egs. B.11 and B.10, respectively, we get:

=V-.-u=
" Tpcp,mm‘

5 [Ze s () 2

V. (kVT) + > pDiVY5.Vhy — > it
k k

W DP 1 DP

e B.12
PW Dt + P Db ( )

)7
u=— T) DpVY Vi | + — D

= Vou= e |V(5VT) +Zp (VYT | + ; Zv {p ’N(Wk)}

0 1 1\ DP

h =
L S (e 3)
=V-u=—— V.(mVT)+ZpDkVYk.th EZEV (pDVY3)
pcp,mi:vT P Lk Wk

0 1 1\ DP
- -=)— (B.14
Z <Wk Tcy, mm) i <pTcp,mix P) Dt ( )
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1 w
— D, VY,
+p MWV('O K VYr)

o Ru — Cp,mix DF
— B.15
i Z (Wk Tcp mzm) k - ( Pcp,mim ) Dt ( )

Eq. B.15 represents the generalized equation for reacting flows. However, for open
DP

V- (kVT) + Z pDLVY,, - Vhy,

system = P — 0 and for flame sheet concet w,=0. Also assuming Cpk = Cp =constant,
the second term of RHS of Eq. B.15 becomes zero. As such with these assumptions,
the simplified form of the the divergence constraint for reactiong gaseous mixture

can be written as,

1 w Y
V.u=—=V . (kVT)+ —V . |pD,V — B.16
B.2 Conserved Scalar Equation
Let us consider the single step reaction as
1 kg A+skg B— (1+5s) kg C (B.17)

For this single step reaction, we can write the convective, diuffusive equations for

mass fractions of reactants A and B as

d(pYa)

It + V- (pYA’l_[) =V (pDAVYA) + R4 (B18)
a(pY;
(gtB) +V - (pYpi) = V- (pDsVY3s) + Rp (B.19)

where Y, and Yp are not conserved only due to the reaction terms R4 and Rp
respectively. Convection and diffusion processes are conservative as they only carry

the scalar from one place to another or otherwise spread it.

For the equation (Eq. B.17), every kg of A requires s kg of B. Therefore it is

possible to write the reaction rates as

RB =S RA (BQO)
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Assuming D= D= D,, and subtracting %.Eq. B.19 from Eq. B.18 we get

M+V. {p (YA_%) g} - V. {ngV (YA_E)} (B.21)

ot S
Let us define a new scalar g= Y4 — Y—SB
d(py |
= _(((;Ot ) + V- (pgi) =V - (ngVg) (B.22)

The absence of R4 and Rp in the above equation suggests that the scalar s is a
conserved quantity with respect to combustion, i.e., its distribution is not affected
by combustion, but only by convection and diffusion. The non-dimensional scalar

variable, Z :ﬁ can now be defined, whose governing equation takes the form as
J o

d(pZ)

— ot

+V - (pZu) =V - (pD;VZ) (B.23)
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