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Abstract

In microfluidics, mixing remains a challenge due to the diffusion-dominated nature

of the flows therein. Inserting obstacles such as cylindrical pins in a micromixer

has the potential to significantly enhance mixing. However, it is unclear how the

mixing efficiency in confined microchannel flows is affected by the proximity of

the channel walls, the relative position of the interface between two fluids to be

mixed (i.e. flow ratio) and the cylindrical pin, as well as the pin arrangement. In

the present thesis, the microscale flow past single and two pin arrays is investigated

for different levels of confinement, flow mixing ratios and pin configurations for

Reynolds numbers (Re) up to 340; micro particle-image velocimetry (µPIV) is ap-

plied to investigate the velocity fields, and micro laser-induced fluorescence (µLIF)

to acquire the concentration fields and assess the mixing performance, utilising the

intensity of segregation technique. A high-speed µPIV technique was implemented

to resolve the unsteady flow field and capture the shedding frequency (typically in

the hundreds Hz range) up to Reynolds number of 240. Wall proximity delayed the

onset of vortex-shedding from a single pin and increased the shedding frequency.

Vortex-shedding was found to enhance mixing effectiveness as expected, particu-

larly when the pin intercepted the interface between the two fluids to be mixed.

Adding a second pin suppressed vortex-shedding for spacings between the two pins

up to four-pin diameters in a tandem arrangement but not in staggered arrange-

ments. The mixing index increased from 2% to 61% with Re increasing from 39 to

335 in the microchannel with a distance of 4.5 pin-diameters distance between the

two pins in tandem. Overall, the thesis has elucidated the fundamental features of

high Re mixing at small scales at an exquisite level of detail and resolution.





Impact Statement

Microfluidic mixing is a rapidly growing technology finding application in the

chemical and pharmaceutical industry, analytical chemistry and biochemical pro-

cessing; due to miniaturization the quantity of fluids to be mixed is reduced, which

is advantageous and cost effective for chemical and/or biochemical processes.

The work presented in this thesis explores to potential for rapid, high-

throughput mixing in micromixers with obstacles (micropins) , induced by the

presence of vortex-shedding behind the obstacles. A novel high speed particle

image velocimetry methodology was developed providing the first time-resolved

measurements of unsteady microscale flows and shedding light to high frequency

vortex-shedding phenomena previously unexplored. This system opened the door

to experimentally explore the impact of a range of geometries on the shedding fre-

quency and ultimately mixing performance .

The analysis of the fluid dynamics in different levels of confinement, the in-

vestigation of the mixing performance with respect to different flow mixing ratios

and pin configurations are some of the key outcomes of the work which offer use-

ful guidance for the design of micromixer technologies and relevant processes. For

instance, high throughput flows inducing vortex-shedding are shown to exhibit su-

perior performance in such micromixers; the relationship between the fluid interface

and obstacle position within the microchannel and mixing performance established

through this work can aid the optimization of the location of the obstacle in relation

to the flow ratio of the fluids or reactants to be mixed. The experimental discover-

ies on the effect of two pin configurations indicate that multipin arrangement may

not necessarily have better mixing than a single pin in the vortex-shedding regime
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which has implications for micromixer design.

The findings of this work suggest that a number of competing mechanisms

determine the overall mixing efficiency in micromixers with (confined) obstacles,

which are sensitive to flow conditions and microchannel geometries. This provides

the designer with many parameters that can be tuned to optimize mixing for a par-

ticular application.

Finally this work was inspired in part by the need to miniaturise an industrial

application, biodiesel synthesis, in which the reactants are mixed at different ratios;

the results are expected to impact this and other similar applications.
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Chapter 1

Introduction

1.1 Motivation and project aims

Microfluidics, the science and technology of systems that process or manipulate flu-

ids with characteristic features at the submillimetre scale [18], has great potential

in many subject areas ranging from the chemical syntheses to the life sciences. It is

an area of continuous and sustained growth. Sackmann et al. [19] summarized the

number of microfluidics related journal publications from 2000 to 2012 and showed

that the number increased significantly from around 100 publications to 1300 publi-

cations annually. This is because microfluidics offers many useful capabilities: the

ability to work with very small volumes of precious samples and reagents [20][21],

the ability to miniaturize devices [22] and attain shorter times for analysis [23]. Be-

sides, by understanding and leveraging microscale phenomena, microfluidics can

be used to perform experiments not possible at the macroscale, for example, using

droplets for parallel control of cell encapsulation [24] [25].

In microfluidic applications, mixing has been understood as one of the most

fundamental and difficult-to-achieve issues. This is due to the low Reynolds number

(Re) encountered in such flows. Re is an important non-dimensional parameter

used to classify flow regimes; it represents the ratio of inertial to viscous forces in

a fluid. Due to the small size of the microfluidic channels and the characteristic

length scales, Re is low, so that microfluidic flows are almost always laminar. The

mixing performance at this small scale is often dominated by molecular diffusion,



30 Chapter 1. Introduction

an inherently slow process [26].

In the last two decades, many strategies have been proposed to enhance mix-

ing in microfluidic devices, which can be divided into two classes relying either

on passive or active strategies. The passive strategy relies on geometric and fluid

mechanical features, avoiding use of any additional energy other than the obvious

pumping energy needed to drive the flow. Active mixing on the other hand ex-

ploits additional energy input to enhance the mixing process, e.g. electric, magnetic

fields, thermal gradients. In the context of passive micromixers, inserting obstacles

such as cylindrical pins or other 3D structures is a promising means of promot-

ing chaotic advection and hence mixing, heat and mass transfer [27]. At relatively

high Re but still in laminar flow regime, the flow becomes unstable, leading to

vortex-shedding in the wake of the pin. This involves periodic changes in the local

direction of flow, which can further increase mixing through stretching and folding

of the species streams and increasing the interfacial contact area [28]. This type of

mixing strategy also has the benefit that the corresponding microfluidic devices are

easy to manufacture. Therefore, microfluidic devices with obstacles have been of

great interest in various contexts of heat and mass transfer applications, including

particle dispersion [29], biodiesel synthesis [30] and electronics cooling [31].

While a variety of passive micromixers with obstacles have been designed by

researchers, it remains unclear how these mixers perform with the onset of vortex-

shedding. A majority of works have concentrated on a very low Reynolds number

range. For instance, Chen et al. [32] investigated a micromixer with a high-density

array of pillars and observed good mixing enhancement at low Re (ranging from

0.1 to 0.7). Wang et al. [33] developed a simulation approach to automatically

design and optimize passive micromixers with obstacles. But this approach was

constrained in a 2-D plane (the height of the channel was not defined) and low

Re (around 0.4). Recently, Dundi et al. [34] carried out numerical simulations in

micromixers with pins in tandem at relatively high Re (ranging from 100 to 700)

and observed that the mixing index increased monotonically in this Re range. But

they did not present data on the flow pattern especially with the formation of vortex-
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shedding.

This situation inspired us to focus on better understanding of the flow past

cylindrical pins in microfluidic devices and to undertake fundamental research in

the design and optimization of passive micromixers with obstacles at Reynolds

numbers over the critical value for the onset of vortex-shedding. In fluid mechan-

ics, flow past a cylinder is a canonical problem that has been well-documented at

the macroscale, described in detail in many seminal works [35] [36] [37]. How-

ever, in microfluidic channels, the flow past a cylinder typically experiences both

high blockage (ratio of cylinder diameter to channel width) and a low aspect ratio

(cylinder length to diameter ratio) due to the size limitation of microfluidic devices,

ranging from the sub-micrometre to the sub-millimetre [32]. The features of flow

past confined cylinders in microscale are still not fully understood. Especially with

the onset of vortex-shedding, the shedding frequency in small scale flows is too

high for most micro-flow measurement techniques to resolve, resulting in a lack of

time-resolved experimental studies in literature capturing the unsteady dynamics of

vortex-shedding in microscale flows. Therefore, the first aim of the present study

is to develop a time-resolved flow diagnostics method in order to investigate the

features of flow past confined cylinders in microscale.

Mixing characterisation also plays an important role in the design of micromix-

ers with obstacles. A majority of previous works have concentrated on the cases in

which the interface of the fluid streams lies at the centre of a microchannel, which

means that the ratio of two mixing fluids is 1:1. However, in many practical appli-

cations, the interface of two mixing fluids does not necessarily lie at the centreline

of the microchannel. A typical example is when dealing with different molar ratios

and/or flow rate of reactants, as in the biodiesel synthesis application in microreac-

tors [38] [39]. Therefore, there remain a number of unresolved questions regarding

the position of fluids interface in micromixers with obstacles, such as: does the

change of fluids interface position significantly affect the mixing performance? In

a micromixer with fluids interface position not at the centre of a microchannel, can

an offset of the obstacle from the channel centreline and towards the fluids interface
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help mixing? The second aim of present study is to set up a mixing characterisation

system and investigate the effect of the position of fluids interface and obstacle.

In the next stage of the investigation, the role of multiple obstacles is consid-

ered. In particular, I sought to clarify if the arrangement of the obstacles can play

a role in mixing. For example, drawing from macroscale literature, the distance

between two cylindrical pins in a tandem arrangement can enhance or suppress the

wake instability, which affects the mixing performance. The flow around two circu-

lar cylinders immersed in a steady cross-flow has been comprehensively reviewed in

the unconfined channels [40] [41]. However, it is still unclear how the confinement

affects the features of the flow past two cylindrical pins. The third aim of the present

study is to investigate the flow features around two cylindrical pins with various ar-

rangements in the confined microfluidic channels and to optimize the arrangements

for better mixing performance.

To achieve the aims listed above, the following key objectives were pursued:

1. Development of a fabrication process for precise microfluidic channels with

obstacles that enabled high-speed microscale flows.

2. Design and commissioning of a high-speed micro particle image velocime-

try (µPIV) setup capable of time-resolved measurements for capturing the

dynamics of vortex-shedding in microscale flows.

3. Investigation of the effects of confinement on wake properties and vortex

dynamics, such as on the critical Re for the onset of vortex shedding, the

shedding frequency, the length of recirculation region, and estimation of the

mixing performance.

4. Evaluation of the mixing performance using a micro laser-induced fluores-

cence (µLIF) system in microchannels with different positions of the inter-

face of two mixing fluid streams and various offset locations of the obstacle.

5. Investigation of the features of flow past two confined cylindrical pins in var-

ious tandem and staggered arrangements.
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1.2 Structure of the thesis

An overview of the pertinent literature is provided in Chapter 2. This includes a

background of the mixing challenge and critique of the previous investigations on

the mixing strategies in microfluidic devices. To gain fundamental understanding

of passive micromixer with obstacles, the features of flow past a (unconfined or

confined) circular cylinder are described. The flow patterns and wake properties

of flow around two cylinders with different arrangements are presented, alongside

the effects of the position of fluids interface and obstacle. Additionally, different

microscale flow measurement techniques are discussed and the microchannel fabri-

cation methods are illustrated.

The experimental systems and the methodologies applied in the thesis are

described in Chapter 3. The use of Computer Numerical Controlled (CNC) mi-

cromilling is presented as a simple solution for the rapid and low-cost machining

of microfluidic channels. µPIV and µLIF systems are applied for flow charac-

terization and mixing characterization respectively. Moreover, a high-speed µPIV

setup is designed and commissioned to resolve the high-frequency vortex-shedding

in microscale flow.

The investigation of the confinement effects on wake properties and vortex dy-

namics is detailed in Chapter 4. A single cylindrical pin was investigated in the mi-

crochannels with different levels of vertical (ratio of channel height and pin diame-

ter) and lateral confinement (ratio of channel width and pin diameter). Thanks to the

capability of the high-speed µPIV setup, the critical Reynolds number for the onset

of vortex shedding, vortex-shedding frequency and corresponding Strouhal num-

ber and the length of the recirculation region have been investigated and discussed.

Finite-Time Lyapunov Exponent (FTLE) analysis is applied as a post-processing

method to assess the mixing process.

Building on Chapter 4, the relationship between the mixing performance and

the confinement is further investigated by µLIF system in Chapter 5. The mixing

index was evaluated for variable vertical and lateral confinements.

The effects of inlet fluids interface positions and obstacle offset locations from
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the channel centreline are investigated in Chapter 6. µPIV is applied to investigate

the velocity fields and streamline patterns for the different pin locations, and µLIF

is applied to acquire the instantaneous concentration fields and analyse the mixing

performance, utilising the intensity of segregation technique.

The features of flow past two confined cylindrical pins with various arrange-

ments are studied in Chapter 7. The flow patterns, critical Reynolds number for

the onset of vortex-shedding, shedding frequency and the mixing performance with

increasing Reynolds number are discussed for two pins in tandem and staggered

arrangements.

The thesis is concluded in Chapter 8, where an outlook on future work is pro-

vided.
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Literature Review

The history of microfluidics can be traced back to the 1950s, principally originates

from inkjet printer manufacturing. Inkjet printers involve very small tubes carrying

the ink in the nanoliter for printing [42]. Nowadays, microfluidic technology has

produced tremendous achievements in a range of applications, such as microreac-

tors, point-of-care diagnostics (POC) and organ-on-chips, etc [18]. The microre-

actors can easily and accurately control the contact time, shape and size of the

interface between fluids, which play an important role in the synthesis of inorganic,

metal nanoparticles and organic compounds, in the pharmaceutical and chemical

industries [43]. In terms of point-of-care diagnostics, microfluidic tools are likely

to become the standard disposable elements in the revolution of near-patient diag-

nostic tests by providing a platform for miniaturizing, integrating, and automating

fluid flow [44]. Organ-on-chips are a new research hotspot in microfluidics [19].

During the process of drug development, many medicines pass animal testing but

fail at the human testing stage, which causes serious waste. To prevent this, organ-

on-chips can provide tissue models using human cells to determine drug efficacy

and safety in advance of clinical testing [45]. Many human organ chips, namely

liver-, kidney-, lung-, heart-on-chips, have been successfully developed and show

extraordinary potential in drug development [46].
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2.1 Mixing in microfluidic devices

Although microfluidics offers many advantages, its use in mixing applications is

limited by the mixing performance at the microscale which is often dominated by

an inherently slow process, called molecular diffusion process [26]. This is due to

the low value of Reynolds numbers (Re) effectively encountered in such flows. The

Re is defined as the ratio of inertial to viscous forces in a fluid. For a flow in a

channel, it can be calculated by

Re = ρUDh/µ (2.1)

where ρ and µ denote the fluid density and dynamic viscosity, U is the charac-

teristic fluid velocity, Dh is the hydraulic diameter. The hydraulic diameter depends

on the cross-sectional geometry of a channel. In channel (pipe) flows with Re less

than 2,000, the flow is laminar. It becomes turbulent flow when Re exceeds 2,800

[47]. The regime between laminar and turbulent is called transitional, with Re rang-

ing from 2,000 to 2,800. Due to the small size of the microfluidic channel, the value

of hydraulic diameter and hence the Re are very low, so that flows in microfluidics

are almost always laminar.

In terms of mixing, the equation of total mass flux nA of species A can be stated

as [48]:

nA = jA +ρAv (2.2)

where jA is the diffusive part of the total mass flux and the term ρAv indicates

the mass transfer of A due to bulk motion (referred as a convective or advective mass

transfer). Equation 2.2 clearly shows that mass transfer may occur by diffusion

as well as by convection. Unlike convection, diffusion is net movement down a

concentration gradient due to the random motion of individual molecules (Brownian

motion). The distance moved by a species can be estimated using:

Ldi f f ≈
√

Dt (2.3)



2.1. Mixing in microfluidic devices 37

where Ldi f f is the distance a particle (or a molecular tracer) moves in a time

t, and D is the diffusion coefficient of the particle. More specifically, Figure 2.1

illustrates the mixing of two water streams at a rectangular Y-shaped microchannel.

Considering an example channel cross-section of 100 µm × 100 µm with a flow

rate of 10 µL/min at room temperature (25°C) and with the diffusion coefficient of

water ≈ 2.34 × 10 −9m2/s [49], Re is around 3.33. At such low Re, convective flux

transverse to the flow will be negligible. Thus, to mix two streams by diffusion only,

4.27 seconds will be required with a channel length of 142.3 mm. The result clearly

highlights the slow nature of the diffusive mixing process in microfluidic chips and

poses a major challenge in adoption of the technology in practice.

Figure 2.1: Schematic of mixing in a Y-shape microchannel.

An important dimensionless number for micromixer design is the Peclet num-

ber (Pe), which helps to compare the relative rates of transport by convection and

diffusion in continuous flow. The Peclet number is given by the ratio of diffusion

time tdi f f and convection time tconv [50]:

Pe =
tdi f f

tconv
=

l2/D
l/U

=
lU
D

(2.4)

where l denotes the characteristic length, U is the flow velocity and D is the

diffusion coefficient. Peclet number is also relevant to Taylor dispersion, an effect

in fluid mechanics in which a shear flow can increase the effective diffusivity of
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a species [25]. When the value of Pe is less than 1, mixing is still dominated by

diffusion because the Taylor dispersion coefficient is smaller than the diffusion co-

efficient. However, when the value of Pe is larger than 1, Taylor dispersion takes

the dominant role in mixing.

In the last two decades, many approaches have been developed for improving

mixing within microchannels either passively (e.g., through special microchannel or

obstacle geometries) or actively (e.g., by applying an external driving force). The

approaches are discussed in great detail in the following sections.

2.1.1 Passive micromixers

Passive micromixers utilize no energy input except to drive the fluid flow at a con-

stant rate (e.g. pressure head). To meet the requirements of micromixers design,

i.e. fast mixing and small device area, the mixing time tmix and the required length

of microchannel Lc need to be as small as possible. When mixing only relies on

diffusion in a microchannel, the mixing time scale tmix and the required length of

the microchannel Lc are given by:

tmix = tdi f f =
l2

D
= tconvPe (2.5)

Lc =Utmix =Utdi f f = lPe (2.6)

A linear relationship can be found between the needed channel length and Pe.

The required channel length for mixing increases linearly as the flow velocity U is

increased, or as the diffusion coefficient D is decreased (for different species).

Based on Equation 2.5, reducing the characteristic length l to a much small

value (w f , w f << l) can significantly cut down the mixing time. Assuming mixing

taking place in a microchannel with original cross-sectional area l2 and constant

flow rate, if the microchannel cross-sectional area is reduced to w2
f , a new mixing

time (t
′
mix) can be defined as:

t
′
mix =

w2
f

D
= (

w f

l
)2tconvPe (2.7)
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Comparing Equations 2.5 and 2.7, when w f is much smaller than l, the new

mixing time scale t
′
mix is much smaller than the original one tmix, indicating a re-

duction of required mixing time. Moreover, the new value of required channel

length (L
′
c) for complete mixing can be given by:

L
′
c =U

′
t
′
mix =

l2

w2
f
U

w2
f

D
= lPe (2.8)

Equations 2.6 and 2.8 show that the required length of the channels does not

change by reducing the characteristic length l. Thus, reducing the cross-section area

of the microchannel is an effective way to achieve fast mixing and short channel

length.

Channel contraction and sheath flows are the most direct methods to reduce

the characteristic length l in passive micromixers. The schematic of a passive mi-

cromixer designed by Gobby et al. [51] with channel contraction is shown in Figure

2.2a. However, the fabrication of the channel geometric contraction is hard and rel-

atively expensive. Also, it raises the required pumping power to force the flow

through the channel. Park et al. [1] demonstrated a simple method by using sheath

flows to reduce diffusion distance with hydrodynamic focusing (shown in Figure

2.2b). But this method requires large quantities of sheath flows which can be a

significant waste [52].

Figure 2.2: Schematic of passive micromixers employing (a)channel contraction and (b)
sheath flows [1]
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Another method to reduce the characteristic length l is by splitting the inter-

faces between two mixing flows, then recombining them in a repeatable manner, a

process known as split-and-recombine. In each cycle, the characteristic length l will

be half of the previous cycle. After N cycles, the new mixing time t
′
mix can be given

by:

t
′
mix =

(l/2N)2

D
=

tconvPe
22N (2.9)

In a steady flow rate and a constant cross-sectional area l2, the required channel

length L
′
c is given by:

L
′
c =U

′
t
′
mix =

lPe
22N (2.10)

Both the mixing time and the required channel length are reduced exponen-

tially. Many split-and-recombine passive micromixers have been developed based

on special 3D microchannel geometries [2][53][54] as shown in Figure 2.3a. The

mixing process in this type of micromixers is shown in Figure 2.3b. However, fab-

rication of this type of channel is significantly complex and there is also a need to

provide more power to pump the mixing fluids through.

Figure 2.3: Schematic of (a) split-and-recombine passive micromixer [2] and (b) the mix-
ing process of (a)
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Chaotic advection is an effective mixing strategy to reduce mixing time and

required channel length because the fluid streamlines can be stretched and folded

exponentially. In this case, the characteristic length lst is given by [3]:

lst = le−t/tconv (2.11)

Thus, the diffusion time t
′
di f f becomes:

t
′
di f f =

l2
st
D

=
l2e−2t/tconv

D
(2.12)

Mixing will be ensured if t
′
di f f is close to convection time t conv. Therefore,

the mixing time t
′
mix and the required channel length L

′
c can be expressed as:

t
′
mix ≈ tconvlog(Pe) (2.13)

L
′
c = llog(Pe) (2.14)

The mixing time and required channel length scale only with the logarithm of

Pe, making chaotic advection mixers highly effective in mixing at high Pe.

Droplet micromixers and staggered herringbone mixers are two examples of

the application of chaotic advection in passive micromixers with low Reynold num-

bers (see Figure 2.4). In droplet micromixers, the sample fluid contains multiple

reagents and forms droplets in carrier flow (Figure 2.4a). The strong surface-tension

effect and the recirculating flows that occur inside the droplets result in an effective

mixing performance [55]. The velocity vector field inside a droplet is shown in

Figure 2.4b based on the study of Ma et al. [4]. One of the crucial dimensionless

numbers in the formation of droplets is the Capillary number (Ca), representing the

relative effect of viscous forces versus surface tension acting across an interface

between two immiscible fluids [56]. The definition of capillary number is:

Ca =
µU
γ

(2.15)

where µ represents the dynamic viscosity of the fluid, γ is the interfacial ten-
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sion between the two fluid phases and U is a characteristic velocity. Forming

droplets requires relatively low capillary numbers [57] and a smaller Ca results

in better mixing [58]. Moreover, low Ca requires low flow velocity as the dynamic

viscosity of the fluid and the interfacial tension between the two fluid phases cannot

be easily changed. In terms of the staggered herringbone mixers (Figure 2.4c), the

ridges inside the channel present an anisotropic resistance to viscous flow where

less resistance can be found in the direction parallel to the peaks and valleys of the

ridges than in the orthogonal direction. Because of this anisotropy, an axial pressure

gradient generates chaotic flow (Figure 2.4d) to help to mix [5]. However, the pres-

sure drop in staggered herringbone mixers is very high at the high Reynolds number

[59]. Thus, the throughputs/applications of these two types of mixers are limited to

low Reynold number.

Figure 2.4: (a) Microphotography of a passive micromixer based on serial segmentation [3]
(b) The normalized velocity vector fields inside a droplet [4] (c) A schematic
of a chaotic vortex passive micromixer and (d) the fluorescent confocal micro-
graphs that show the mixing pattern [5].

2.1.2 Active micromixers

Active micromixers usually utilize additional external energy input, such as acous-

tic, thermal, electrical and magnetic, to enhance advection inside the microchannels.

Liu et al. [60] demonstrated a micromixer with the use of acoustically-induced air
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bubble vibration. A piezoelectric disk was used to excite air bubbles trapped in

the top layer of the microchannel. The air bubbles in a liquid medium can act as

an actuator, when energised by the acoustic field, to stir fluids and induce mixing.

Similarly, Tsai and Lin [61] presented a microfluidic mixer incorporating a ther-

mal bubble actuated nozzle-diffuser micropump. The intrinsically oscillatory flow

generated by the bubble actuated nozzle-diffuser micropump was shown to induce

a wavy liquid interface, accelerating the mixing process. In addition, thermal en-

ergy can also enhance mixing because the diffusion coefficient strongly depends on

temperature [62]. In terms of active mixing enhancement through electrical forces,

alternating electric fields are typically applied based on the electrical properties of

fluids or additional seeding particles. El-Moctar et al. [63] presented a micromixer

based on Electrohydrodynamic (EHD) force; two fluids with different electrical

properties were injected by syringe pumps, and the electrical field was perpendicu-

lar to the interface between the fluid streams, creating a transversal secondary flow

to enhance mixing. Campisi et al. [64] designed a micromixer based on Dielec-

trophoresis (DEP) force. Non-uniform alternating electrical fields induced the mo-

tion of polarized particles seeded in the fluid resulting in efficient mixing. Similar

to applying electrical forces, Wang et al. [65] used magnetic fields and magnetic

particles to develop an efficient active micromixer.

Generally, active micromixers outperform passive micromixers. Besides the

obvious disadvantage of complexity of setups and additional energy consumption,

the requirements of external driving forces in active micromixers limit the minia-

turization and integration of such technologies [27]. Moreover, active micromixers

have shortcomings in (bio-)chemical applications. For example, in acoustic active

micromixer, ultrasonic waves around 50 kHz maybe harmful to biological sam-

ples due to possible cavitation [66]. Many biological fluids are highly sensitive

to temperature, thus the temperature rise in thermal active micromixers may cause

problems, such as deactivation of enzyme [67] and blood coagulation [68]. Also,

active micromixers based on electrical or magnetic forces typically work with elec-

trolyte solutions or magnetic particles, which limits their application. Therefore,
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compared to active micromixer, passive micromixers are simpler and, invariably,

more economical options.

Among many types of passive micromixers, this thesis will focus on the mi-

cromixers with obstacles, which is detailed in the following section.

2.1.3 Micromixer with obstacles

Obstacles are often employed in the microchannels to promote chaotic advection

and hence mixing due to easy fabrication. Compared to other passive micromix-

ers, micromixers with obstacles can be potentially used in high Re mixing, as the

increase in pressure drop due to the obstacle is limited compared to more elaborate

passive micromixers. Yet they yield high throughput production because the vortex-

shedding and the wake of these bluff bodies induce cross-stream flows, further re-

ducing the diffusion time [28]. In fact, this enhances diffusion of mass, momentum

and energy transport. Therefore, micromixers with obstacles have been of great in-

terest in various applications, such as particle dispersion [29], biodiesel synthesis

[30] and electronics cooling [31].

Cylinders are one of the most common obstacles explored in the literature.

Indeed, this thesis also focuses on the micromixers with cylindrical pins. Thus,

features of flow past cylinders are discussed in the following.

2.2 Flow around a circular cylinder
Knowledge of the flow around a circular cylinder is critical to understand the mer-

its of cylinders as obstacles in micromixers, and it is also a canonical question in

fluid mechanics. In this section, starting with uniform flow past an infinite circu-

lar cylinder, the features of the flow are illustrated at different Reynolds numbers.

These fundamental aspects are only covered briefly – interested readers can con-

sult excellent reviews and texts available on this topic [69] [37] – to provide a solid

foundation to follow on to the flows across confined cylinders, which are essential

elements of this thesis. Therefore, the flow past a confined cylinder and the con-

finement effects are discussed in greater detail, while also critiquing the pertinent

previous works.
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2.2.1 Two-dimensional flow around a circular cylinder

An important non-dimensional parameter to discuss flow around an infinite circular

cylinder is the Reynolds number based on the cylinder diameter (Rep). Similar to

the definition of Reynolds number in Equation 2.1, the diameter of the cylindrical

pin is applied in the following definition:

Rep = ρUDp/µ (2.16)

where ρ and µ denote the fluid density and dynamic viscosity, U is the char-

acteristic fluid velocity, Dp is the diameter of the cylindrical pin. A uniform flow

past an infinite circular cylinder will exhibit the flow patterns at different Rep shown

in Figure 2.5. At low Rep (less than 5), the flow is firmly attached to the surface

of the cylinder and the streamlines are mostly steady and symmetric(see Figure

2.5a). With a slight increase of Rep (ranging from 5 to 40), a steady pair of vor-

tices are formed behind the cylinder as shown in Figure 2.5b. The reason for this

phenomenon can be explained in Figure 2.6.

The flow velocity is zero at the surface of the cylinder to satisfy the no-slip

boundary condition. The presence of the fluid viscosity slows down the fluid very

close to the cylinder surface and forms a boundary layer. This boundary layer flow

is sensitive to the external pressure gradient. Along the front half of the cylinder,

the pressure is maximum at the stagnation point and gradually decreases, so the

boundary layer stays attached in this favourable pressure gradient. However, along

the rear half of the cylinder, the pressure starts to increase and the boundary layer

experiences an adverse pressure gradient. When the Rep is slightly increased, the

pressure gradient becomes stronger resulting in the flow separating from the cylin-

der surface and creating a recirculation region behind the cylinder. Note that the

point of separation can move for different shapes of the cylinder as well as different

Re [69].

The boundary layer separating from the cylinder surface is highly unstable.

With further increase of Rep (ranging from 40 to 180), the shear layer eventually

rolls into a discrete vortex and detach from the cylinder surface. A repeating pattern



46 Chapter 2. Literature Review

Figure 2.5: The flow patterns of a uniform flow past an infinite circular cylinder at different
Rep adapted from the studies of Blevins [6] and Bengt [7].

Figure 2.6: The velocity profiles in the boundary layer along the cylinder surface. The last
profile represents reverse flow which shows flow separation.
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of swirling vortices is formed behind the cylinder and move downstream, a phe-

nomenon referred as vortex-shedding (as shown in Figure 2.5c). This phenomenon

is also known as Karman vortex street, named after the engineer and fluid scien-

tist Theodore von Karman [70]. The laminar periodic vortex-shedding becomes

unstable at high Rep (ranging from 180 to 250) further downstream in the wake

and gradually transition spreads upstream with increasing Rep (ranging from 250 to

400). This is a transition range between laminar and turbulent (see Figure 2.5d). Af-

ter the vortex street becomes fully turbulent, the wake is narrower and disorganized

with Rep in the order of magnitude between 105 and 106 as shown in Figure 2.5e.

Interestingly, a turbulent vortex street is re-established (see Figure 2.5f) with Rep

over 106. Since the flows in microfluidic devices are mostly in the laminar regime,

the flow around an infinite circular cylinder in the turbulent regime is not reviewed

any further here.

The shedding frequency (f ) is an important parameter in the study of Karman

vortex street, which can be converted to a dimensionless number, Strouhal number

(St), using the following expression:

St = f Dp/U (2.17)

where f and Dp denote the shedding frequency and the diameter of the cylin-

drical pin, and U the characteristic fluid velocity. The relationship between St and

Rep in uniform flow is shown in Figure 2.7 with formulas taken from Williamson

[8] and Massey and Ward-Smith [9]. In the laminar regime, St increases with in-

creasing Rep, but the relationship is not linear. After a gap in the transition regime,

the value of St is closed to 0.2 when the Rep is greater than 1,000.

2.2.2 Flow past a confined cylinder

While vortex-shedding is a well-documented feature of macroscale flows past an

unconfined cylinder (as discussed above), flows past a cylindrical pin in microfluidic

channels are bounded both by the side and top walls, i.e., they experience both

high blockage (ratio of cylinder diameter to channel width) and a low aspect ratio
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Figure 2.7: Relationship between Strouhal Number and Reynolds number based on pin
diameter for vortex shedding in a uniform stream. Formulas are taken from
Williamson [8] and Massey and Ward-Smith [9].

(cylinder length to diameter ratio). The confinement may have a significant effect on

the flow in microscale devices, where viscous effects tend to dominate. As shown

in Figure 2.8a, the lateral (w* = W/Dp) and vertical confinement (h* = H/Dp) are

always employed to describe confined cylinder microscale flows, where W is the

channel width, H is the channel height and Dp is the cylinder diameter. A decrease

in the value of w* or h* corresponds to an increase in lateral or vertical confinement,

respectively. Thus w* is the reciprocal of the blockage ratio and h* the same as the

aspect ratio, which is more commonly used in the context of macroscale flows past

cylinders.

When a uniform flow with velocity Uo entrances a two-dimensional confined

channel (see Figure 2.8b), due to the boundary layers at the wall, the velocity

changes until the flow becomes fully developed after a length which is known as

entrance length (Lentr). In order to describe the effects of the cylinder(s) on flows

and mixing, it is desirable to acquire a fully-developed flow as an upstream flow

condition. In a laminar flow regime, the Lentr is given by an empirical relation [71]:
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Lentr = 0.05RehcDh (2.18)

where Dh is the hydraulic diameter of the confined channel and Rehc is the

Reynolds number based on Dh and fluid mean velocity Uo. Moreover, in a three-

dimensional rectangular channel, the analytical solution of the dimensionless ve-

locity profile of fully-developed flow is given as an infinite series [10]. Herein, the

coordinate system has the x-axis along the centre streamline, the y-axis along the

transverse horizontal direction, and the z-axis in the vertical direction.

U(y/Dp,z/Dp) = A∗
∞

∑
k=1,3,...

BkFk(z/Dp)Gk(y/Dp) (2.19)

where

A∗ =
48

π3(1− 192
π5(H/W ) ∑

∞
k=1,3,...

tanh( kπ(H/W )
2 )

k5 )

(2.20)

Bk =
−1

(k−1)
2

k3 (2.21)

Fk(z/Dp) = 1−
cosh(kπz/Dp

W/Dp
)

cosh(kπ(H/W )
2 )

(2.22)

Gk(y/Dp) = cos(
kπy/Dp

W/Dp
) (2.23)

where W is the channel width, H is the channel height and Dp is the cylinder

diameter. Based on the above analytical solution, the dimensionless upstream ve-

locity profile (before reaching the cylindrical pin) in a channel with w* = 3 and h*

= 2 is shown in Figure 2.8c. More pronounced curvature is observed in z direction

because the confinement is stronger in the vertical direction.

Given the different upstream flow conditions in the confined systems, flow

across confined geometries have been studied both computationally as well as ex-

perimentally, albeit a majority of works have concentrated on macroscale flows.
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Figure 2.8: (a) Schematic of flow past a confined cylinder defining the lateral (w*) and ver-
tical confinement (h*) parameters (b) Schematic of a uniform flow with velocity
Uo entrances a two-dimensional confined channel (c) Dimensionless upstream
velocity profile in a channel with w* = 3 and h* = 2 calculated from the analyt-
ical solution [10].

Several studies in the literature only considered a single confinement effect (verti-

cal or lateral), where the channel walls in another direction are far from the cylinder

and play a negligible role. Broadly, confinement influences both the onset of vortex-

shedding as well as the shedding frequency (see below for references).

The critical Reynolds number for the onset of laminar vortex-shedding is where

the steady pair of vortices behind the cylinder becomes unstable and forms a re-

peating pattern of swirling vortices. The confinement effect on the critical Rep is

summarized in Figure 2.9. Nishioka and Sato [72] experimentally investigated a

cylinder with Dp = 4 mm, w* = 50 and various h* and showed that the critical Rep

increased from 50 to 85 with h* reducing from 45 to 6.5. Norberg [73] used a sim-

ilar experimental setup and found the critical Rep slightly increased from 47 to 51
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with h* reducing from 50 to 20. More importantly, Norberg reviewed the empirical

model of h* and critical Rep suggested by Albarede and Monkewitz [74] with the

following expression:

RepCritical = 47.4+1.8×103× (h∗)−2 (2.24)

This empirical model (blue solid line in Figure 2.9a) perfectly matches the data

with h* ranging from 50 to 10. However, with h* < 10, Schouveiler and Provansal

[75] and Inoue and Sakuragi [76] presented a dramatical increase of the critical Rep

from 85 to 270 with h* ranging from 1.1 to 5. These data are not in Albarede and

Monkewitz [74] model. With negligible lateral confinement, the vertical confine-

ment strongly suppresses the onset of vortex-shedding when h* < 10. In terms

of lateral confinement, vortex-shedding suppression can also be observed in Figure

2.9b. Thom [77] reduced w* from 40 to 10 and showed that the critical Rep in-

creased from 40 to 60. Shair et al. [78] further reduced the w* from 20 to 5 and

observed the critical Rep kept increasing from 55 to 135. However, the critical Rep

data reported with w* < 10 varies. Sahin and Owens [79] numerically investigated

w* ranging from 1.4 to 10 and found that the critical Rep is about 70 with w* of 5,

which is different from the experimental study of Shair et al [78]. Camarri and Gi-

annetti [80] carried out a numerical study and presented that the critical Rep is about

108 with w* of 5. So far, there is no acknowledged empirical model to describe the

relationship between w* and critical Rep. In short, both vertical and lateral confine-

ments suppress the onset of vortex-shedding and significantly increasing the critical

Rep with the value of h* or w* less than 10. However, it is still unclear which

confinement plays a more important role in vortex-shedding suppression.

In addition, lateral confinement plays an important role in the length of the

recirculation zone (Lr). Coutanceau and Bouard [81] showed that the Lr increases

with the increasing Rep before the onset of vortex-shedding, and at the same value

of Rep, the length of the recirculation area continuously reduces with w* decreasing

from 14.3 to 8.3. However, the relationship between Lr and vertical confinement h*

is still not clear.
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Figure 2.9: (a) The effect of vertical confinement h* on critical Rep with negligible lat-
eral confinement (b) the effect of lateral confinement w* on critical Rep with
negligible vertical confinement.
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In terms of the shedding frequency and St, the confinement effect is illustrated

in Figure 2.10. Williamson [8] investigated the effect of a variation of h* ranging

from 16 to 48 on the shedding frequency in the centre of the cylindrical pin with

negligible lateral confinement at Rep of 102. He showed that in the h* ranging from

16 to 26, the vertical confinement plays a negligible role in St, where the value of

St stays around 0.14. However, this value jumped to 0.16 with h* over 28. Similar

findings were presented by Norberg [73] but the leap occurred when h* reached

30. The reason for this leap is the change of the vortex-shedding pattern with a

variation of h*. As shown in the inset of Figure 2.10a, only one shedding frequency

can be measured when h* is less than 26. With the increase of h*, the mode of

the vortex-shedding pattern is changed and two types of shedding frequency can be

measured with one type near the channel walls and another type closed to the centre

of the cylinder. Inoue and Sakuragi [76] numerically investigated a wide range of

h* (from 10 to 50) at Rep of 100 and they also presented a leap with h* around 29.

For h* less than 10, the critical Rep for the onset of vortex-shedding becomes much

higher as shown in Figure 2.9a. Therefore, the St at the critical Rep from the study

of Schouveiler and Provansal [75] is shown in Figure 2.10a. The St increases with

the decreasing of h* when h* is less than 5. However, as mentioned in Figure 2.7,

the St also increases with the increase of Rep in this laminar regime. The data from

Schouveiler and Provansal [75] showed that the increase of St mainly comes from

the increase of Rep rather than the decreasing of h*. Overall, the effect of vertical

confinement on St is not significant enough to expect the change of vortex-shedding

pattern with h* over 28.

The majority of the studies investigated the effect of lateral confinement on St

at Rep of around 100 with w* less than 20. Zdravkovich [69] showed that when

w* is over 10, the lateral confinement effect is small and may be ignored. Thom

[77] experimentally compared the flow past a cylinder with w* of 10 and 20 at Rep

of 100 and the values of St are 0.17 and 0.14 respectively. Mittal [82] numerically

investigated a channel with w* of 16 and he showed that the St is 0.145 when Rep

reaches 100, which is closed to the relationship presented by Thom [77]. The re-
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Figure 2.10: (a) The effect of vertical confinement h* on St with negligible lateral confine-
ment. The inset shows two modes of the vortex-shedding pattern (b) the effect
of lateral confinement w* on St with negligible vertical confinement at Rep of
100.
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lationship between St and lateral confinement with w* ranging from 1.4 to 10 at

Rep of 100 is investigated numerically by Griffith et al. [83]. They showed that

the value of St at w* of 10 is 0.16, which is close to Thom’s data [77]. But with

decreasing w* from 10 to 1.4, the value of St dramatically increases to 0.49. Similar

findings were presented by Sahin and Owens [79] and Patil and Tiwari [84], where

the St significantly increased in the proximity of the end walls when w* less than 5.

Overall, the effect of lateral confinement on St is more significant than the vertical

confinement.

In many practical applications, the values of w* or h* cannot be infinite and the

confinement is not negligible, which may introduce significant three-dimensional

effects. Various studies have examined the three-dimensional flows past cylinders

confined both laterally and vertically. For example, Rehimi et al. [85] experimen-

tally investigated the flow past a confined cylinder with Dp = 10 mm, w* = 3 and h*

= 30 and found that the critical Rep increased from 47 to around 108. In a study by

Jung et al. [86], the critical Rep reached 400 with w* = 10 and h* = 1.5. Reyes et

al. [87] also presented a 3D experimental study with a critical Rep value of 340 in

a confined channel with w* = 2.5 and h* = 2.5. In terms of the shedding frequency

and St, Mathupriya et al. [88] numerically investigated a channel with w* = 2 and

h* = 8 and showed that the value of St is 0.35 when Rep reaches 200. Liu et al. [89]

experimentally investigated a confined cylinder with Dp = 30 mm, w* = 3.3 and h*

= 1.6 and showed that the St is 0.31 with Rep of 2200. Ribeiro et al. [90] investi-

gated a confined cylinder with w* = 2 and varied h* and showed that for the same

Rep, the recirculation length in the midplane did not change much as the lateral

confinement varied from h* = 16 to 2. However, a shorter recirculation length was

observed when h* was reduced to 0.5. In general, there remain many unresolved

questions regarding vortex-shedding in confined channels, such as: how do lateral

and vertical confinement influence the wake dynamics and parameters such as the

critical Reynolds number and Strouhal number when both w* and h* are small?

And to what extent are the 2D and high aspect ratio studies of cylinder flows in

the literature relevant to practical applications? The details of these questions are
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discussed in Chapters 4 and 5.

2.3 Flow around two circular cylinders
To study the effect of multiple pins in micromixers, flow around two circular cylin-

ders is a starting point. Even with only two cylindrical pins inside a channel, the

number of possible arrangements between the two pins is infinite. Among these

infinite arrangements, two distinct groups can be categorized: the first group is a

tandem arrangement with one cylinder behind another one at a certain longitudinal

spacing; the second group is staggered arrangement with the cylinders being off-

set from one another in transverse direction. The features of flow past two circular

cylinders with tandem and staggered arrangements are discussed in the following

sections.

2.3.1 Tandem arrangement

The tandem arrangement between two circular cylinders of equal diameter can be

described by longitudinal pitch ratio (L/Dp), which is the ratio of centre-to-centre

longitudinal spacing (L) over the pin diameter Dp(see Figure 2.11). Three basic

types of flow patterns with various L/Dp at Rep of 7000 are shown in Figure 2.11

[11]. For small longitudinal pitch ratios (1 < L/Dp < 2, for example), the two

cylinders behave as a single bluff body (see Figure 2.11a). The downstream cylin-

der is located inside the vortex formation region of the upstream cylinder and the

gap between the cylinders contains mostly stagnant fluid [91]. This regime is called

an extended-body regime. With L/Dp increasing in the range from 2 to 5, the

cylinders are placed sufficiently far apart that the shear layers from the upstream

cylinder can no longer enclose the downstream cylinder, but instead reattach onto

the downstream cylinder. In this regime (called reattachment regime), the down-

stream cylinder may still behave as a wake-stabilizer which suppresses the onset

of vortex-shedding. After a critical pitch ratio, which is L/Dp = 5 in the study of

Zhou and Yiu [11], the vortex-shedding occurs from both the upstream cylinder as

well as the downstream one (co-shedding regime). Herein, no vortex-shedding can

be observed from the upstream cylinder until the L/Dp over the critical pitch ratio.
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The critical pitch ratio dependent on the Reynolds number value as well as on the

ratio between two cylinders’ diameter. Ljungkrona et al. [92] reviewed the depen-

dency of critical L/Dp on Rep, and they concluded that in the laminar flow regime,

the value of critical L/Dp is around 5 with Rep of 100. With increasing Rep, the

critical pitch ratio gradually drops down to 4 with a Rep of 300 and to 3.7 with a Rep

of 1000 respectively. Then an upward trend can be observed when Rep increases

from 1000 to 4000 with critical L/Dp reaching 4.2. Afterwards, the value of critical

L/Dp fluctuates around 4 with increasing Rep. Overall, the critical L/Dp with two

circular cylinders of equal diameter is around 4. In terms of the ratio between the

diameters of the two cylinders, Zdravkovich [69] showed that there is no significant

effect on critical L/Dp when the upstream pin is larger than the downstream one.

However, if the diameter of the downstream pin is twice that of the upstream one,

no vortex-shedding can be observed from the upstream cylinder until the L/Dp over

7.

Figure 2.11: Schematic of three basic types of flow patterns for two tandem circular cylin-
ders in cross-flow at Rep of 7000 with (a) extended-body regime (b) reattach-
ment regime and (c) co-shedding regime. Data presented by Zhou and Yiu
[11]

The longitudinal pitch ratio also plays a role in the shedding frequency and

St. The relationship between St and L/Dp at Rep of 1300 [12] is shown in Fig-

ure 2.12. In extended-body regime (1 < L/Dp < 2), the initial St is higher than

a single- cylinder value because the roll-up of shear layers behind the downstream

cylinder has been seen to occur closer to the cylinder and the vortex-shedding is

more elongated compared to the case of the single cylinder [93]. Then the value

of St dramatically decreases with increasing L/Dp. At the boundary between the
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extended-body and reattachment regimes (L/Dp around 2), two shedding frequen-

cies may be found [92]. In the reattachment regime (2 < L/Dp < 4), the value of St

is lower than a single-cylinder and a slow decrease can be observed with increasing

L/Dp. In the co-shedding regime (L/Dp > 4), vortex-shedding can be observed

from the upstream cylinder and the shedding frequencies of two cylinders are the

same. The value of St gradually rises to 0.2 (close to the value of a single-cylinder)

and remains on this value with increasing L/Dp. Xu and Zhou [12] and Igarashi

[94] also measured the dependency of St on L/Dp for Rep of 7000 and 2.2×104

respectively and observed a similar trend.

Figure 2.12: The effect of longitudinal pitch ratio L/Dp on Strouhal number (St) for two
tandem circular cylinders in cross-flow at Rep of 1300. Data is taken from Xu
and Zhou [12].

2.3.2 Staggered arrangement

The staggered arrangement (see Figure 2.13) is the most general arrangement of two

circular cylinders. The longitudinal pitch ratio L/Dp and the transverse pitch ratio

T/Dp are applied to define the staggered arrangement. Some authors alternatively

use centre-to-centre pitch ratio (P/Dp) and the angle of incidence (α) to describe

staggered arrangements which is shown in Figure 2.13a. The flow patterns with

various L/Dp and T/Dp are reviewed by Sumner et al. [13] for Rep of around 900

as shown in Figure 2.13. When both L/Dp and T/Dp are low (less than 1.3), the
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two cylinders behave as a single bluff body (see Figure 2.13b). The cylinder pair

contains two free shear layers that alternately shed at the same frequency. However,

the shedding frequency is relatively lower than a single isolated circular cylinder.

When the value of T/Dp is low and L/Dp increases in the range from 1.3 to 4, the

flow is not substantially different from the single bluff-body case but a reattachment

of the inner shear layer from the upstream cylinder can be observed (as shown in

Figure 2.13d). Note that the shedding frequencies behind two cylinders are different

because the near wake region of the upstream cylinder is shorter and narrower than

the downstream one. With a further increase of L/Dp to over 4, vortex-shedding can

be observed from both the upstream cylinder as well as the downstream one (see

Figure 2.13f). Vortex-shedding from the downstream cylinder is strongly disturbed

by the impingement from the upstream one. Yet, the Strouhal number data measured

in the wakes of the upstream and downstream cylinders show the same frequency

[95].

At a relatively higher value of T/Dp ranging from 1.3 to 2.2, the flow patterns

become different as shown in the last row of Figure 2.13. With a low value of

L/Dp (less than 1.3), the narrow gap between two cylinders permits a weak flow

to enter the base region (as shown in Figure 2.13c). This weak gap flow may be

deflected towards either of the cylinders [40]. In this regime, a single Strouhal

number(shedding frequency) is found in the wake of the cylinder pair. When the

value of L/Dp increases in the range from 1.3 to 4, the flow pattern is denoted

by a pairing of gap vortices and enveloping of the vortex-shedding from the outer

shear layer of the upstream cylinder (see Figure 2.13e). Interestingly, two distinct

values of St (shedding frequency) can be distinguished at relatively low Rep (around

900). With increasing Rep to around 104, the two vortex-shedding synchronize in

the same shedding frequency [96] and only one St can be measured. By further

increasing L/Dp to over 4, vortex-shedding can be observed from both the upstream

cylinder as well as the downstream one (as shown in Figure 2.13g). Compared

to Figure 2.13f, the shedding frequencies are not the same from the wakes of the

upstream and downstream cylinders.
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Figure 2.13: (a) Schematic of the definition of longitudinal pitch ratio L/Dp, the transverse
pitch ratio T/Dp, centre-to-centre pitch ratio P/Dp and the angle of incidence
α (b - g) schematic of the flow patterns for two staggered circular cylinders in
cross-flow with various L/Dp and T/Dp at Rep of around 900. Data is taken
from Sumner et al. [13]

In a special case with L/Dp = 0, the staggered arrangement is also called a

side-by-side arrangement. The two cylinders can behave as a single bluff body with

T/Dp less than 1.2. With T/Dp ranging from 1.2 to 2.2, an asymmetrical or biased

flow pattern can be observed and the cylinder towards which the flow is biased has a

narrow near-wake, higher frequency vortex-shedding, and a higher drag coefficient,

while the other cylinder has a wider near-wake, lower frequency vortex-shedding,

and a lower drag coefficient [40]. With the value of T/Dp over than 2.2, two parallel

and independent vortex-shedding phenomena can be distinguished. Therefore, the

flow patterns of T/Dp > 2.2 is not reviewed here.

All studies discussed above are in unconfined flow. To the best of the author’s

knowledge, the flow past two confined circular cylinders has not been rigorously

studied, despite the obvious applications in microfluidics. On the other hand, the

vortex interaction between the two cylinders can clearly influence the mixing pro-
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cess. This motivated us to conduct a further investigation as shown in Chapter 7.

In addition, there is a lack of time-resolved experimental measurements in lit-

erature capturing the unsteady dynamics of vortex-shedding in the microchannel.

The shedding frequency in this small scale flow is too high for most micro-flow

measurement systems to resolve. For instance, Renfer et al. [31] used a conven-

tional micro Particle Image Velocimetry (PIV) setup to study vortex-shedding dy-

namics in microcavities with cylindrical micropin fin arrays. Due to the camera

framerate limitation (4-10 Hz), the frequency of vortex-shedding could not be de-

termined from the acquired PIV images. Instead, they relied on a high-frequency

dynamic pressure sensor [97]. However, this approach is unable to decipher the

detailed flow physics such as velocity maps and vorticity structure across the shear

layers, the wake or the recirculation zone. Given the growing commercial interest

in microfluidic devices in general and the vortex-shedding enhanced micromixer in

particular, a time-resolved flow imaging method is required to study such highly

dynamic/transient microscale flows.

2.4 The effect of inlet fluids ratio and cylinder gap

ratio on mixing
Most studies on passive micromixers with obstacles assume that the fluids are mixed

at a ratio of 1:1, i.e. the interface between the fluid streams coincides with the

microchannel centreline [32] [98] [99] [100]. However, in many practical appli-

cations, the interface between the two mixing fluids does not necessarily lie at the

microchannel centreline. A typical example is when is dealing with different molar

ratios and/or flow rate of the reactants, as in the biodiesel synthesis application in

microreactors [38] [39]. Following the standard ASTM D6751-15 [101], biodiesel

is made up of mono-alkyl esters of long-chain fatty acids fuel, derived from veg-

etable oils and/or animal fats, commonly produced via transesterification reaction.

The molar ratio of alcohol to oil is one of the most important parameters affecting

the yield of alkyl ester. Stoichiometrically, 3 mol of alcohol is required for transes-

terification of 1 moles of oil to yield 3 moles of alkyl ester and 1 mol of glycerol
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[102]. However, an excess of alcohol to oil molar ratio normally results in greater

oil conversions; for example, Santana et al. [103] investigated the dependency of

molar ratios and oil conversion in microchannels with circular obstructions in stag-

gered arrangement. The oil conversion rose from 52.87% to 66.80% when the molar

ratio was elevated from 6:1 to 9:1, decreasing to 65.73% at a molar ratio of 12:1.

This clearly indicates the importance of studying the mixing induced when varying

the location of the fluid interface (associated with variations in the reactant molar

ratios and flow rates). However, there remain some unresolved questions regard-

ing the position of fluids interface in micromixers with obstacles, such as: does the

change of fluids interface position significantly affect the mixing performance? In a

micromixer with fluids interface position not at the centre of the microchannel, can

an offset of the obstacle from the channel centreline and towards the fluids interface

help mixing? In order to address these questions, the effect of the inlet fluids inter-

face ratio and cylinder gap ratio to the channel walls are reviewed in the following

sections.

2.4.1 The effect of the interface ratio between two inlet fluids

In a laminar flow regime, diffusion interfaces are generated when two or more

streams flow in parallel within a channel. The majority of the mixing studies on

the effect of the inlet fluids interface ratio concentrates on microfluidic devices.

Offsetting the fluid interface in simple Y-type micromixers, i.e. in the absence of

obstacles, has shown conflicting results in the literature. Ansari et al. [104] numeri-

cally investigated the dependency of the mixing index and the ratio of fluid interface

position to the channel width (l/W), as shown Figure 2.14a) in a rectangular mi-

crochannel. They observed that the mixing index decreases from 50% to 10% with

l/W decreasing from 0.5 (interface at channel centreline) to 0.2 at Reynolds num-

ber (based on channel hydraulic diameter, Rehc) < 0.1 but showed a slight change

for Rehc number over 5. Viktorov et al. [105] numerically investigated the mixing

performance in the split-and-recombine micromixers with inlet flow rate ratios of

1:1 to 3:1 at Rehc ranging from 10 to 100. They observed that the ratio of 3:1 had

better mixing than 1:1 at 10 < Rehc < 40. However, the inlet flow rate ratio had
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a negligible effect at relatively high Reynolds number range (60 < Rehc < 100) as

the mixing index reached over 90% in this regime. In terms of fluids with different

viscosity, Wang et al. [106] pointed out that the more viscous fluid tends to occupy

more of the microchannel width, thus causing the interface position to deviate from

the channel centreline. Then they experimentally applied an electric field on an

aqueous NaCl solution to move the interface position from l/W of 0.3 to 0.5, which

weakens the mixing performance between two miscible fluids. But they did not

mention the Reynolds number within the channel. Overall, the inlet fluids interface

ratio plays a role in the mixing performance, but there is still a lack of experimental

data in the literature on the dynamics of mixing in microscale flows with varying

positions of the fluid interface.

Figure 2.14: (a) Schematic of the ratio of inlet fluids interface position to the channel width
l/W (b) Schematic of the definition of gap ratio δ = g/Dp.

2.4.2 The effect of the gap ratio

The gap ratio δ is the gap distance between the pin and the channel wall over the pin

diameter Dp (see Figure 2.14b). Offsetting an obstacle from the centreline and to-

wards the channel walls is expected to alter the flow past it. In the case of cylindrical

obstacles, evidence from the literature on flows past a circular cylinder near a single

plane boundary shows that asymmetric flows can be generated and vortex-shedding

suppressed, due to the wall proximity. Lei et al. [107] numerically investigated the

vortex-shedding from a circular cylinder near a single plane boundary with varying

gap ratio, and found that the lift force on the cylinder was dramatically reduced and
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vortex-shedding was suppressed for δ < 0.3. Zovatto and Pedrizzetti [108] also

found (through 2D numerical simulations) that the close proximity of the wall can

inhibit the appearance of vortex-shedding and reduce the length of the separating

shear layer as δ decreased from 2 to 0.25. Similar findings have been reported in the

experimental studies by Wang and Tan [109] in a fairly large (unconfined) channel

with Dp = 25 mm, w* = 18 and h* = 12. They observed that for δ > 0.8, the wall

had a negligible effect on the flow, but asymmetric flows were observed for 0.3 <

δ < 0.6. For δ < 0.3, the shear layer close to the wall remained steady and did

not curl up into a discrete vortex, thus suppressing vortex-shedding, similar to the

findings of Lei et al. [107]. The flow patterns for δ = 0.1 and 0.2, when the cylinder

was very close to the wall, were different; for δ = 0.1, no periodicity was found in

either shear layer, while for δ = 0.2, the shear later near the wall was steady, and

the layer near the freestream exhibited periodicity.

Due to the flow confinement experienced in micromixers with obstacles, offset-

ting the latter from the channel centreline, can yield small gap ratio values, which,

as highlighted by the work of Wang and Tan [109] and others, can have a very com-

plex effect on the flow and mixing. This effect however remains fairly unexplored,

it is studied here and the results are discussed in Chapter 6.

In addition, many researchers tried to optimize micromixers with obstacles by

investigating the effects of obstruction geometry and placement, such as the height,

shape, offset distance and arrangement of obstacles embedded in the microchannels.

Bhagat et al. [98] investigated the obstacles height and shape in microchannels at

Reynolds number ranging from 0.01 to 100 (numerically) and 0.02 to 10 (experi-

mentally). The most effective mixing was observed when the obstacles spanned the

full microchannel height and had a diamond-shaped shape (compared to triangular

and circular pins). Similar findings have been reported by Chen and Zhao [110],

who showed that the obstacles height plays a more important role than the obsta-

cles shape in mixing at Reynolds number ranging from 0.02 to 1.2. With the same

obstacles height, various obstacles shapes have been numerically investigated by

Tata-Rao et al. [111], including circle, diamond, ellipse, and triangle. Circle and
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diamond-shaped obstacles gave the best mixing performance at Reynolds number

ranging from 1 to 100. In terms of offset distance, Wang et al. [112] showed that

a single cylinder slightly offset from the channel centreline at Reynolds number of

0.2 results in the mixing index increasing from 20% to 40%. This is in agreement

with the findings of Bhagat et al. [98], but the mixing performance dramatically de-

creased when the cylinder was far offset from the channel centreline and close to the

channel wall. Tandem and staggered arrangement are widely used in micromixers

with multiple obstacles, and the staggered arrangement generally outperforms the

tandem one [113] [114]. Researchers have also optimized the micromixers with ob-

stacles by changing the shape of channel walls [115] [116] or using non-Newtonian

fluids [117], but these more specialized studies are not reviewed here to limit the

scope.

To the best of the author’s knowledge, a majority of optimization works have

concentrated on Reynolds number lower than 100, in which vortex-shedding cannot

be observed in such microchannels. The mixing enhancement caused by the onset

of vortex-shedding is still not clear in the study of micromixers with obstacles.

Dundi et al. [34] carried out numerical simulations of a micromixer with circular

obstructions at Rehc ranging from 6 to 700 and they observed a monotonical increase

of the mixing index at the high Reynolds number range. However, they did not

present data on the formation of vortex-shedding.

The following sections focus on the experimental methodologies followed

in microfluidic research, such as fabrication techniques, flow characterization ap-

proaches and post-processing methods. The aim of these sections is to introduce

the basics of the methods, and the methods applied to the present experiments will

be detailed in Chapter 3.

2.5 Flow characterisation

To investigate the key features of flows past confined cylinders in microfluidic de-

vices, flow measurement and visualization techniques need to be applied. Some

flow characterization techniques used in macroscale flows have been adapted to
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micro-scale measurements, such as particle image velocimetry (PIV) [118], laser

Doppler velocimetry (LDV) [119], scalar image velocimetry (SIV) [120] and so on.

In particular, PIV is a widely used technique in microfluidics. The principle of PIV

and its modification for microscale flow are discussed in the following sections.

2.5.1 Particle image velocimetry (PIV)

Since the mid-1980s, particle image velocimetry has been developed to obtain high

spatial resolution two-dimensional velocity fields in macroscopic flows [121] [122].

The principle of this method is to make the flow visible, by seeding it with tracer

particles and illuminating it with a sheet of laser light. The moving particles within

the flow are imaged at two different times in quick succession, and the acquired pair

of images are sectioned into many smaller regions named interrogation windows. A

statistical technique called cross-correlation is applied to each interrogation window

in each image pair to determine the motion of the group of particles. If the array

of image intensity values comprising the first image is called f(i, j) and the second

image g(i, j), the cross-correlation can be given by [123]:

φ(m,n) =
q

∑
j=1

p

∑
i=1

f (i, j)g(m+ i,n+ j) (2.25)

where i, j indicate the position within the image and m, n denote how much

g(i, j) must be shifted along the x-axis or y-axis to make it identical to f(i, j). In

Equation 2.25, f refers to the interrogation window on the first frame (first image

of the pair), and g to the same interrogation window on the second frame (second

image of the pair). To explain this procedure, a simple example with three particles

captured in one interrogation window at two different times is shown in Figure

2.15. The time difference between frames one and two is ∆t. After correlating

interrogation windows from the two image frames, the possible displacement of

particle A has three values (see red arrows in Figure 2.15), as shown by the three

peaks in Figure 2.16a. Repeating the process for the other particles, B or C can yield

three possible displacement values as well. Figure 2.16b shows the sum up of all

the possible displacement values. The “wrong” combinations will lead to noise, but
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“true” displacement will dominate (the highest peak in Figure 2.16b). The dominant

peak can be treated as the true displacement in this interrogation window and the

velocity can be calculated by the displacement value over the time difference ∆t.

Figure 2.15: A schematic example with three particles captured in one interrogation win-
dow at two different times and the correlated frame.

Figure 2.16: (a) The displacement peaks of particle A (referred from Figure 2.15) (b) The
sum up of displacement peaks in the interrogation window sample.

A schematic of a typical – macroscale – PIV system is shown in Figure 2.17.

Firstly, small tracer particles are added to the flow. These particles are then illumi-

nated in a plane (light sheet) within the flow, at two close times, by means of a laser

with a short time interval. Afterward, the light scattered by the tracer particles is

recorded via a high-quality lens on a high-resolution digital camera. The displace-

ment of the particles between the laser pulses is determined based on the PIV image

pair. To obtain reliable results from the PIV measurements, many factors need to be

controlled, which can be summarized into two parts: experimental equipment (such
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as seeding particles, light source) and image processing methods (such as removing

background noise).

Figure 2.17: A schematic of a typical experimental setup of a PIV system [14].

In terms of seeding, two main factors are the particle size and particle con-

centration. The particles should be small enough so that the response time of the

particles to the motion of the fluid is reasonably short to accurately follow the flow

[124]. However, particles must be large enough to scatter sufficient light so that

their images can be recorded [125]. When the diameter of the particle is smaller

than the light wavelength, green light for example (wavelength of 532 nm), the

Rayleigh scattering [126] makes it extremely difficult to record particle images. In

terms of concentration, each interrogation window requires at least 10 particles to

get a good cross-correlation result [127]. So the concentration of particles needs to

be optimized based on the interrogation window size and the experimental setup.

The light source is a crucial item in PIV not only because a powerful and high-

intensity light source results in clear PIV images, but also because it is usually the

limiting factor for controlling the time difference between two recorded images. As

mentioned, the displacement is determined inside the interrogation windows. If the

particles move too fast and shift outside the interrogation windows during ∆t, the
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cross-correlation result is not reliable anymore [128]. An early PIV system was

only capable of measuring slow flows with continuous Hg-arc lamp [14]. By using

double-pulsed Nd:YAG laser in PIV systems, the time difference ∆t can be easily

controlled down to usually a single digit microsecond. This makes it possible to

measure high-speed flows. If ∆t is smaller than the typical time scale of the fastest

flow event, then the vector field produced by an image pair can be considered as an

instantaneous snapshot of the velocity field. Figure 2.18 illustrates the synchroniza-

tion and timing system of a double-pulsed Nd:YAG laser. Two cycles are shown in

Figure 2.18 and each cycle has two image frames (frame A and frame B) to form

an image pair for PIV processing. Although each image frame only has one laser

pulse, the time gap of laser pulses between frame A and frame B is very close. The

particle images can only be recorded during the duration of the laser pulse (typically

in 8 - 20 ns), thus the image pair captured from frame A and frame B can show the

displacement of particles in very short ∆t.

Figure 2.18: The synchronization and timing of double-pulsed Nd:YAG laser and camera.

In terms of image processing, removing background noise can significantly

improve the PIV results. There are two ways to remove background noise. One

method is to subtract the background image recorded in the same system without

particles. Another method is to obtain an image of the background from plenty of

PIV averaged recordings [14]. Because the particles are randomly distributed and

quickly move through the camera view area, their images will disappear in the aver-

aged recording. However, the image of the background maintains the same bright-
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ness distribution in the averaged recording, because it does not move or change.

The peak of cross-correlation is much clear after removing background noise [129]

.

2.5.2 Micro particle image velocimetry (µPIV)

Compared with conventional macroscale PIV system, a microscope and much

smaller seeding particles are usually needed to capture microscale flows. The key

difference in µPIV lies in the laser illumination. The laser sheet optics have to be

changed to a microscope objective as shown in Figure 2.19. The two major reasons

for this are that it is practically impossible to achieved a laser sheet sufficiently thin

to effectively get planar information from the flow (typical thickness are generally

of 200 µm). In µPIV, an entire volume is illuminated and a microscope objective

is used to image the light scattered or fluorescing from particles and the camera se-

lectively captures light from the particle ‘plane’. The thickness of a particle plane

is essentially dictated by the depth of focus of the microscope objective (typically

around 50 µm in conventional microscopes with 5x objective, but much smaller

depth of focus can be achieved with confocal microscopes [130]). As shown in

Figure 2.19, the flow in a microfluidic device needs to be seeded with fluorescent

buoyant particles so that the light sent back by the particles to the camera can be

distinguished from the volumetric laser illumination. The tracer particles are ex-

cited with a double-pulsed Nd:YAG laser and the emitted light (i.e. the fluorescent

light) is recorded with a microscope objective coupled to a digital camera. Clearly,

the illumination source is not a light sheet but rather a whole volume of flow is il-

luminated using a dichroic mirror (i.e. an epifluorescent prism/filter cube), which

reflects the excitation wavelength (e.g. 532 nm, green). On the other hand, the fluo-

rescent higher wavelength light (e.g. wavelength of 575 nm, orange) is captured by

the objective and is transmitted selectively via the dichroic mirror on to the digital

camera.

In terms of illuminated volume of the flow, the depth of correlation (Zcor) in a

µPIV system needs to be considered, which is an experimental parameter to quan-

tify the thickness of the measurement “plane” [131]. Although µPIV is used to ac-
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Figure 2.19: The schematic of a µPIV setup, reproduced and slightly modified from Raffel
et al. [14].

quire velocity maps on the two-dimensional plane, experiments inevitably capture

particles from a volume of a flow field with a certain thickness Zcor. A well-known

expression of Zcor is presented by [132]:

Zcor = 2(
(1−
√

ε)√
ε

( f #2d2
p +

5.95(M+1)2λ 2 f #4

M2 ))
1
2 (2.26)

where M and f# denote the magnification and f -number of the objective lens,

dp is the diameter of seeding particles, λ is the wavelength of the light source and

ε is the threshold value (typically set to 0.01). If the value of Zcor is too large, the

measured velocity field is less accurate.

Finally, a technique called ensemble correlation is a powerful way to improve

the cross-correlation results when studying laminar and steady flows, where a se-

quence of images is combined to overcome the low signal to noise ratio. In a single

image pair, the interrogation window may not contain enough particle images or

the noise level may be too high. If so the main peak will likely be weak compared

to the secondary peaks, and may be lower than some of the sub-peaks (weak peak

ratio). As such, an erroneous velocity vector is generated. In the laminar and steady

flows, the main peak is supposedly always in the same position for PIV recording
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pairs taken at different times, since the measured velocity is not supposed to vary

from one image pair to the other. Thus, the result of the ensemble correlation from

many pairs of images can show a clear peak from the cross-correlation [129]. How-

ever, the ensemble correlation function is by design not suitable for turbulent and

unsteady flows. The details of PIV uncertainty validation are discussed in Chapter

3.

2.6 Mixing characterisation
Beside flow characterization, various techniques and indices have been used to

quantify mixing, such as the intensity of segregation [133] [134], Lyapunov expo-

nents [15], the iodide–iodate reaction [135] and Shannon entropy [136]. Lyapunov

exponents can investigate the mixing based on the time-resolved PIV velocity field

results. In addition, the intensity of segregation is a widely used LIF-based approach

to assess the performance of micromixers. The laser-induced fluorescence, intensity

of segregation as well as Lyapunov exponents based approaches are reviewed in the

following sections.

2.6.1 Laser-induced fluorescence (LIF) and µLIF

Laser-induced fluorescence is a quantitative technique particularly used in fluid me-

chanics and transport phenomena in general for studying the distributions of con-

centration and for measuring temperature fields [137]. The principle of this method

is to seed a fluorescent dye in a fluid, excite it with a laser beam/plane, record the

fluoresced light intensity fields on a multipixel sensor (or camera), and relate it to

the dye local concentration (or temperature) based on an appropriate calibration. In

macroscale flow measurement, a light sheet is applied to illuminate the dispersive

dye in a plane (similar to Figure 2.17). Then the light emitted by the fluorescent

dye is recorded via a high-resolution and sensitive digital camera, and the process

is known as planar laser-induced fluorescence (PLIF) in macroscale flow character-

ization [138].

To investigate microscale flows using LIF, a microscope is employed (similar

to Figure 2.19), a volume of flow is illuminated and the camera selectively captures
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light from a plane. The method is called micro laser-induced fluorescence (µLIF)

[139]. The experimental setup of µLIF can be simply modified from a conventional

Nd:Yag laser µPIV system. Instead of using particles, a fluorescent dye is added

into the investigated fluid. Rhodamine 6G is a common-used dye to investigate the

concentration distributions in LIF; it has a maximum absorption wavelength of 530

nm, a maximum emission wavelength of 560 nm and very little temperature or pH

sensitivity, which is well-suited for concentration measurements [140]. At low con-

centrations, the intensity of the emitted light by the fluorescent dye Rhodamine 6G

is linearly dependent on its concentration. Based on the calibrated relationship of

fluorescent intensity and Rhodamine 6G concentrations, the individual fluorescent

intensity images captured by the digital camera can be converted to concentration

distribution maps of Rhodamine 6G in the mixture. However, the inconsistent illu-

mination distribution from the laser light source affects the concentration quantifi-

cation. To solve this issue, image normalization is applied. The details of image

normalization and the uncertainty validation are discussed in Chapter 3.

Based on the concentration field measured by the LIF system, the intensity of

segregation (I) can be applied to assess the mixing performance. Danckwerts [141]

suggested that the incomplete mixing of homogeneous reactions could be described

by this statistical concept. When considering the mixing of two liquid components

with equivalent physical properties (density, viscosity, etc.), the intensity of segre-

gation (I) provides a measure of the inhomogeneity of the mixture:

I =
σ2

c

C̄(1−C̄)
(2.27)

where σc and C̄ are the standard deviation and mean (respectively) of the con-

centration of a single component over a given region. This is often expressed as the

mixing index, M, which is defined as [140]:

M = 1−
√

I (2.28)

A perfectly mixed (homogeneous) fluid corresponds to M = 1, while M = 0
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indicates a completely segregated mixture.

2.6.2 Finite-time Lyapunov exponents (FTLE)

Finite-Time Lyapunov exponent (FTLE) is a post-processing method to understand

the Lagrangian behavior of a flow based on the PIV velocity field results. This

approach is often used to represent the local rate of fluid stretching and approximate

the Lagrangian Coherent Structures (LCS) [15]. The FTLE fields are capable of

revealing the complex processes governing flows [142] [143], identifying regions

of strong or weak mixing [144], as well as producing beautiful visualizations [145].

The FTLE is a scalar,, the field of which can be estimated by seeding the flow

field with a uniform grid of massless tracer particles and numerically advect these

particles through the measured velocity fields to find the separation between initially

neighbouring tracers [146]. A simple example of this FTLE process is shown in

Figure 2.20. There are two pairs of neighbouring tracers in zone A and zone B with

initial tracer locations (at t0). The red arrows represent the distance between the

neighbouring tracers and the green arrows represent the velocity fields measured

by PIV. The pathlines for each tracer particle can be found over time (t1 and t2).

From t0 to t2, the neighbouring tracers in zone A have rapid stretching over this

period while the separation between initial neighbouring tracers φ in zone B is not

significant. Thus, the rate of stretching at zone A will be higher than zone B. For

unsteady flows, the separation of two neighbouring particles is assumed to increase

exponentially with time [142]:

φ(x, t) = φ(x, t0)eσ f t (2.29)

Considering the period from t0 to t, the rate of separations of neighbouring

tracers (i.e. the FTLE) is given by:

σ f (x, t, t0) =
1

|t− t0|
log(

max(φ(x, t))
max(φ(x, t0))

) (2.30)

The maximum separation between neighbouring tracers can be found directly

or can be estimated using, λmax, the largest real eigenvalue of the Cauchy-Green
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deformation tensor, which describes how a fluid element deforms with time and is

calculated from derivatives of the tracer trajectories [147].

Figure 2.20: A simple example of FTLE process.

The definition of FTLE field is:

σ f (x, t, t0) =
1

|t− t0|
log

√
λmax (2.31)

where λmax is the largest eigenvalue for the rate of separation of tracers [147],

x and t0 denote the initial location and time respectively and t is the investigative

time. The FTLE field can be calculated either in forward-time or in backward-

time (by reversing the velocity fields). In forward-time, the regions of high σ
+
f

correspond to points that will experience intense stretching and tend to coincide

with repelling structures within the flow. Similarly in backward-time, the regions of

high σ
−
f correspond to points that fluid has experienced intense stretching over the

period t to t0 and therefore tend to represent attracting structures [15]. For example,

Figure 2.21 presents a sample FTLE result with vortex shedding. The red regions in

normalised σ
+
f show that the tracers in these regions are going to have significant

stretching and the red region in normalised σ
−
f illustrates that the tracers in these
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regions have been stretched during the period.

Figure 2.21: Sample of FTLE results with vortex shedding [15].

2.7 Microfluidic channel fabrication
Apart from the flow and mixing characterisation, the microchannel and confined

micropin fabrication is very essential in this thesis. The fabrication methods of

microfluidic channels have been developed and improved for many years, along

with the growing interest for microfluidics and its applications. The most suitable

method of device fabrication often depends on the specific application of the device.

One basic requirement of the microchannel in fluids research is high quality optical

transparency to enable flow visualization. Overall, the fabrication methods can be

summarized into two parts, direct methods and indirect methods.

The direct methods, that consist in fabricating microchannels directly on sub-

strate materials, can be categorized based on different substrate materials. The most

common ones are silicon, glass, plastics. Silicon micromachining was one of the

first techniques to be applied to microfluidic fabrication due to the fast develop-

ment of microelectromechanical systems (MEMS) [148]. The entire fabrication

process contains three stages: photolithography to create a photoresist layer on

the silicon substrate, deep reactive ion etching (Bosch DRIE) to remove material

from the silicon substrate and adhesive bonding step to bond the lid and silicon

substrate [149]. However, due to the optical opacity and high cost, silicon has

limited use in microfluidics. Compared to silicon, glass has a great advantage in

terms of optical transparency, high resistance to many acids and bases, biocompat-

ibility and low-price. The most common glass substrate for microfluidic channels
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is borosilicate glass due to its good optical characteristics and physical properties

(annealing temperature of 640°C). Like silicon micromachining, the fabrication

process of borosilicate glass involves photolithography, wet chemical etching and

bonding [150]. Unlike complex fabrication processes discussed above, polymeric

microfluidic devices are becoming more common due to the ease in fabrication. The

four most common fabrication methods are micro-milling [151], injection moulding

[152], hot embossing [153]. Micro-milling creates microscale features on plastics

via cutting tools that remove bulk material. It can achieve fast prototyping of mi-

crofluidic devices with relatively low cost. Injection moulding is a process in which

molten polymer is injected into a mould cavity that contains the template for the

features desired. Similarly, in hot embossing, the polymer is pressed against the

mould at high temperature and pressure to transfer the desired features. However,

the moulds in these two fabrication methods (typically made of steel or aluminium)

require other long and expensive fabrication processes. Among many types of plas-

tic materials, polymethylmethacrylate (PMMA) is widely used in plastics microflu-

idic fabrication because of its optical transparency and good mechanical stability

[150].

In terms of indirect fabrication methods, soft lithography is the most common

method that uses moulds as media to fabricate microfluidic devices. This technique

was developed by Bell Labs in the 1970s [154]. Xia and Whitesides [155] revolu-

tionized soft lithography by using polydimethylsiloxane (PDMS) for the fabrication

of more complex microfluidic devices and helped soft lithography become the most

widely adopted method for fabricating microfluidic devices. PDMS offers some

unique advantages [156], which merit a discussion first before describing the fab-

rication process. Firstly, PDMS is optically transparent so that it can be used for

several visual detection systems. Secondly, it cures at low temperatures and is easy

to work with. Thirdly, it is nontoxic for cell culture. Last but not the least, its elas-

tomeric properties help to release it from delicate moulds without damage. Silicon

micromachining is always applied to make the master mould for PDMS channel

fabrication. Unlike the direct fabrication method, a negative master mould is pre-
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pared by silicon micromachining. Then the cured PDMS is carefully peeled off

from the master mould with microscale features. The final step is using a plasma

bonding method to bond PDMS on glass, such as corona bonding [157] and oxygen

plasma bonding [158].

Compared with direct and indirect fabrication methods, direct fabrication

methods are more suitable for fast prototyping. If the study is focusing on the

design of a microchannel with different parameters, direct fabrication methods may

be a better option. However, indirect fabrication methods are good for creating and

copying microchannels with the same design. Thus, the most suitable method of

device fabrication often depends on the specific application of the device.

2.8 Summary of pertinent literature and outstanding

questions
Mixing in microfluidic channels is dominated by diffusion, which is inherently slow.

Many active and passive mixing strategies have been developed to enhance mixing

in microscale flows. Among these strategies, passive micromixer with obstacles can

be potentially used in high Reynolds number mixing with high throughput produc-

tion because the vortex-shedding formed in the wake of these bluff bodies results

in further mixing enhancement. However, due to the small size of the microfluidic

channel, the distance between the channel walls and obstacle pins is relatively small

and the effect of confinement on the onset of vortex shedding needs to be elucidated.

As a background knowledge for passive micromixers with obstacles, the features of

flow past circular cylinders were described in an unconfined or confined channel.

Furthermore, the effects of inlet fluids interface positions and the gap distance be-

tween the cylindrical pin and the channel wall were discussed respectively. Also,

the flow patterns and wake properties of flow around two cylinders with different

arrangements were presented. Additionally, different microscale flow measurement

techniques were discussed and the microchannel fabrication methods were illus-

trated.

In general, the review of the literature summarises that there remain some un-
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resolved questions regarding micromixer with obstacles,which can be summarized

as follows:

1. How do lateral and vertical confinement influence the onset of vortex-

shedding when both w* and h* are small?

2. How can the fast unsteady vortex-shedding phenomena in microscale flows

be resolved?

3. In a micromixer with the fluids interface position not at the centre of a mi-

crochannel, can an offset of the obstacle from the channel centreline and to-

wards the fluids interface help mixing?

4. Is the flow pattern with flow past two confined cylinders different from the

unconfined case?

5. How does the mixing perform in microchannels with cylindrical pins at rela-

tively high Re (over the critical value for the onset of vortex-shedding) com-

pared to that at low Re?

This study comprises a systematic experimental endeavour to address these

questions as detailed in the aims and objectives. In the next chapter, the experimen-

tal setups and data validation methods applied in this thesis will be discussed.





Chapter 3

Experimental Setup

This chapter describes the experimental systems and the methodologies applied in

the present study. In Section 3.1, several direct and indirect microfluidic chan-

nel fabrication methods are tested and the Computer Numerical Controlled (CNC)

micromilling on PolyMethylMethacrylate (PMMA) substrate was chosen by com-

paring the quality, cost and time consumption. Section 3.2 and Section 3.3 describe

the µPIV and µLIF systems applied in the present study for flow characterization

and mixing characterization respectively. The details of data validation are also dis-

cussed. Section 3.4 describes a customized high-speed µPIV setup designed and

commissioned to resolve the vortex-shedding frequency in microscale flow. The

comparison between high-speed brightfield µPIV and Ng:YAG laser µPIV is also

presented.

3.1 Microchannel fabrication
As mentioned in Chapter 2, the best fabrication method depends on the applica-

tion of the microfluidic channels. Thus, the design of the microchannel needs to

be confirmed before selecting the fabrication method. To investigate the flow past

micromixers with obstacles, cylindrical pins will be placed inside the microchan-

nel as obstacles to the oncoming flow. The pin diameter is chosen to be 500 µm.

To compare different confinement effects, the vertical confinement h* (the ratio of

channel height H and cylindrical pin diameter Dp) is chosen to be between 1 to 3

and the lateral confinement w* (the ratio of channel width W and cylindrical pin
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diameter Dp) ranges from 2 to 4. Therefore, the height of the microchannels in the

present study is varied from 0.5 mm to 1.5 mm and the width ranges from 1 mm to

2 mm. Several fabrication methods were tried to find the best option.

Polydimethylsiloxane (PDMS) is widely used to produce low-cost microfluidic

channels in indirect fabrication methods. One of the key fabrication processes is to

carefully peel off the cured PDMS from a master mould with microscale features. A

negative master mould is prepared with cylindrical pins (Dp of 500 µm). The design

height of these pins ranges from 0.25 mm to 1.25 mm. As shown in Figure 3.1, after

carefully peeling off the cured PDMS from the master mould, the cylindrical pins

with a design height of over 1 mm are destroyed during the peeling process. And

the broken parts still remain in the negative master mould. Therefore, PDMS is not

able to produce cylinder pins with height over 1 mm in a channel, which is deemed

unsuitable for the present study. Direct fabrication methods were thus considered

as an alternative.

Figure 3.1: Results of cured PDMS with cylindrical pins features peeled off from a negative
master mould. The design height of cylindrical pins ranges from 250 µm to
1250 µm.
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3D printing is a quick, easy and cost-effective way for rapid prototyping [159].

Based an advanced stereolithography (SLA) 3D printer (Formlabs, UK), the printer

resolution can reach a layer thickness of 25 µm and X–Y resolution of 140 µm.

However, the microchannel cannot be printed directly because the printed product

is not fully transparent for optical measurement. The tested results found that the

surface printed by a 3D printer is too rough for optical flow measurements. Silicon

micromachining has also been tested as shown in Figure 3.2, where a smooth and

good quality surface is presented. During the etching process, nice vertical sidewalls

could be found in the etching area with a width over of 400 µm. In the etching area

with a width of 25 µm, the sidewalls are not vertical despite reaching the same

etching depth compared with other etching areas. However, one of the downsides

of this fabrication method is that it takes a very long time and the cost is very high

as well. For channels with 1 mm depth, it takes around 6 days to prepare one silicon

master mould (with three to four channels’ patterns) and the cost is about £400.

Figure 3.2: (a) A sample produced by silicon micromachining technique (b) Side view of
the red rectangle area of (a).

Based on an advanced CNC micro-milling system (Minitech Machinery, Geor-

gia), the resolution of the micro-milling can reach 10 µm per step. Polymethyl-

methacrylate (PMMA) is widely used as a substrate material because of its optical

transparency and good mechanical stability. In order to fabricate microchannels

with good quality, some parameters of the CNC micro-milling system were opti-

mized, such as the cutter size, spindle speed and feed rate. Grooves with a width of
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2 mm and depth of 1 mm milled on PMMA plates are shown in Figure 3.3 before

(top one) and after (the bottom) the optimization. In short, a better milling result is

obtained with a smaller cutter size, higher spindle speed and lower feed rate. How-

ever, the change of these parameters also requires longer processing time for the

micro-milling. Thus, to keep a balance between fabrication quality and fabrication

time, a cutter with 230 µm diameter, spindle speed with 35,000 rpm and feed rate

with 60 mm/min was chosen to get a relatively good quality surface. The details of

the manufacturing strategy based on CNC micromilling are described in Appendix

A. For a channel with 1 mm depth, it takes around 5 hours for fabrication and the

cost is about £10.

Figure 3.3: Different milling surface on PMMA plates before (top) and after (bottom) op-
timization.

The CNC micro-milling system shows a good capability to fabricate mi-

crochannels with Dp of 500 µm cylindrical pins and h* ranging from 1 to 3 directly

on the PMMA plate. But the bonding between two PMMA plates is more com-

plicated than bonding PDMS with glass. Based on published literature, bonding

of PMMA requires expensive equipment, such as oxygen plasma treatment [160],

UV exposure [161] and high-temperature furnace [162]. To simplify the bonding

process, a low-temperature bonding with an ultrasonic bath [163] was tried. The
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PMMA plate with microchannel features was clamped onto a flat PMMA plate and

put into 50 °C pure ethanol with an ultrasonic field for 15 mins. However, cracks

were generated on the edge of the PMMA plate due to the vibration caused by the

ultrasonic field. Finally, a thermo-solvent assisted bonding technique, as described

in Lin et al. [164] and Bamshad et al [165] studies, was applied. After corona

plasma treatment, two PMMA plates were clamped with isopropyl alcohol (IPA)

and heated in the oven at 80 °C for 10 mins. The microchannel fabrication was

finished after an annealing process, carried out at room temperature for another 10

mins. Figure 3.4 shows the finally produced microchannel samples with h* = 2, w*

= 3 and h* = 3, w* = 3.

Figure 3.4: Samples of microchannel with h* = 2, w* = 3 and h* = 3, w* = 3.

3.2 Micro particle-image velocimetry (µPIV) system
A schematic of the micro particle-image velocimetry (µPIV) system is shown in

Figure 3.5. It comprises a pulsed Nd-YAG laser with a wavelength of 532 nm

(Litron Laser, UK), a microscope assembly (Edmund Optics, UK) and a scientific

camera (Andor, UK) with a complementary metal-oxide semiconductor (sCMOS)

sensor. The microfluidic chips were mounted on a three-axis motorized translation

stage with a resolution of 5 µm per step (Thorlabs, UK). Distilled water was used

as the working fluid at room temperature. The flow was seeded with 1 µm neutrally
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buoyant Nile Red fluorescent polystyrene particles (ThermoFisher, UK) and was

driven by a syringe pump (Harvard Bioscience, USA) with flow rates ranging from

0.2 to 105 ml/min and ± 1 % accuracy. The µPIV measurements were obtained

with the polystyrene particles acting as tracers. Stokes number (Stk) is a measure of

flow tracer fidelity in PIV experiments, which can be given by [166]:

Stk =
ρpd2

pU
18µDh

(3.1)

where ρp is particle density, dp is particle diameter, U is fluid velocity, µ is

fluid viscosity, and Dh is the hydraulic diameter of the channel. For the present

µPIV system, Stk ranges from 4.6 × 10−12 to 1.3 × 10−9, indicating that the par-

ticles follow streamlines closely. Tropea et al. [167] showed that tracing accuracy

errors are below 1% with Stk less than 0.1. Measurements were taken at various

planes along the span of the cylinder with the majority at the mid-span. A 5x mi-

croscope objective (Numerical Aperture of 0.14) was used resulting in an in-plane

spatial resolution of 1.33 µm/pixel and the maximum image size was 2560 × 2160

pixels. In each experiment, 100 image-pairs were acquired with a framerate of 15

Hz and processed using a multi-pass cross-correlation procedure with a 50% win-

dow overlap (Insight4G, TSI, USA), starting with an interrogation window of 128

× 128 pixels and ending with 64 × 64 pixels.

In order to test the accuracy of µPIV system, several measurements were taken

at the channel midplane in two rectangle microchannels without cylindrical pins (as

shown in Figure 3.6). Firstly, the repeatability of the µPIV system was measured.

Repeatability is defined as the agreement between independent test results, obtained

with the same method, on the same test material, in the same laboratory, by the same

operator, and using the same equipment within short intervals of time [168]. Four

measurements were taken in a microchannel with W = 1.5 mm, H = 0.75 mm at the

same flow rate (21.6 ml/min), and excellent agreement can be observed in Figure

3.6a. Then the objective lens was changed from 5x (NA of 0.14) to 10x (NA of

0.28) resulting in the depth of correlation (Zcor) reducing from 121 µm to 30 µm

[132]. Note that the spatial resolution of the 10x objective lens is 0.67 µm/pixel
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Figure 3.5: Schematic of the experimental setup for µPIV and µLIF measurements.

(half of 5x one). Therefore, the channel with the same width occupied more im-

age pixels in the 10x objective lens resulting in more PIV data points at the same

interrogation window size as shown in Figure 3.6b. The PIV results from the two

objective lenses are close to each other as well. Afterwards, another microchannel

was measured with W = 1.5 mm, H = 1.25 mm at the flow rate of 18 ml/min. In the

first measurement, a plastic syringe (BD Plastipak, USA) and soft tubing (C-Flex,

Cole-Parmer, UK) were applied. Then in the second measurement, a glass syringe

(SAMCO, Camlab, UL) and hard tubing (PTFE, Cole-Parmer, UK) were used and

produced similar results (see Figure 3.6c). In addition, the PIV data is also com-

pared with the analytical result from Aparecido and Cotta [10] and good agreement

can be found in Figure 3.6d. Overall, the µPIV system seems robust and the results

are reproducible. The change of objective lens or syringe/tubing hardness does not

significantly affect the PIV results.
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Figure 3.6: Midplane PIV results comparisons in a W = 1.5 mm, H = 0.75 mm and flow
rate of 21.6 ml/min channel with (a) repeatability measurements and (b) change
of objective lens. (c) and (d) were measured in a W = 1.5 mm, H = 1.25 mm
and flow rate of 18 ml/min channel with the change of tubing hardness and
comparison between experimental data and the analytical result [10].

3.3 Micro laser-induced fluorescence (µLIF) system
The micro laser-induced fluorescence (µLIF) system is similar to the µPIV system

(see Figure 3.5), but with the laser emitting single pulses rather than double pulses.

One inlet stream contains an aqueous solution of the fluorescent dye Rhodamine

6G (Sigma-Aldrich, UK). Rhodamine 6G has a maximum absorption wavelength

of 530 nm, a maximum emission wavelength of 560 nm and very little tempera-

ture or pH sensitivity [140], and so was well-suited for concentration distributions

measurements. In the current setup, the relationship between the fluorescent in-

tensity captured by the sCMOS camera and the concentrations of the dye (ranging

from 0.25 mg/L to 16 mg/L) is measured as shown in Figure 3.7a (in which the

intensity value was found by averaging over the whole image before normaliza-
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tion). The intensity of the light emitted by the fluorescent dye Rhodamine 6G is

linearly dependent on the low concentration in the flow. A linear regression line of

experimental data from 0.25 mg/L to 3.5 mg/L is presented in Figure 3.7b with an

R-squared value of 0.996.

Figure 3.7: The relationship between fluorescence intensity and the concentration of Rho-
damine 6G in water. Black cross symbols are experimental data (a) ranging
from 0 to 16 mg/L and (b) ranging from 0 to 3.5 mg/L. The red solid line is the
regression line of experimental data with an R-squared value of 0.996.

The original concentration of Rhodamine 6G in one inlet stream, co, was cho-

sen to be 2 mg/L in all the experiments, so that all measured concentrations in

the microchannel fall within this linear calibration range. In each experiment,

the channel was perfused with pure water and Rhodamine 6G solutions to obtain

reference images for the minimum (0 mg/L) and maximum (2 mg/L) concentra-

tions. Afterwards, 100 images were acquired with a framerate of 15Hz and image

background-subtraction and intensity normalization steps were implemented using

a Matlab script. For example, the raw and reference images captured with the LIF

system in order to measure the concentration distribution in a microchannel with

2mg/L Rhodamine 6G solutions and pure water being pumped at the same flow rate

is shown in Figure 3.8a. Note that the reference image for 0 mg/L concentration

(background image) was nearly all black (zero fluoresced light intensity), which is

not shown here for brevity. Due to the inconsistent illumination distribution from

the laser light source, the fluorescence intensity distributions are also not uniform

as shown in Figure 3.8b. But the illumination from the laser has similar Gaussian
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distribution in both the sample and the reference images. Therefore, by normalising

the sample image with the reference image, after background-subtraction, produces

a corrected concentration distribution map (as shown in Figure 3.8c).

Figure 3.8: Process of LIF images normalization. (a) raw images (b) fluorescence intensity
images (c) normalized concentration distribution.

The intensity of segregation technique was applied to quantify the mixing. As

shown in Equation 2.27, the intensity of segregation (I) is related to the standard

deviation and mean of concentration data. To calculate the mixing index at a certain

location, the concentration data will be considered in the transverse direction of the

measured concentration fields. Figure 3.9 presents the rationale for the choice of

the number of horizontal pixels (n) of each strip used to calculate reliable intensity

of segregation. The transverse concentration data in Figure 3.9a is very noisy with

low number of measurement pixels (n = 2) because of the uncertainty of the LIF

technique. By averaging greater numbers of pixels, the transverse concentration

data become progressively smoother (with n increasing from 2 to 200). However,

the value of n cannot be too large as as it decreases the measurement resolution.

More importantly, a large value of n would include and filter the mixing information

from smaller spatial structures (vortices) in unsteady flows, and make the results

unreliable (see Figure 3.9b). The shape of transverse concentration data in unsteady

flow changes significantly with n of 200 compared to n of 2 and 20. After comparing

the transverse concentration data from different experiments, the optimal number of
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measurement pixels was chosen to be 20, which is 26 µm in real scale, resulting in

± 2% uncertainty on measurement location.

Figure 3.9: Transverse concentration data averaging by a different number of pixels width
n at (a) steady flow and (b) unsteady flow.

Besides the number of measurement pixels width, another important factor to

acquire reliable mixing index (M) is estimates whether the number of experimen-

tal images acquired is enough to reach convergence of statistical quantities. Based

on Equation 2.27, the intensity of segregation (I) and mixing index (M) are calcu-

lated from the transverse concentration data in channels with a steady flow and with

vortex-shedding (unsteady flow). Figure 3.10a presents the variation in the average

value of the mixing index M for the cases shown in Figure 3.9 (n = 20) with the

number of experimental images used ((from 1 to the maximum number available)).

For the steady flow, the average value of M is around 11% and stabilizes beyond 10

images. For the unsteady case, in the presence of vortex-shedding, the average value

of M increases dramatically to over 50%. The number of images i need to be over

60 in order to keep the average value of M stable (around 54% for the case shown in

Figure 3.9). In the present study, 100 images were used in each experiment, which

is sufficient to obtain a reliable measure of the mixing index. The standard deviation

of M with an increasing number of images in steady and unsteady flows is shown
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in Figure 3.10b. The standard deviation value of M is very low in steady flow (less

than 1%). However, in unsteady flow, the standard deviation value can reach over

7% even when the number of images reaches 100 resulting in a relatively large un-

certainty of mixing index. Such errors are integral from unsteady flow, and hence

no attempt is made to correct and/or scale the measured data. The average value of

M is still a reliable index to evaluate the mixing performance in unsteady flow.

Figure 3.10: (a) The average value and (b) standard deviation of mixing index M calcu-
lated based on the cases shown in Figure 3.9 (n = 20) with the increasing of
experimental images.

3.4 High-speed brightfield µPIV system
In the present study, a high-speed brightfield µPIV system was developed to ac-

quire both the instantaneous velocity fields and the corresponding vortex-shedding

frequencies. The experimental setup is shown schematically in Figure 3.11. The

setup is similar to the one already described in Section 3.2, except for the light

source and the camera. Instead of the pulsed Nd-YAG laser, a fiber illuminator

(150 W, Thorlabs, UK) provides a strong and continuous white light. A high-speed

camera (Phantom V411, USA) replaces the sCMOS camera. The high-speed µPIV

measurements were obtained using brightfield images, with polystyrene particles

(diameter of 1 µm) acting as tracers. Measurements were taken at various planes

along the span of the cylinder with the majority at the midspan. A 5x microscope

objective was used resulting in a spatial resolution of 4.3 µm/pixel. The frame rate
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ranged between 7.9 kHz and 36 kHz with respective maximum image sizes of 1024

× 512 pixels and 320 × 256 pixels. In each experiment, more than 5000 images

were acquired and processed using a multi-pass cross-correlation procedure with a

50% window overlap, starting with an interrogation window of 128 × 64 pixels and

ending with 32 × 32 pixels.

Figure 3.11: Schematic of the high-speed camera µPIV system setup. Insets show a pin
with a diameter of 500 µm in a microchannel.

The high-speed brightfield µPIV system is based on the same principles as

double-pulsed Nd:YAG laser µPIV but implemented differently. Nd:YAG laser

µPIV is a double frame method whereas brightfield µPIV is operated in single

frame mode. In PIV, the particle seeded flows are imaged at two different times

to form an image pair; the in-plane displacement of particles should be less than a

quarter of the interrogation window length for high-quality velocity measurements.

In the double-pulsed Nd:YAG laser µPIV system (as shown in Figure 3.12a), the

images are captured with a fluorescent signal at a relatively low framerate. The ex-

posure time and the time difference ∆t depends on the duration of the laser pulse

and the time difference between the two laser pulses respectively. In each cycle,

an image pair is formed (image 1A and image 1B for example) for PIV process-
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ing. However, in the high-speed µPIV system shown in Figure 3.12b, the images

are captured in brightfield mode. The exposure time and the camera framerate can

be adjusted directly from the software of the high-speed camera (PCC Software,

Phantom, USA). Thus, the time difference ∆t depends on the framerate of the high-

speed camera with a higher framerate resulting in smaller ∆t. Moreover, because all

images captured from the high-speed camera have the same time difference ∆t, the

images can be paired sequentially e.g. image 1 and image 2, image 2 and image 3

and so on. The exposure time and framerate of the high-speed camera are thus the

two important parameters to obtain good PIV images.

Figure 3.12: The synchronization and timing of (a) double-pulsed Nd:YAG laser PIV sys-
tem (b) high-speed camera PIV system.

Short exposure time can be used to freeze fast-moving subjects and long expo-

sure time is used to blur a moving subject. Thus, short exposure time is required to

get clear PIV images of particles in a moving flow. However, with too short an expo-

sure time (i.e not enough time allowed for photon collection), the captured images

are too dark to distinguish the particles from the image background. In the present

study, the exposure time was set as 1 µs based on the capability of the high-speed

camera and the intensity of the fiber illuminator.

In terms of framerate, a balance between camera framerate and image resolu-

tion needs to be considered. Images with higher resolution require larger storage

space, which takes longer for the high-speed camera to save these images. Thus,

camera framerate and image resolution are negatively correlated. To acquire time-

resolved PIV images in high-speed flow, a high framerate is required to achieve a
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short time difference. In the meantime, the resolution of the images needs to be

reduced. Therefore, at low Reynolds number (Rep < 200), a framerate of 7.9 kHz

was employed to capture the instantaneous velocity fields whereas at relatively high

Reynolds number (200 < Rep < 280), the framerate increased to 36 kHz in order to

resolve the frequency of vortex-shedding based on the small captured region.

A comparison between the results captured from high-speed brightfield µPIV

and double-pulsed Nd:YAG laser µPIV are shown below. Figure 3.13 shows the in-

stantaneous images captured upstream of the cylindrical pin with cross-correlation

velocity vectors for a W = 1.5 mm, H = 1.5 mm channel at a flow rate of 54 ml/min

(corresponding to Rep = 200) for high-speed brightfield µPIV and double-pulsed

Nd:YAG laser µPIV respectively. Based on the ratio of dominant peak and sec-

ondary peak from the cross-correlation result (also called peak ratio), the software

(Insight 4G, TSI) provides the uncertainty value for each vector [169]. Note that the

green arrow means there is a significant and dominant peak in the cross-correlation

result (peak ratio over 2), and if the peak is not significant (peak ratio less than 1.4),

the color of the arrows turns to yellow. In addition, Figure 3.14 shows the axial

velocity profile with the uncertainty (error bar) based on the results from Figure

3.13. The uncertainty in the PIV measurements is estimated using the difference

between the primary and secondary peak in the cross-correlation matrices [170].

At the same channel and same Rep, the measured results from high-speed bright-

field µPIV and double-pulsed Nd:YAG laser µPIV are close to each other and have

a similar magnitude of uncertainty. These results prove that in the study of lam-

inar flow, high-speed brightfield µPIV system can provide the results as good as

double-pulsed Nd:YAG laser µPIV.

However, in the study of vortex-shedding, the cross-correlation velocity vec-

tors downstream of the cylinder for a W = 1.5 mm, H = 1 mm channel at Rep

=160 shown in Figure 3.15 indicate more yellow arrows can be found in the im-

age captured by high-speed brightfield µPIV. That is not only because the noise-

to-signal ratio is relatively high in the brightfield image, but also due to the low

camera framerate (7.9 kHz) in the maximum image resolution mode (1024 × 512
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Figure 3.13: The instantaneous images captured by (a)high-speed brightfield µPIV and (b)
double-pulsed Nd:YAG laser µPIV with corresponding cross-correlation ve-
locity vectors for a W = 1.5 mm, H = 1.5 mm channel at Rep = 200.

Figure 3.14: The velocity profile of high-speed brightfield µPIV and double-pulsed
Nd:YAG laser µPIV based on Figure 3.13.
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pixels). Therefore, to measure the shedding frequency, a very small region of inter-

est (image resolution of 320 × 256 pixels) is selected in order to greatly increase the

framerate (36 kHz). The captured images are not intended to visualize the full flow

but to acquire a highly time-resolved velocity signals in the recorded region, which

can then be processed by Fourier analysis to extract the shedding frequencies.

Figure 3.15: The instantaneous images captured by high-speed brightfield µPIV (top)
and double-pulsed Nd:YAG laser µPIV (bottom) with corresponding cross-
correlation velocity vectors for a W = 1.5 mm, H = 1 mm channel at Rep

=160.

3.5 Summary
In this chapter, CNC micromilling on a PMMA substrate with direct fabrication

was chosen as microfluidic channel fabrication method in the present study. This

method is applied in the following chapters to produce required microchannels with

cylindrical pins. Moreover, the µPIV setup and its data validation measurements

were illustrated, such as repeatability measurements, investigation of the influence
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of objective lens or tubing hardness, comparison between experimental data and

analytical result. The µPIV system is applied in Chapter 6 and Chapter 7 for flow

characterisation. In terms of the µLIF system, besides the setup schematic, this

chapter showed the process of raw image normalization and the optimization of

pixels width and number of images in order to acquire a reliable mixing index. The

µLIF system is used in Chapter 5 to Chapter 7 for mixing characterisation. Finally,

a customize high-speed µPIV set-up to resolve the vortex-shedding frequency in

microscale flow was commissioned. The PIV results show good agreement to the

Ng:YAG laser µPIV system in laminar flow measurement. However, due to the

relatively high noise-to-signal ratio in brightfield images, the limitations of high-

speed µPIV were also presented. The time-resolved measurements are applied in

Chapter 4 and Chapter 7 to determine the vortex-shedding frequency.



Chapter 4

Dynamics of Flows Past Confined

Microfluidic Cylinders

Vortex-shedding from micropins has the potential to significantly enhance and in-

tensify scalar transport in microchannels, for example by improving species mixing.

However, the onset of vortex-shedding and the mixing efficiency are highly sensi-

tive to the confinement imposed by the microchannel walls. In this chapter, the

time-dependent flow past a cylindrical pin in microchannels with different levels

of confinement was studied experimentally [171]1. The onset of vortex-shedding

in such flows is associated with high, hundreds Hz range frequencies that are diffi-

cult to resolve using conventional laser-based microscale particle image velocimetry

(µPIV) techniques. Hence, a high-speed brightfield µPIV technique (see Section

3.4) was implemented in order to obtain time-resolved measurements of the velocity

fields downstream of the micropin, estimate the corresponding vortex-shedding fre-

quencies and quantify the mixing in the pin wake. In Section 4.1, the upstream flow

conditions among microchannels with different lateral and vertical confinements

are illustrated. Section 4.2 presents the velocity fields and onset of instability (i.e.

critical Reynolds number for the onset of vortex-shedding) with Rep ranging from

35 to 300. Moreover, the confinement effect on recirculation length is discussed

1Most of the results presented in this chapter are included in: Zhang, S., Cagney, N., Balabani, S.,
Naveira-Cotta, C.P., Tiwari, M.K., 2019. Probing vortex-shedding at high frequencies in flows past
confined microfluidic cylinders using high-speed microscale particle image velocimetry. Physics of
Fluids 31, 102001. https://doi.org/10.1063/1.5111817
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in Section 4.3. In Section 4.4, the vortex-shedding frequency and Strouhal number

are resolved by the high-speed brightfield µPIV system. A Finite-Time Lyapunov

Exponent analysis was performed on the acquired velocity fields to estimate the

mixing performance in Section 4.5.

4.1 Upstream flow conditions

In order to investigate the dynamics of flows past different confined microfluidic

cylinders, nine rectangular PMMA microfluidic channels with a single cylindrical

pin and different levels of lateral confinement w* (ratio of channel width W to pin

diameter Dp) and vertical confinement h* (ratio of channel height H to pin diameter

Dp) were fabricated by CNC micro-milling and bonded using a thermally-solvent

assisted bonding technique [165] (see Section 3.1). The diameter of each cylindrical

micropin was equal to 500 ± 10 µm, the channel height ranged from 500 to 1,500

µm (accurate to within ± 30 µm) and the width from 1,000 to 2,000 (accurate to

within ± 20 µm) resulting in non-dimensional h* ranging from 1 to 3 and w* from

2 to 4. The total channel length was 80 mm and the distance from the inlet to the

micropin was 50 mm (i.e. 100 Dp).

Upstream velocity measurements were taken at different spanwise planes to

verify the incident flow conditions. The velocity profiles were also used to compare

with the 3D analytical solution for fully developed flow in a rectangular channel

[10] as mentioned in Section 2.2.2. The origin of the coordinate system is located at

the axis of the pin and midspan. The x, y, and z axes denote the streamwise (flow),

transverse and spanwise directions respectively. Note that the Reynolds number

presented in this chapter is based on cylindrical pin diameter with Rep =UoDp/υ ,

where Uo is the mean velocity upstream of the cylinder and υ is the kinematic

fluid viscosity. Figure 4.1 shows a comparison between the velocity measurements

and the analytical solution in a microchannel with w* = 3 and h* = 2.5 at Rep =

70. This corresponds to a channel Reynolds number (Rehc) of 140 in the pin-free

upstream flow. The experimental data were acquired at x/Dp = -10 (i.e. 10 Dp

upstream the centre of a cylindrical pin) and at different z planes from -1.25 to 1.25
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Figure 4.1: (a) Three-dimensional velocity measurements of the flow approaching the mi-
cropin and (b) the analytical solution in a microchannel with w* = 3 and h* =
2.5 at Rep = 70. Velocities are normalized with the average velocity obtained
from the PIV measurements.

Dp and were combined to obtain the 3D flow velocity upstream of the micropin.

The velocity profiles were normalized by the average velocity calculated from the

PIV measurements. The experimental results are not as smooth as the analytical

solution but the value and shape are close to each other.

To make the comparison more quantitative, selected velocity profiles measured

at the channel midplane (z/Dp = 0) for different confinements and Rep (ranging

from 35 to 197) are compared against the analytical solution in Figure 4.2. Excel-

lent agreement with the analytical solution (within 1%) can be observed providing

confidence that the flow approaching the pin is fully developed and reproducible.

The curvature in the velocity profile upstream plays a key role in the development

of the flow downstream of the cylinder. By comparison with the velocity profiles in

Figures 4.2a and 4.2b, the curvature is affected by the vertical confinement.

4.2 Velocity fields and the onset of instability
The microchannel with w* = 3 and h* = 2 was investigated first and used as a

reference. Selected instantaneous velocity fields with different Rep are shown in
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Figure 4.2: Comparisons between experimental (symbols) and analytical (solid line) ve-
locity profiles upstream of the micropin (x/Dp = -10, z/Dp = 0) for two mi-
crochannels with w* = 3 and (a) (b) h* = 2.5 and (c)(d) h* = 1.5 respectively.

Figure 4.3. Vorticity fields (ωz) are also shown in the same image. A standard

forward finite difference approach [172] was used to derive the velocity gradients

required to calculate the vorticity fields. The vorticity contours show two elongated

shear layers separating from the pin but no rolling up to form or shed vortices for

Rep values up to 142. This is due to the wall confinement. Evidence of some flow

periodicity was first observed when Rep reached 159 and the shedding became more

apparent and stronger when Rep increased to 175 or 208. However, in a channel

with w* = 20 and h* = 7, Strykowski and Sreenivasan [173] found a critical Rep for

the onset of vortex shedding behind a circular cylinder of about 80. The results here

demonstrate that the confinement already leads to a suppression of vortex-shedding.

In order to investigate the role of vertical confinement on the wake dynamics
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Figure 4.3: Instantaneous normalized vorticity contours ωzDp/Uo superimposed onto the
velocity vectors for a channel with h* = 2 and w* = 3, for different Rep.

and mass transfer, a series of measurements were performed in which the lateral

confinement was held constant at w* = 3 and the vertical confinement h* was varied

between 1 to 3. Sample instantaneous vorticity fields, ωz, are shown in Figure 4.4

for a range of Reynolds numbers and three different values of h*. In all cases, at low

Rep, the wake is characterized by two long shear layers which form at the lateral

edges of the cylinder and extend downstream but do not roll up to form vortices

(Figure 4.4, top row). Downstream of the cylinder, the shear layers gradually move

close together and converge upon the wake centreline (y/Dp = 0). For the case

with the greatest vertical confinement (h* = 1), the shear layers do not roll-up to

form vortices for any Rep examined and the structure of the vorticity fields remains

symmetrical. However, roll-up of the shear layers and formation of vortices can be

seen in h* = 2, Rep = 209 and h* = 3, Rep = 141, respectively. This indicates that

vertical confinement acts to increase the critical Reynolds number for the onset of

vortex-shedding and highlights the significant stabilizing effect of the end walls.

Similar to the Figure 4.4, Figure 4.5 presents instantaneous vorticity and ve-

locity fields for three cases in which the vertical confinement is held constant at

h* = 2 and the Reynolds number and lateral confinement are varied. Shear layers

along the channel walls are apparent in all fields in Figure 4.5; however, for w* = 2,

the confinement is so great that these shear layers appear to be in contact with the
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Figure 4.4: Instantaneous normalized vorticity contours ωzDp/Uo for a channel with w* =
3 and h* ranging from 1 to 3, for different Rep.

ones forming at the cylinder, and both sets of shear layers have comparable vorticity

magnitude. The strength of the vorticity in the shear layers is greatest in the most

confined case, due to the increased velocity of the fluid between the cylinder and

the side walls. Conservation of mass shows that the mean velocity of the fluid in

the gap between the cylinder and the wall is given by:

Ugap =Uo(
w∗

w∗−1
) (4.1)

where Uo is the mean velocity upstream of the cylinder. For w* = 2, this leads

to a doubling of the mean streamwise velocity, which explains the strength of the
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vorticity seen in the left column in Figure 4.5. In this case of strong lateral con-

finement, two sets of shear layers can be observed. One near the channel wall (i.e.

wall boundary layer) and the other, free shear layer resulting from the separation

of the symmetrically formed boundary layers that originate from the cylinder. On

either side of lateral symmetry, between these two sets of shear layers, a region of

relatively stronger streamwise, jetlike flow (due to flow continuity) can be observed;

this is particularly the case for cases with strong confinement (i.e. w* = 2). Inter-

estingly, in the case of strongest confinement in Figure 4.5 (i.e. w* = 2), two sets

of vortices on either side of the lateral symmetry plane can be observed. Firstly, the

roll-up of free shear layers is observed near x/Dp ≈ 2.5 for Rep = 212 (see the neg-

ative vorticity, blue vortex). This is also followed by the formation of an oppositely

signed (red) vortex near the channel wall, slightly downstream (at x/Dp ≈ 3). For

w* ≥ 3, the shear layers at the wall and the cylinder are separated by a region of

weak vorticity and vortex formation does not coincide with noticeable changes in

the vorticity at the walls.

Due to the significant vertical confinement (h* = 2), no vortex-shedding is ob-

served for Rep up to 140 in all w* confined cases. Shear layer rolls up and vortex

formation becomes apparent for Rep > 205 in all microchannels. The lateral con-

finement appears to have a weaker effect on the critical Rep for the onset of flow

instability and vortex-shedding in the range (w* = 2 to 4) studied here, compared

to that of vertical confinement (Figure 4.4). In all the sets of PIV measurements

examined, the flow was characterized either by a steady, symmetric wake (below

the critical Rep) or alternate shedding, as shown in Figures 4.4 and 4.5. At no point

any of the other flow regimes discussed by Sahin and Owen [79] (based on 2D sim-

ulations) for slightly greater confinement (w* ≤ 1.56) can be observed, which may

be a result of larger w* values examined in the present experiments.

The shedding of alternate vortices from the micropins breaks the symmetry of

the flow and induces a transverse velocity component along the centreline of the

wake. Hence the distribution of the transverse velocity component is a suitable

means to identify the critical Reynolds number for the onset of instability. Selected
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Figure 4.5: Instantaneous normalized vorticity contours ωzDp/Uo for a channel with h* =
2 and w* ranging from 2 to 4, for different Rep.

contours of the instantaneous transverse velocity for the case with w* = 3 and h* =

2 at two different Rep numbers, 142 (prior to the onset of vortex-shedding) and 209

(with vortex-shedding) are shown in Figure 4.6. Prior to vortex-shedding, low (al-

most zero) transverse velocities are observed in the wake of the micropin, especially

along the wake centreline (y/Dp = 0). However, once vortex-shedding is present,

significant cross flow across the centreline is evident from the increased transverse

velocity values in the wake. The variation of the maximum (absolute) value of the

transverse velocity along the wake centreline, |Vmax|, with Rep and confinement, is

shown in Figure 4.7. It can be seen that |Vmax| is approximately zero for the low

Rep range and increases sharply beyond a critical Rep value, which marks the onset
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of vortex-shedding.

Figure 4.6: Contours of instantaneous transverse velocity V with velocity vectors super-
imposed for a channel with h* = 2 and w* = 3 and for (a) Rep = 142 (no
vortex-shedding) (b) Rep = 209 (with vortex-shedding).

The critical value of Rep is thus identified from Figure 4.7 and plotted as a

function of confinement in Figure 4.8 (black symbols). The present results illustrate

an almost monotonic increase of the critical Rep from 110 to 300 with reducing h*

(Figure 4.8a). The critical Rep remains significantly larger than the values (i.e. Rep

= 80) known for unbounded cylinders [173]. In contrast, the variation of critical

Rep with lateral confinement for the h* = 2 case is not as pronounced; the onset of

vortex-shedding occurs within a relatively narrow range of Rep between 160 to 220

and a slight reduction of the critical Rep with walls proximity in lateral direction

can be discerned (Figure 4.8b). This is possibly due to an increase in the maximum

streamwise velocity past the cylinder with decreasing w* (i.e. there is an increase

in the velocity in the gap between the cylinder and the lateral wall). Figure 4.8 also

shows the results from 2D simulation (infinite w* or h*) literature, though strictly

the latter are not for cases with confinement in both directions. Similarities and

differences are clearly apparent. Firstly, in Figure 4.8a, the increase of vertical con-

finement (decreasing h*) even at large values of w* (negligible lateral confinement)

show a trend similar to the results. The literature results are from the computation

study by Schouveiler and Provansal [75] and Inoue and Sakuragi [76] who only in-

vestigated the vertical confinement. Interestingly, the value of critical Rep between

strong (w* = 3) and negligible (w* = ∞) lateral confinements are close to each other.

In Figure 4.8b, the results from literature at strong lateral confinement (i.e. 1.3 <
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Figure 4.7: Variation of the maximum transverse velocity along the wake centreline (y/Dp

= 0) with Rep, for various values of (a) vertical and (b) lateral confinement.

w* < 5), but relatively low or no vertical confinement, show the critical Reynolds

number to be around 100. The literature results in Figure 4.8b are from the sim-

ulations of Sahin and Owens [79] and Turki et al. [174]. The results (in black)

with h* = 2 show the critical Reynolds number to be substantially higher (around

180); clearly the vertical confinement has a more pronounced effect. However, the

relative invariance of the critical Rep with w* is maintained. For completeness, the

macroscale investigation by Shair et al. [78] is noted here, who studied the effect

of lateral confinement in the range of 20 to 5, and found that the critical Reynolds

increases with increasing in lateral confinement (decreasing w*) because the wake

instability is inhibited by the presence of the walls. However, Sahin and Owens [79]
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Figure 4.8: The relationship between critical Rep and (a) vertical and (b) lateral confine-
ment. The error bars in the present data (in black symbols) represent the mea-
suring gap between the Rep.Comparative results from literature are also in-
cluded (no error bars).
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reported an opposite trend at w* < 2, finding a modest rise in critical Rep due to an

increase in the fluid velocity in the gap between the cylinder and the wall with an

increase in the lateral confinement (decreasing w*). However, these changes are not

as pronounced as the vertical confinement, resulting in a relatively higher critical

Rep for all investigated lateral confinement cases with h* fixed at 2. At the same

Reynolds number, the change in vertical confinement does not alter the mean gap

velocity. Therefore, only the proximity of vertical walls leading to a substantial

stabilization of the wake instabilities and, consequently, an increase of the critical

Reynolds number can be observed.

Overall, the results indicate that the lateral confinement in microfluidic devices

suppresses vortex-shedding from micropins, delaying the transition to the unsteady

wake regime, in agreement with the predictions of various 2D simulations [79] [83]

[175]. The data show that this occurs also in three-dimensional flow and in the

presence of significant vertical confinement. However, the results indicate that the

vertical confinement (i.e. reduction in h*) has a much greater effect on the critical

Reynolds number than the lateral one – suggesting that 2D studies in which verti-

cal confinement is neglected may have limited relevance to practical microfluidic

devices.

4.3 Recirculation length

Figure 4.9: Contours of the normalized axial mean velocity for a channel with h* = 2 and
w* = 3 and for different Rep.

Prior to the onset of vortex-shedding, a stationary vortex pair forms behind the

pin and remains attached to the structure, forming a recirculation region [176]. Fig-

ure 4.9 shows axial velocity contours where red indicates positive values (i.e. flow
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Figure 4.10: Length of the recirculation region for different Rep and various values of (a)
vertical confinement and (b) lateral confinement.

directed away from the pin-downstream), blue the negative values (i.e. flow rever-

sal) and white regions with zero velocity mark the recirculation region downstream

of the pin. The recirculation length, Lr, was taken as the distance between the cen-

tre of the micropin and the point along the centreline where the mean streamwise

velocity was zero, U = 0. Figure 4.10 shows the variation in the recirculation length

as a function of Reynolds number for various w* and h*, for the cases prior to the

onset of vortex-shedding. The length of the recirculation region generally increases

with Rep for the range investigated in agreement with published studies [90]. The

recirculation length shows an almost monotonic dependence on lateral confinement
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(Figure 4.10b) whereas the relationship with Lr/Dp on h* is not strictly monotonic.

This is in agreement with the numerical study of Singha and Sinhamahapatra [175]

and Ribeiro et al. [90].

4.4 Vortex-shedding frequency and Strouhal number

The shedding frequency is one of the most important properties of time-dependent

flows past bluff bodies. Fast Fourier transform (FFT) was applied to the instan-

taneous transverse velocity signal at a selected point downstream of the micropin

(x/Dp = 4, y/Dp = 1) to determine the shedding frequency. Figure 4.11a shows a

typical transverse velocity signal in the wake of the pin extracted from an instanta-

neous flow field (obtained at a framerate of 36 kHz) for a channel with w* = 3 and

h* = 2 at Rep = 159. A dominant frequency peak at 373.5 Hz can be detected from

the FFT spectra (Figure 4.11b) corresponding to the frequency of vortex-shedding.

In order to obtain more reliable results, two additional points at the same down-

stream location (x/Dp = 4) but different lateral positions (y/Dp = 0 and 1) were ex-

amined in each experiment and an average value of the vortex-shedding frequency

was taken. The details of the shedding frequency results are shown in Appendix

B. The maximum standard deviation in the measured frequency was 4.9% of the

mean. Amplitude spectra for different Rep and a channel with w* = 3 and h* = 2

are shown in Figure 4.12, illustrating that the vortex-shedding frequency increases

with Rep for the same channel as expected. The measured vortex-shedding frequen-

cies are very high, well above the maximum resolvable range of conventional µPIV

systems, highlighting the value of the high-speed imaging based approach followed

here.

Based on the shedding frequency measurements, the effect of vertical confine-

ment and lateral confinement on Strouhal number (St) at Rep around 200 is illus-

trated in Figure 4-13. Strouhal number is a dimensionless number to describe the

frequency, using the following expression:

St = f Dp/Um (4.2)
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Figure 4.11: (a) Instantaneous normalized transverse velocity (V/Uo) signal at a selected
point downstream of the pin in a channel with w* = 3 and h* = 2 at Rep = 159
and (b) corresponding amplitude spectrum showing a distinct vortex-shedding
peak.

Figure 4.12: Frequency spectra of the V/Uo signals at different Rep for a channel with w*
= 3 and h* = 2. The second peaks in each case shown are harmonics.



114 Chapter 4. Dynamics of Flows Past Confined Microfluidic Cylinders

Figure 4.13: The effect of (a) vertical confinement and (b) lateral confinement on Strouhal
number at Rep around 200.

where f and Dp denote the shedding frequency and the diameter of the cylin-

drical pin, Um is the maximum velocity upstream of the cylinder calculated from

PIV measurement. As mentioned in Section 2.2.2, the majority of the studies in-

vestigated the effect of confinement on shedding frequency using 2D simulations

(with infinite w* or h*). The literature results are shown in Figure 4.13 with data

from the computation study by Schouveiler and Provansal [75], Griffith et al. [83]

and Singha and Sinhamahapatra [175]. As shown in Figure 4.13a, the value of St

with w* = 3 is much higher than infinite w*. Based on Equation 4.1, the reducing

w* significantly increases the local flow velocity in the gap between the cylinder
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and channel wall, resulting in a higher shedding frequency. Moreover, the vertical

confinement plays a negligible role in St, as the values of St stay around 0.31 and

0.14 with w* = 3 and infinite w* respectively. In terms of the relationship between

St and w*, Griffith et al. [83] and Singha and Sinhamahapatra [175] showed that St

significantly increases in the proximity of the end walls (decreasing w*) with neg-

ligible vertical confinement. A similar trend can be observed in the present study

with St increasing from 0.24 to 0.4 while w* decreasing from 4 to 2.5. Interestingly,

as shown in Figure 4.13b, the presence of vertical confinement slightly increases

the value of St, but the increase is not as significant as the presence of lateral con-

finement in Figure 4.13a. Although reducing h* can also increase the local flow

velocity in the gap, the lateral confinement plays a more important role than lateral

confinement on the gap velocity.

The relationship between the shedding frequency and Rep for different con-

finements is shown in Figure 4.14. In the range of confinements and Rep investi-

gated herein, Figure 4.14a show that St is virtually independent of h* and increases

monotonically with Rep. However, for lower values of h* (1 and 0.5), no dominant

frequency was detected from the spectra of the fluctuating velocity implying that the

onset of vortex shedding is further delayed to Rep higher than those for the cases

shown in Figure 4.14a. Note that frequency measurements could not be achieved at

higher Rep due to the framerate limitation of the high-speed camera. Visual inspec-

tion of the velocity vectors and vorticity contours such as those shown in Figures

4.4 and 4.5 indicates that vortices started shedding when Rep reached 320 or 280,

for h* values 1 and 1.5 respectively. This illustrates the significant retardation ef-

fects of the end walls as discussed in Section 4.2. On the contrary to the vertical

confinement, lateral confinement plays a significant role in St values (Figure 4.14b).

The St values appear similar for the most confined cases whereas those for the less

confined case appear to become independent of Rep and even approach the St for

the unbounded case (around 0.2) when w* = 4. The increase of St with lateral con-

finement (decreasing w*) is in agreement with the findings of Griffith et al. [83]

and Alfieri et al. [177], which can be understood by the increase of gap velocity
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with the wall proximity in lateral confinement. The strength of the vorticity in the

shear layers becomes greater in cases with strong lateral confinement, due to the in-

creased velocity of the fluid between the cylinder and the walls, resulting in a higher

shedding frequency and St.

Figure 4.14: The relationship between St and Rep for various values of (a) vertical confine-
ment and (b) lateral confinement.

Interestingly, this relationship is shown in Figure 4.15 when the Strouhal num-

ber and Reynolds number are calculated based on maximum gap velocity acquired

by the laser PIV system, which is also commonly used in the studies of vortex-

shedding in confined cylinder pins [178] [179]. Herein, the definitions of Strouhal

number (Stgap) and Reynolds number (Regap) based on maximum gap velocity are:
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Figure 4.15: The relationship between Stgap and Regap calculated based on maximum gap
velocity for various values of (a) vertical confinement and (b) lateral confine-
ment.

Stgap = f Dp/Ugapm (4.3)

Regap = ρUgapmDp/µ (4.4)

where f and Dp denote the shedding frequency and the diameter of the cylin-

drical pin, Ugapm is the maximum gap velocity, ρ and µ denote the fluid density and

dynamic viscosity. Figure 4.15 essentially captures two main aspects of the con-

fined vortex shedding phenomenon: the relative independence of Strouhal number
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on vertical confinement, and the gap velocity playing an important role in control-

ling the shedding frequency and Strouhal number. The gap velocity is independent

of h* (Equation 4.1), but depends strongly on w* with significant lateral confine-

ment. This explains why the Strouhal number is independent of h*, but varies with

w*. Using the maximum gap velocity brings Stgap data closer together and results

in Stgap values around 0.2. The exact way in which w* affects the gap flow (e.g. the

location and magnitude of the maximum of the jet flow) will depend strongly on the

state of the boundary layer both around the cylinder and along the channel walls,

which in turn will depend strongly on the Reynolds number. This is likely to be the

cause of the Rep-dependence of the Strouhal number in Figure 4.14.

4.5 Lagrangian analysis
In order to analyze the effect of vortex-shedding on microscale transport in the

wake, the Lagrangian characteristics of the flows are measured. This was achieved

by numerically advecting tracers through the velocity fields in order to identify

where individual regions of fluid will move to or have originated from. A com-

monly used Lagrangian metric of mixing is the Finite-Time Lyapunov Exponent

(FTLE), which is a measure of the rate of fluid stretching [15]. To calculate the

FTLE fields, it is first necessary to find a flow map, φ , which represents the posi-

tions of a series of massless ‘particles’. By tracking the rate at which neighboring

particles separate with time, the rate of stretching can be measured. In practice, this

is found by assuming initial positions, x0 = (x0,y0), of the particles at some time t0,

and evaluating how they vary with time by integrating the velocity field.

d
dt
(φ(x, t, to)) = u(xo, t, to) (4.5)

where u = (U,V ). The rate of exponential stretching by neighboring particles

in a chaotic flow that tend to separate exponentially is given by:

σ f =
1

|t− to|
log

√
λmax (4.6)

where λmax is the largest eigenvalue of the matrix (∆φ)T (∆φ). Regions of high
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σ f indicate regions of fluid that will undergo rapid stretching. The positions of trac-

ers can also be found by integrating the tracers backward in time (i.e. by reversing

the direction of flow), in which case regions of high σ f correspond to points where

the fluid has recently undergone intense stretching. The superscripts, ‘+’ and ‘−‘

are used to denote whether the FTLE fields were computed using forward or back-

ward integration. The FTLE fields are an effective means of identifying coherent

structures within a flow and characterizing the regions where mixing is most effi-

cient [147]. Cagney and Balabani [15] used this approach and demonstrated that

various modes of vortex shedding from an oscillating cylinder can induce different

levels of mixing.

The normalized FTLE fields computed in forward- and backward-time are

shown in Figure 4.16 for a range of Rep, for w* = 3, h* = 3. It can be seen that be-

fore the onset of vortex-shedding (Rep = 51 and 81), the regions of rapid stretching

in forward and backward-time occur primarily at the channel walls and in narrow

bands at y/Dp ≈ 0.75, which approximately corresponds to the boundary between

the recirculation region and the rest of the flow. However, once vortex-shedding oc-

curs, regions of intense stretching are distributed more evenly throughout the flow,

as can be seen in the lower two rows of Figure 4.16. This indicates that the vortex-

shedding enhances mixing in the wake of the pin. The right column in Figure 4.16

indicates the transverse origin, yo, of tracers throughout the wake in time over five

shedding cycles (or the equivalent time in the cases without vortex-shedding). The

transverse origin is found by advecting the fluid tracers backwards and identifying

the lateral position at which they entered the flow domain. This is particularly rele-

vant if the intention of the pin is to enhance scalar (species concentration or thermal

energy) transport across the channel, and the aim is therefore to enhance mass flux

from one side of the channel to the other. It can be seen that at low Rep, before the

onset of vortex-shedding, there is negligible cross-wake mixing, i.e. fluid tracers

on the upper side of the channel (y/Dp > 0) all originate on the upper side of the

cylinder, (yo/Dp > 0 also), and likewise for (y/Dp < 0). However, at higher Rep,

when vortex-shedding is present, a significant proportion of the fluid near the center
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of the wake originated close to the channel walls.

It can clearly be seen that when Rep exceeds the critical value for the onset of

vortex-shedding, a significant increase in cross-wake mixing occurs, illustrating the

ability of this approach to assessing the improvement in mixing in microchannels

due to the insertion of micropins. Based on the correlation between mass transfer

and heat transfer [180] [181], the improvement of mixing also indicates heat transfer

enhancement.

Figure 4.16: FTLE fields for a microchannel with h* = 3 and w* = 3 at different Rep;
forward-time FTLE (left column), backward-time FTLE (middle) and tracer
fields (right). The tracer fields indicate the transverse position from which
each region of the fluid originated from. All data is shown for a single phase
in the shedding cycle.

4.6 Summary
In this Chapter, a new experimental system was developed to fully resolve mi-

croscale time-dependent flows. The system made use of high-speed µPIV mea-
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surements in brightfield mode in order to explore the role of microchannel confine-

ment on the onset of vortex-shedding from a single cylindrical micropin, with a

view to enhance scalar transport. The vertical confinement was found to strongly

suppress/delay vortex-shedding with the critical Rep for the onset of shedding in-

creasing from 110 to 300 when h* reduced from 3 to 1 (in channels with w* = 3).

Lateral confinement, on the other hand, did not alter the critical Reynolds number

significantly; it remained between 160 to 220 in the tested range of w* between 2

to 4, for a fixed h* = 2. However, lateral confinement was found to have a stronger

effect on the shedding frequency than vertical confinement, with St increasing with

a reduction of w* at the same Rep. The reduction of w* increased the velocity of the

fluid between the cylinder and the walls, resulting a greater strength of the vorticity

in the shear layers. Lagrangian analysis of the measured flow fields clearly showed

that vortex-shedding enhances the mixing performance and material transport due

to the generation of a significant crossflow in the wake of the pin.

In the next chapter, the relationship between the mixing performance and the

confinement is further investigated by µLIF system.





Chapter 5

Mixing Characterization of Flows

Past Confined Micropins

As an extension to Chapter 4, Chapter 5 illustrates another mixing characteriza-

tion technique, micro laser-induced fluorescence (µLIF) system with the intensity

of segregation method, to study the degree of mixing in flows past a cylindrical

pin in microchannels with different levels of confinement. The Lagrangian analysis

discussed in Section 4.5 uses tracers following the time-resolved velocity fields to

measure the mixing process in the captured region. However, outside this region,

that is to say further downstream or upstream, mixing cannot be easily characterized

with this method. Indeed, the velocity fields measured in different regions would

need to be reconstructed together to form a continuous time-resolved velocity field,

which is very difficult in current experimental setups. µLIF is a simpler and more

widely used mixing characterization technique. It consists of measuring the con-

centration fields of two miscible fluids (2mg/L Rhodamine 6G solution and distilled

water in the present study) along the microchannel, and provides clear, visible re-

sults of the mixing process. The details of the µLIF method are shown in Section

3.3. In Section 5.1, the concentration fields of two miscible fluids past a confined

cylinder at different Reynolds numbers are illustrated from upstream (x/Dp = -5)

to downstream (x/Dp = 15) the pin. Section 5.2 presents the concentration fields

in the near wake region with different levels of confinement (corresponding to the

vorticity fields shown in Figures 4.4 and 4.5). The mixing properties along the
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microchannels with different vertical and lateral confinements are discussed in Sec-

tions 5.3 and 5.4 respectively. In Section 5.5, the relationships between the mixing

index and Reynolds number based on pin diameter as well as the hydraulic diameter

of microchannels are presented.

5.1 Concentration fields of two miscible fluids past a

confined cylinder
In order to investigate the mixing in flows past a cylindrical pin in microchannels

with different levels of confinement, five PMMA rectangular microfluidic channels

with a Y-junction inlet geometry and a single cylindrical pin located at channel

centreline were fabricated. The schematic of the Y-microchannel is shown in Figure

5.1. The angle between two inlets(θ ) is kept small (around 6 ± 1°) to minimize

separation effects and achieve a fully developed flow upstream of the pin. This

ensured that the observed mixing enhancement is due to the pin itself rather than the

Y-inlet as demonstrated in previous studies [182] [183]. The rest of the parameters

is similar to Chapter 4 (i.e. pin diameter, channel height, channel width). The

flow rate ratio of 2mg/L Rhodamine 6G solution and distilled water is 1:1, resulting

in the initial position of fluid stream interface at the channel centreline. The total

channel length was 120 mm and the distance from the inlet junction to the micropin

was 50 mm, which is sufficient to ensure a fully developed flow upstream of the

pin. The origin of the coordinate system is located at the axis of the pin and at

the midspan. The x, y, and z axes denote the streamwise, transverse and spanwise

directions respectively.

As done in Chapter 4, the microchannel with w* = 3 and h* = 2 was investi-

gated first and used as a reference. Figure 5.2 illustrates the selected instantaneous

concentration fields with different Rep in the flow region ranging from -5 < x/Dp

< 15. The concentration fields are essentially identical upstream the cylindrical pin

(-5 < x/Dp < -1, left column in Figure 5.2). Indeed, lateral diffusion is slow com-

pared to the flow velocity, resulting in negligible upstream mixing, corresponding

to no significant changes in the concentration fields. The average flow velocity is
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Figure 5.1: Schematic of the microfluidic channels with a single cylindrical pin, showing
the angle between the two inlets (θ ).

around 0.15 m/s at the Rep of 75, resulting in a residence time of 0.33 s from the

inlets to the pin location. The diffusion coefficient value of Rhodamine 6G in the

water at 25 °C is 4.14× 10−6cm2/s [184]. Therefore, the fluorescent dye crosses

the fluid interface by diffusion by about 11.7 µm in the transverse direction (0.8%

of the channel width), indicating that the diffusive mixing is relatively weak. This

is evident in the sharpness of the fluid interface in the instantaneous concentration

fields upstream of the pin.

In the flow region around the cylinder (-1 < x/Dp < 5, the middle column in

Figure 5.2), a pair of vortices can be seen behind the pin, promoting mixing in the

near wake region. At relatively low Rep (of 75 and 142 respectively), no vortex-

shedding can be observed within the microchannel and the vortices behind the pin

are symmetric. A reformed fluid interface can be found downstream of the recircu-

lation region, at the channel centreline. There is no instability to introduce interface

waviness that can propagate further downstream of the pin, and the interface is clear,

steady and sharp. With the onset of vortex-shedding (Rep of 209), the fluid interface

is deformed and becomes blurred far downstream the wake region. The shedding

intensity increases at Rep of 276, and the far wake region is then highly disordered,

resulting in strong chaotic mixing throughout the downstream near wake region.

In terms of the flow region further downstream the cylindrical pin (9 < x/Dp
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Figure 5.2: Instantaneous normalized concentration fields for a channel with w* = 3 and
h* = 2 in the flow region ranging from -5 < x/Dp < 15. The Reynolds number
ranges from 75 to 276.

< 15, right column in Figure 5.2), sharp fluid interfaces are evidenced at the chan-

nel centreline at Rep below the critical Reynolds number for the onset of vortex-

shedding. This is a consequence of the weak near wake disturbance of the interface

described above, and of the negligible lateral diffusive mixing mechanism. Interest-

ingly, a small amount of fluorescent dye can be found in the distilled water region

at y/Dp of around -1.4 and at the symmetric location (y/Dp = 1.4), the dye con-

centration is lower in the fluorescent dye region. This is believed to be due to a

three dimensional aspect of the flow: in a symmetric channel with a steady flow,

secondary three-dimensional flow features exist, and are also symmetric [76]. They

do not lead to an increase in mixing when the interface lies at the centreline (i.e. the

line of symmetry). With the onset of vortex-shedding (at Rep of 209 and 276), the

interface waviness propagates from the disordered near wake region to the far wake

region, resulting in excellent mixing performance.
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5.2 Effect of confinement on concentration fields in

the near wake region
In order to fully understand the effect of confinement on the fluid mixing in the near

wake region, the concentration fields in the pin near wake with different h* and

w* are shown in Figures 5.3 and 5.4 respectively (corresponding to the vorticity

fields shown in Figures 4.4 and 4.5 in the previous chapter). In microchannels with

different vertical confinements, at low Rep (the first top row of Figure 5.3 with Rep

ranging from 73 to 81), a clear pair of vortices can be seen behind the pin in all chan-

nels. This recirculation bubble acts as a local mixer: the two fluids are well mixed

within the vortices, but separated outside. However, with increasing wall proximity

in the vertical direction (h* reducing from 3 to 1), the area of fluids mixed by the

vortices pair is reduced. When Rep increases to around 145 (second row of Figure

5.3), which is higher than the critical Rep for the onset of vortex-shedding in w*

= 3 and h* = 3 microchannel (see Section 4.2, around 110), unsteady flow can be

observed in the far wake region of the microchannel with h* = 3. Flows past the pin

with h* = 2 and 1 are still steady but the area of fluids mixed by the vortices pair

increased compared to the low Rep case. That is because the recirculation length

increases with increasing Rep before the onset of vortex-shedding (see Section 4.3).

Vortex-shedding can be found in the microchannel with h* = 2 when Rep reached

209 and no periodic flow can be observed in a microchannel with h* = 1 even when

Rep over 290. These results confirm that vertical confinement acts to increase the

critical Reynolds number for the onset of vortex-shedding (see Chapter 4), high-

lighting the significant stabilizing effect of the end walls, and show the impact of

this vortex shedding suppression on mixing efficiency.

Figure 5.4 presents instantaneous concentration fields for three cases in which

the vertical confinement is held constant at h* = 2 and the Reynolds number and

lateral confinement are varied. For w* = 2 (left column of Figure 5.4), the confine-

ment is so important that the dyed flow is squeezed to one side of the channel walls,

which makes the vortices pair behind the cylindrical pin almost invisible. At Rep of

69, the fluid interface tends to move back to the channel centreline. However, with
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Figure 5.3: Instantaneous normalized concentration fields for channels with w* = 3 and h*
ranging from 1 to 3, for different Rep.

increasing Rep, the interface tends to be aligned with the flow in the streamwise

direction at y/Dp around 0.5. This is due to the increased length of the recircula-

tion region with increasing Rep in vertically confined case (as shown in Chapter 4

Figure 4.10).

As mentioned in Section 4.2, the critical Rep for the onset of vortex-shedding

in a microchannel with w* = 2 and h* = 2 is about 180. Unfortunately, at Rep of

212 and 284 in a channel with w* = 2, the vortex-shedding is not visible in the

concentration fields of pin near wake region, because of the absence of dyed fluid

caused by the upstream unilateral deflection of the interface. This however raises

an interesting point about mixing in the recirculation region and at the onset of vor-
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Figure 5.4: Instantaneous normalized concentration fields for channels with h* = 2 and h*
ranging from 2 to 4, for different Rep.

tex shedding. Previously deflected dyed fluid fails to enter the recirculation region

(Figures 5.4 a,b) leading to poor mixing, while mixing is enhanced by this same

recirculation region when the deflection is symmetric (Figures 5.4 e,f,i,j) before

the onset of vortex-shedding. This suggests that the recirculation region provides

efficient intra-vortex mixing, but does not contribute to the global mixing.

In terms of w* = 4 channel (right column of Figure 5.4), no vortex-shedding

can be observed for Rep up to 140 and the periodic flow is clearly visible in the

concentration fields with Rep over 205. Compared to w* = 3, the microchannel

with w* = 4 is much wider and the vortex-shedding generated behind the pin does
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not significantly affect the fluid close to the side walls (y/Dp = 2 or -2).

5.3 Mixing characterization for different vertical

confinements
To assess the overall mixing performance, further concentration measurements were

acquired both several diameters upstream and downstream of the pin location in

microchannels with different h*. Figures. 5.5 and 5.6 show instantaneous concen-

tration fields acquired upstream, in the near wake and the far wake for w* = 3 and

h* ranging from 1 to 3 with Rep in the ranges of 141 to 147 and 261 to 293, re-

spectively. In the lower Rep range (left column of Figure 5.5), a fluid interface with

clear sharpness can be observed in the instantaneous concentration fields upstream

of the pin due to the slow lateral diffusion. In the absence of vortex-shedding, the

presence of the pin in a microchannel with h* = 1 and 2 does not cause a signif-

icant enhancement in fluid mixing far downstream, at x/Dp of 14 (see Figure 5.5

g,h). However, in the microchannel with h* = 3, the onset of vortex-shedding can

be found at this Rep resulting in better mixing downstream.

The instantaneous concentration fields at higher Rep (ranging from 261 to 293)

show that the fluid interfaces retain their sharpness in a microchannel with h* = 1

and 2 but become somehow blurry with h* = 3 (left column of Figure 5.6). This is

possibly due to the instant mixing at the inlet junction where the two fluid layers

first come into contact, instant mixing that tends to increase with increasing flow

velocity and hence Reynolds number. The Reynolds number based on the channel’s

hydraulic diameter (Rehc) is higher in the microchannel with h* = 3 compared to

the other two channels. The values of Rehc are 440, 663 and 782 with h* = 1,

2 and 3 respectively. In terms of the downstream region, unsteady flows can be

observed downstream of the cylindrical pins with h* = 2 and 3 as shown in the right

column of Figure 5.6. The fluid interfaces are highly disordered, showing strong

mixing throughout this region. Due to the strong suppression from the end walls

proximity, no vortex-shedding is generated behind the cylindrical pin with h* = 1

and the mixing in this region is relatively weak.
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Figure 5.5: Instantaneous normalized concentration fields in the flow region ranging from
-5 < x/Dp < 15, with the w* = 3 and various h*. The Reynolds number ranges
from 141 to 147.

Figure 5.6: Instantaneous normalized concentration fields in the flow region ranging from
-5 < x/Dp < 15, with the w* = 3 and various h*. The Reynolds number ranges
from 261 to 293.
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In order to quantify the effect of vertical confinement on mixing described

above, the intensity of segregation technique (Equation 2.27) was applied to ana-

lyze the LIF data. The mixing index was found as a function of x/Dp by dividing

each concentration field into strips 20-pixels in width, and calculating the mean and

standard deviation of the intensity in each strip over 100 instantaneous images. The

number of pixels of each strip was chosen to ensure that the results were robust

(i.e. the sample size was sufficiently large to achieve convergence) and that the

profiles of M were not significantly affected by noise in the measurements of the

concentration field.

The variation in the mixing index M with streamwise position x/Dp is shown

in Figure 5.7 for the cases corresponding to the data sets presented in Figures 5.5

and 5.6, respectively. As shown in the top two rows of Figure 5.5, the concentration

fields of h* = 1 and 2 are similar with a steady flow in the symmetric channels

before the onset of vortex-shedding at Rep of 147 and 142 respectively. And their

mixing performance is close to each other as well as shown in Figure 5.7a (blue and

red dash lines). Upstream of the pin, in the region x/Dp from -5 to -3, the mixing

performance of all cases is relatively low (M ≈ 7%). The non-zero value of M is

likely to be the result of diffusion and experimental error. Moreover, there is an

increase in M near x/Dp = 0, even in the absence of vortex-shedding, which may be

attributed to the entrainment of fluids from both layers into the recirculation area,

which then acts as a local mixer, as highlighted previously. M reverts to its upstream

value of approximately 13% by x/Dp = 2. In the further downstream region, the

mixing index drops back to around 10% and remains at this value from x/Dp = 10

to 15 because in the symmetric channel with a steady flow, the three-dimensional

flow features will also be symmetric which does not lead to an increase in mixing.

In terms of the channel with h* = 3, vortex-shedding can be observed at Rep of 141

as shown in the last row of Figure 5.5. Based on Figure 5.7a (green dash line), the

initial value of M is around 20% at x/Dp = -5 and remains at the value from x/Dp

= -5 to -3. It is not only because of the results of diffusion and experimental error

but also some mixing occurred at the inlet junction where the two fluid layers first
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Figure 5.7: The variation of the mixing index M along the channel (x/Dp = -5 to 15) for
w* = 3 and various h* and Rep (cases are shown in Figure 5.4 and Figure 5.5
). (a) Rep ranging from 141 to 147 and (b) Rep ranging from 261 to 293. Note
that some of the symbols are larger than the standard deviation value of M.
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come into contact. Slight increase of M near x/Dp = 0 can also be found with M

increasing to 23% at x/Dp = 2. In the further downstream region, the presence of

vortex-shedding results in continuous growth of M with increasing x/Dp. The value

of M increases from 29% at x/Dp = 10 to 37% at x/Dp = 15. These results show

that the onset of vortex-shedding is an effective means of promoting mixing.

At higher range of Rep (see Figure 5.7b), the absence of vortex-shedding in a

microchannel with h* = 1 results similar mixing performance by comparing Rep of

141 and 261 (green dash and dot lines) with the value of M remaining at around

10% with x/Dp ranging from 10 to 15. Significant change can be observed in a

channel with h* = 2 (red dot line). The mixing performance is still relatively low

(M ≈ 7%) upstream of the pin but the value of M increase dramatically to about

57% at x/Dp = 15. In terms of the microchannel with h* = 3 (green dot line), the

M is about 27% upstream the pin at x/Dp = -5 due to the mixing occurring at the

inlet junction at this relatively high Reynolds number. The mixing performance also

keeps improving with increasing x/Dp, and reaches 67% at x/Dp = 15. Although

the channel with h* = 3 has the best mixing performance, the level of mixing en-

hancement (increment from x/Dp = -5 to 15) is lower than that in the channel with

h* = 2. Therefore, in the microchannels with w* = 3 and h* ranging from 1 to 3, the

weak vertical confinement in the channel with h* = 3 results in lower critical Rep

for the onset of vortex-shedding, which helps the channel to achieve better mixing

performance at Rep around 145. However, at higher Rep (ranging from 261 to 293),

the microchannel with h* = 3 does not have the best mixing enhancement because

a larger volume of fluid needs to be mixed in the same residence time compared to

other channels.

5.4 Mixing characterization for different lateral con-

finements
Instantaneous concentration fields acquired upstream, in the near wake and the far

wake for h* = 2 and w* ranging from 2 to 4 are shown in Figures 5.8 and 5.9

with Rep in the ranges of 141 to 142 and 269 to 284, respectively. The upstream
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concentration fields (left columns) are similar to the previous cases with different

h*. In microchannels with strong confinement (w* = 2 and 3), clear fluid interfaces

can be found upstream the cylindrical pins at the channel centreline in both Rep

ranges. However, the interface is blurred in a channel with w* = 4 at Rep of 141

and becomes more fuzzy with Rep increasing to 269. This is possibly due to the

instant mixing at the inlet junction where the two fluid layers first come into contact.

Moreover, the value of Rehc with w* = 4 based on the channel’s hydraulic diameter

is higher than the other two microchannels. At Rep of 269, the values of Rehc are

717, 663 and 568 with w* = 4, 3 and 2 respectively.

None of the concentration fields in Figure 5.8 shows any signs of vortex-

shedding, because the Rep did not reach the critical value for the onset of vortex-

shedding in these microchannels. Similar to other cases with the steady flow in a

symmetric channel, a reformed fluid interface with clear sharpness can be found far

downstream of the pin in microchannels with w* = 3 and 4 (see Figures 5.8 h,i).

However, in the channel with w* = 2, the dyed flow was squeezed and stretched

due to the strong confinement between the end walls and cylindrical pin. As shown

in Figure 4.5 in previous chapter, the strength of the vorticity in the shear layers is

greater in the w* = 2 case, due to the increased velocity of the fluid between the

cylinder and the side walls. Moreover, the presence of pin also appears to induce

some transverse flow at the relatively low Rep, as the fluid interface tends to move

back to the channel centreline, which also promotes convective mixing. Therefore,

a good mixing can be observed far downstream of the pin at microchannel with w*

= 2 with 10 < x/Dp < 15.

In the higher range of Rep (from 269 to 284, see Figure 5.9), unsteady flows

can be observed downstream of the cylindrical pins in all cases as shown in the right

column. Based on Section 4.2, the Rep in this range is over the critical value for the

onset of vortex-shedding. Interestingly, the vortex-shedding in channel with w* = 2

is not visible in the near wake region and a jet-like flow can be observed at the rel-

atively high Rep. Also, in the far downstream region (Figure 5.9g), a considerable

amount of high concentration fluid remains on one side of the channel wall unaf-
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fected by the onset of vortex-shedding in this strongly confined microchannel. This

is possibly due to the great confinement suppressing the amplitude or strength of

the flow oscillation caused by vortex-shedding. In terms of w* = 3, the two mixing

fluids are fully disordered in the far downstream region with the onset of vortex-

shedding resulting in good mixing performance. However, in the microchannel

with w* = 4, the mixing performance is not as good as that in w* = 3 in the region

with 10 < x/Dp < 15. This is due to the fact that the microchannel with w* = 4 is

much wider and the vortex-shedding generated behind the pin does not significantly

affect the fluid close to the side walls.

Figure 5.8: Instantaneous normalized concentration fields in the flow region ranging from
-5 < x/Dp < 15, with the h* = 2 and various w*. The Reynolds number ranges
from 141 to 142.

The relationship between the mixing index M and streamwise position x/Dp

is shown in Figure 5.10 corresponding to the data presented in Figures 5.8 and 5.9.

The steady and clear fluid interface upstream of the pin at the microchannels with

w* = 2 and 3 resulting in relatively low mixing performance in both Rep ranges.

The values of M remain at about 9% with -5 < x/Dp < -3 in w* = 2 and 3 channels

at Rep in the ranges of 141 to 142 and 269 to 284. In terms of a microchannel with

w* = 4, the blurred interfaces show mixing indices of 15% and 23% at Rep of 141

and 269, respectively. The non-zero value of M is likely to be the result of diffusion
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Figure 5.9: Instantaneous normalized concentration fields in the flow region ranging from
-5 < x/Dp < 15, with the h* = 2 and various w*. The Reynolds number ranges
from 269 to 284.

and experimental error as well as the instant mixing at the inlet junction where the

two fluid layers first come into contact.

Before the onset of vortex-shedding, similar to other cases with steady flow

in the symmetric channels, an increase in M can be found near x/Dp = 0 and the

mixing index drops back and remains at certain value from x/Dp = 10 to 15 in

microchannels with w* = 3 and 4 (see Figure 5.10a). The values of M revert to their

upstream values of approximately 17% and 30% at x/Dp = 2, respectively, and then

decreases to around 12% and 21%. However, for the channel with w* = 2, although

the flow is steady and the channel is symmetric, the great lateral confinement results

in strong shear layers and transverse flows behind the cylindrical pin at the relatively

low Rep, which promotes mixing. The value of M keeps increasing from 17% at

x/Dp = 5 to 65% at x/Dp = 15. These results show that even in the absence of

vortex-shedding and chaotic mixing, strong lateral confinement (w* = 2) may be an

effective alternative means of mixing enhancement if this confinement results in the

interface deflection (steady convective mixing).

At a higher range of Rep (see Figure 5.10b, 269 < Rep < 284), vortex-shedding

can be observed in all microchannels and this periodic flow in the wake ensures that



138 Chapter 5. Mixing Characterization of Flows Past Confined Micropins

Figure 5.10: The variation of the mixing index M along the channel (x/Dp = -5 to 15) for
h* = 2 and various w* and Rep (cases are shown in Figure 5.8 and Figure 5.9
). (a) Rep ranging from 141 to 142 and (b) Rep ranging from 269 to 284. Note
that some of the symbols are larger than the standard deviation value of M.
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M values remain large in the far downstream region. At x/Dp = 15, the values of

M are 55%, 56% and 50% with w* = 2, 3 and 4 respectively. This proves that

the presence of vortex-shedding can improve the mixing performance. However,

the level of mixing enhancement (increment from x/Dp = -5 to 15) with w* = 2

is about 42% at Rep of 284, which is lower than the value (52%) at Rep of 141 in

the absence of vortex-shedding. It is likely to be the result of the combined effects

of high confinement, which reduces the strength of the flow oscillation caused by

vortex-shedding, and the high Rep, which reduces the residence time of mixing. In

addition, at this Rep range, the level of mixing enhancement with w* = 3 is about

46%, which is higher than 25% in the channel with w* = 4. It is also because

a larger volume of fluid needs to be mixed in the channel with w* = 4 with the

same residence time compared to the w* = 3 case. These results show that with the

onset of vortex-shedding, the wall proximity in the lateral direction results in better

mixing performance within the microchannels.

5.5 The relationship between the mixing index and

Reynolds number
In order to compare the mixing performance in channels with different Reynolds

numbers, the dependency of the level of mixing enhancement ∆M (increment in

M from x/Dp = -3 to 14) and Rep is shown in Figure 5.11. In microchannel with

w* = 3, the mixing enhancement is low (less than 10%) with Rep ranging from

40 to 80 (see Figure 5.11a), which is lower than the critical Rep for the onset of

vortex-shedding in all channels. Moreover, in the channels with w* = 3 and h*

= 1, the absence of vortex-shedding keeps the value of ∆M always low, for Rep

ranging from 70 to 290 (see blue dash line). Therefore, without the onset of vortex-

shedding, the presence of micropin at the channel centreline does not significantly

affect the mixing within the microchannel with w* = 3. In the range of Rep between

90 and 160, vortex-shedding can be found in the channel with h* = 3 due to the

relatively weak vertical confinement resulting in the best mixing performance. With

Rep increasing to over 170, the onset of vortex-shedding in the microchannel with
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h* = 2 significantly improves the mixing performance with the value of ∆M slightly

higher than the value in the channel with h* = 3. Moreover, in the range of Rep

between 170 and 280, the mixing performance keeps improving with the increasing

of Rep. These results indicate that there is great potential to further enhance mixing

by raising Rep sufficiently high to induce unsteady flow.

As for the microchannel with different lateral confinements (see Figure 5.11b),

good mixing enhancement is observed in a low Rep range in the microchannel with

w* = 2 and h* = 2 (black dash line). The value of ∆M is about 20% at Rep of 33

and increases dramatically to 50% when Rep reaches 105. From Rep between 105

to 140, the mixing index remains at around 50%. Interestingly, the value of ∆M

drops down to 41% at Rep of 176 which is over the critical Rep for the onset of

vortex-shedding. With Rep increasing from 176 to 284, the mixing index stays at

around 40%. The result shows that in this highly confined channel (w* = 2 and h*

= 2), the strong shear layers and transverse flows behind the cylindrical pin induced

by the confinement can significantly enhance mixing further downstream before the

onset of vortex-shedding. Although the mixing residence time reduces with the

increasing Rep, the mixing enhancement can remain at a certain level, which may

result in higher throughput. In terms of w* = 3 and 4, a low value of ∆M can also be

found before the onset of vortex-shedding with Rep ranging from 40 to 140. When

vortex-shedding is present (Rep > 175), the values of ∆M dramatically improve in

both channels, but the mixing index in w* = 3 is higher than that in w* = 4. Because

the microchannel with w* = 4 is much wider and the vortex-shedding generated

behind the pin does not significantly affect the fluid close to the side walls.

Based on the results presented in this chapter, a number of different mecha-

nisms are found to contribute to the mixing in microchannels with a cylindrical pin.

They can be described as follows:

Diffusion-dominated mixing: This occurs far upstream of the cylindrical pin

in all microchannels with various w* and h*. Also, before the onset of vortex-

shedding, in microchannels with weak lateral confinement (large value of w*, such

as w* = 3 and 4), the mixing is relatively slow, related to the scalar (Rhodamine
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Figure 5.11: The relationship between Rep and ∆M (increment in M from x/Dp = -3 to 14).
(a) w* = 3 and various h* and (b)h* =2 and various w*. Note that some of the
symbols are larger than the standard deviation value of M.
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6G) diffusion coefficient in water. It is not significantly affected by the presence of

micropin as well as the value of h*.

Steady convective mixing: In microchannels with strong lateral confinement

(w* = 2 for example), prior to the onset of vortex-shedding, mixing can be enhanced

by transverse flows induced by the channel walls and the cylindrical pin (top row of

Figure 5.8). They lead to the transport of fluid across the channel, resulting in the

appearance of a more homogeneous concentration field far downstream of the pin.

However, the great lateral confinement also brings the cost of an increased pressure

drop, which may be a downside for its application. In the present study, this process

is most effective when Rep in the range between 105 to 140.

Unsteady convective mixing: When the Reynolds number is sufficiently high,

vortex-shedding leads to chaotic motion and rapid dispersal of the fluid phases

throughout the microchannel. This can be intuitively explained by the ability of the

pin to efficiently ‘break’ the interface, and the ability of vortices to sustain chaotic

advection of the dyed fluid.. The vortices forming periodically in the wake region of

the pin will stretch and distort the two fluid layers before they recombine. This gen-

erates thinner concentration structures (striations), promoting higher concentration

gradients, and ultimately enhancing the diffusion efficiency and thus mixing.

In addition, the effect of confinement on the mixing in microchannels with a

cylindrical pin at channel centreline may be summarized by comparing the mixing

performance in microchannels with different lateral and vertical confinements based

on Rehc, Reynolds number calculated from microchannel’s hydraulic diameter (as

shown in Figure 5.12).

Effect of lateral confinement: Before the onset of vortex-shedding, extremely

high lateral confinement (w* = 2 for example) results in steady convective mixing

within the microchannel. Therefore, the microchannel with w* = 2 and h* = 2

had the best mixing performance with Rehc ranging from 65 to 280 among all the

channels tested in the present chapter. With the onset of vortex-shedding, the greater

lateral confinement (smaller value of w*) also results in a lesser diffusion distance

within the microchannel to reach a fully mixed status. Therefore, at higher Rehc
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Figure 5.12: The relationship between Rehc and mixing index M (increment from x/Dp =
-3 to 14)with various h* and w*. Note that some of the symbols are larger
than the standard deviation value of M.

(over 370), the highest mixing index can still be found in a channel with w* = 2

and h* = 2, followed by channels with w* = 3 and w* = 4. In general, extremely

high lateral confinement can enhance mixing in the relatively low Reynolds number

region (without vortex-shedding) due to the strong shear layers and transverse flows

behind the cylindrical pin. At relatively high Reynolds numbers (following the onset

of vortex-shedding), a lower value of w* also results in better mixing performance.

Effect of vertical confinement: In microchannels with relatively weak lateral

confinement (w* = 3), the increase of h* from 1 to 3 results in lower critical Rep

for the onset of vortex-shedding, which significantly enhances mixing. Therefore,

when vortex-shedding is firstly observed in a channel with w* = 3 and h* = 3, the

mixing performance is significantly improved in the Rehc of range between 240

to 370, whereas the values of ∆M in other microchannels (h* = 1 and 2) remain

low. However, once the vortex-shedding occurs in the microchannel with h* = 2,

the mixing performance improves dramatically, reaching and even overtaking the
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value of ∆M in the channel with h* = 3. In terms of the microchannel with w* =

3 and h* = 1, the mixing index does not improve in the Rehc ranging from 110 to

660 due to the absence of vortex-shedding. Therefore, the most significant effect

of vertical confinement on mixing performance is to change the critical Reynolds

number for the onset of vortex-shedding. However, for Reynolds number higher

than the critical value for the onset of vortex-shedding, the vertical confinement has

less influence in the mixing performance with h* ranging from 1 to 3.

5.6 Summary

In this chapter, the µLIF system was applied to quantify the mixing of two fluid

streams in microchannels with a single cylindrical pin and various confinements.

Three types of mixing mechanisms were identified during the mixing process,

namely diffusion-dominated, steady convective and unsteady convective mixing.

Each mechanism applies in certain Reynolds number range and confinement levels

of the microchannels. In the far upstream region of the pin, or before the onset of

vortex-shedding in microchannels with relatively weak lateral confinement (large

value of w*, such as w* = 3 and 4), the mixing is diffusion-dominated, and not

significantly affected by the presence of micropin. In a microchannel with strong

lateral confinement (w* = 2), the narrow gap between the pin and channel walls de-

flects the flow, inducing transverse flow motion and momentum transfer across the

channel, leading to the effective dispersal of fluid streams throughout the channel

and enhancing mixing. At higher Reynolds numbers, exceeding the critical value

for the onset of vortex-shedding from the pin, unsteady convective flows and chaotic

motion are generated throughout the microchannel as a result of vortex-shedding,

providing an efficient mechanism for mixing.

In addition, extremely high lateral confinement was found to enhance mixing

in relatively low Reynolds number (without vortex-shedding) due to the strong shear

layers and transverse flows behind the cylindrical pin. At relatively high Reynolds

numbers (following the onset of vortex-shedding), lower values of w* also result in

better mixing performance. The vertical confinement affects mixing performance
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mainly by changing the critical Reynolds number for the onset of vortex-shedding.

In the next chapter, µLIF and µPIV will be applied to investigate the effect

of inlet fluids interface positions and obstacle offset locations from the channel

centreline.





Chapter 6

Effects of Pin and Fluid Interface

Offsetting

In many practical application, the ratio between two mixing fluids is not necessar-

ily 1:1, where the interface between the two mixing fluids lies at the microchannel

centreline. A typical example is when dealing with different molar ratio and/or flow

rate of reactants, as biodiesel synthesis in microreactors as mentioned in Chapter

2. The aim of Chapter 6 is to experimentally investigate the effects of obstacle and

fluid interface offset on the flow and mixing performance, addressing thus some

of the outstanding questions outlined in Section 2.3 1. In particular, it remains to

be explored whether offsetting a cylindrical obstacle (micropin) toward the fluid

interface can enhance mixing, i.e. will it facilitate faster diffusion by increasing

the interfacial area of the fluid streams, or will it hinder mixing because the small

gap ratio suppresses vortex-shedding? Micro particle-image velocimetry (µPIV)

and micro laser-induced fluorescence (µLIF) are employed to measure the instan-

taneous velocity and concentration fields respectively, in the flow past a confined

microfluidic cylindrical pin placed in a Y micromixer with a fixed level of confine-

ment and varying offset pin and interface positions. In Section 6.1, the upstream

flow conditions among microchannels examined in this chapter are illustrated. Sec-

1Most of the results presented in this chapter are included in: S. Zhang, N. Cagney, T. Lacas-
sagne, S. Balabani, C.P. Naveira-Cotta, M.K. Tiwari, Mixing in flows past confined microfluidic
cylinders: Effects of pin and fluid interface offsetting, Chemical Engineering Journal. 397 (2020)
125358. https://doi.org/10.1016/j.cej.2020.125358
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tion 6.2 presents the velocity and concentration fields in the pin near wake with

varying offset pin and interface positions. Moreover, the mixing characterizations

along the microchannels with flow rate ratio of 1:1 and 1:2 are discussed in Sections

6.3 and 6.4 respectively. Section 6.5 presents the relationships between the mixing

index and Reynolds number based on the hydraulic diameter of microchannels.

6.1 Upstream flow conditions

Polymethyl methacrylate (PMMA) rectangular microfluidic channels with a Y-

junction inlet geometry and a single cylindrical pin located at different offset posi-

tions from the centreline were fabricated using CNC micro-milling (Minitech Ma-

chinery, Georgia) and bonded using a solvothermal bonding technique [165]. The

diameter (Dp) of the cylindrical pin was equal to 530 ± 10 µm, the channel height

(H) 1000 ± 10 µm and the width (W) 1480 ± 10 µm, resulting in a vertical con-

finement of h* = 1.9 and a lateral confinement of w* = 2.8. A schematic of the

Y-microchannel is shown in Figure 6.1. The rest of the parameters is similar to

Chapter 5 (i.e. inlet angle θ , channel length). The interface position (l/W ) and gap

ratio (δ = g/Dp), defined in Figure 6.1, are the two key parameters varied in this

study. Two interface positions were considered: l/W = 0.5 and 0.3 respectively. In

the former, the fluid interface is aligned with the microchannel centreline whereas

in the latter it is offset to a location that is a third of the channel width by pumping

the fluids to be mixed at a flow rate ratio of 1:2. The pin location was also varied

resulting in gap ratios of 0.19, 0.42 and 0.89. Note that δ = 0.89 corresponds to the

pin positioned on the centreline (i.e. a symmetric channel). Two channels with l/W

= 0.5 and 0.3 without a cylindrical pin were also fabricated and used as reference

channels. Therefore, the Reynolds number based on microchannel’s hydraulic di-

ameter (Rehc) was applied to describe the flow condition because some channels do

not have cylindrical pins but all channels have similar channel widths and heights.

Prior to the analysis of mixing, the upstream flow was characterized at the cho-

sen operating conditions. This process involved determining whether the upstream

flow is fully developed, and estimation of the average flow velocity. Velocity mea-
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Figure 6.1: Schematic of the microfluidic channels with a single cylindrical pin, showing
the angle between the two inlets (θ ) as well as the definitions of the initial
position of the fluid interface (l/W ) and gap ratio (δ = g/Dp).

Figure 6.2: (a)Three-dimensional velocity measurements of the flow approaching the mi-
cropin and (b) the analytical solution in a microchannel with δ = 0.89 and l/W
= 0.5 at Rehc = 678. Velocities are normalized with the average velocity U0
obtained from the PIV measurements.
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Figure 6.3: Comparisons between experimental data with (a) l/W = 0.5 and (b) l/W =
0.3 as well as analytical (solid line) velocity profiles upstream of the micropin
(x/Dp = -10, z/Dp = 0) for various values of gap ratio δ and Reynolds numbers.

surements were taken at different spanwise planes and compared with the analytical

solution for fully developed, three dimensional laminar flow in a rectangular chan-

nel [10] as mentioned in Section 2.2.2. Figure 6.2 shows a comparison between

the velocity measurements and the analytical solution at the highest flow rate mea-

sured in a microchannel with δ = 0.89 and l/W = 0.5. The x, y, and z axes denote

the streamwise (flow), transverse and spanwise directions respectively. Similar to

Chapter 4, new experimental data were acquired at x/Dp = -10 (i.e. 10 Dp upstream

of the centre of the cylindrical pin) and at different z planes in the range z/Dp =
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-0.89 to 0.89 which were combined to obtain the 3D flow velocity upstream of the

micropin. These 3D velocity profiles were used to calculate the average velocity

of the approaching flow U0 as well as the Reynolds number. The uncertainty in the

PIV measurements was estimated using the difference between the primary and sec-

ondary peak in the cross-correlation matrices [170] and was found to be 2%. Based

on the channel geometries, the uncertainty in channel dimensions was around 1%.

With room temperature varying between 17 °C and 20 °C, the resulting uncertainty

in viscosity is around 4%. From error propagation the error in the Reynolds number

can be estimated to be around 5%. Selected upstream velocity profiles measured for

different values of δ and l/W at the channel midplane (z/Dp = 0) are also compared

against the analytical solution in Figure 6.3. Excellent agreement with the analyti-

cal solution (within 4%) can be observed, confirming that the flow approaching the

pin is fully developed.

6.2 Velocity and concentration fields in the pin near

wake
In order to investigate the effects of gap ratio and the position of fluid interface on

mixing performance, the flow and concentration fields in the near wake of the pin

were characterized at the channel midplane (z/Dp = 0) for Rehc in the range between

170 and 186, as shown in Figure 6.4. This Rehc number is below the critical one for

the onset of vortex-shedding [171] and hence the flow fields in Figure 6.4 are steady.

In the channel without the cylindrical pin (top row), the streamlines are uniform

and parallel (Figure 6.4a), and mixing is diffusion-dominated. This is evident in

the sharpness of the fluid interface in the instantaneous concentration fields (Figure

6.4e and Figure 6.4i).

In the channel with the pin and fluid interface both located at the channel cen-

treline (δ = 0.89, l/W = 0.5), a pair of vortices can be seen downstream of the pin

(see Figure 6.4b), promoting mixing in the near wake region (Figure 6.4f). How-

ever, Figure 6.4j indicates that when the fluid interface is off the centreline (l/W =

0.3), the dye does not become entrained into the wake and mixing is limited. When
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Figure 6.4: Instantaneous velocity fields with superimposed streamlines (left column) and
instantaneous concentration fields (middle and right columns), for channels
with the fluids interface located at the centre of the channel (l/W = 0.5, mid-
dle column) and offset (l/W = 0.3, right column) for different gap ratios. The
Reynolds number ranges from 170 to 186, and the flow is steady in each case.

the pin is offset such as δ = 0.42, a pair of asymmetric vortices that remain attached

to the cylinder are formed, as can be seen in Figure 6.4c. Offsetting the pin only

results in the near wake being composed entirely of fluid from the upper fluid layer

(i.e. the dyed layer, with c/co = 1), with little enhancement of mixing (Figure 6.4g).

On the contrary, when the fluid interface is also offset by a similar amount from the

centreline, i.e. coincides with the axis of the pin (l/W = 0.3, Figure 6.4k), fluid from

both fluid layers becomes entrained in the wake and thus acts to promote mixing.

Finally, when the gap ratio reduces to δ = 0.19, a vortex forms at the channel wall

(Figure 6.4d), deflecting the flow around the pin and causing the interface between

the fluid layers to also be deflected away from its upstream position (i.e. y/Dp =

0), before reverting to this position downstream (Figure 6.4h). Similar trends can
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also be seen in Figure 6.4l for l/W = 0.3. Despite the shifting of the fluid interface

closer to the pin location, no significant effect on mixing can be achieved as the pin

still remains immersed in one of the fluid layers, unable to entrain fluid from the

non-dyed stream.

The effects of the cylinder on the mixing performance are considerably differ-

ent when the Reynolds number exceeds the critical value for the onset of vortex-

shedding; this was found to be at Rehc = 440 for the microchannel with the pin lo-

cated on the centreline [171] as mentioned in Chapter 4. Figure 6.5 shows selected

instantaneous velocity and concentration fields for Rehc in the range between 509

and 546. Vortex-shedding can clearly be seen in both the flow and concentration

fields obtained with the pin located on the centreline (second row of Figure 6.5),

leading to a strong enhancement of mixing. The near wake in Figure 6.5f is now

characterised not by a narrow interface between blue and yellow regions (c/co ≈ 0

and ≈1, respectively), but by a relatively broad region of well mixed fluid (c/co ≈

0.5). Vortex-shedding also distorts the fluid interface for the l/W = 0.3 case (Figure

6.5j), but fails to promote mixing in the wake. Clearly, with higher Rehc, offsetting

the pin towards the channel wall results in slightly different flow patterns compared

to those obtained with Rehc = 180, characterised by a longer wake region for the

case with δ = 0.42 (Figure 6.5c), and the formation of two vortices in the smaller

gap ratio case (δ = 0.19, Figure 6.5d); one at the channel wall (x/Dp ≈ 3) and one

at the pin. However, the concentration fields measured for l/W = 0.5 (Figures 6.5g,

h) are not significantly altered by the increase in Rehc due to the formed vortices

remaining within a single fluid layer and hence not promoting significant advective

mixing. This could indicate the absence of vortex-shedding in these two cases as

the proximity of the sidewalls is expected to shift the flow separation point further

downstream, and inhibit vortex-shedding [108].

The results in Figure 6.5 also show that when the interface of the two fluids

to be mixed coincides with the axis of the pin, mixing is promoted in the near

wake. This is evident in the case of l/W = 0.5 and the pin located at the channel

centreline (δ = 0.89) as well as in the case of l/W = 0.3 and δ = 0.42 (Figures
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Figure 6.5: Instantaneous velocity fields with superimposed streamlines (left column) and
instantaneous concentration fields (middle and right columns), for channels
with the fluids interface located at the centre of the channel (l/W = 0.5, mid-
dle column) and offset (l/W = 0.3, right column) for different gap ratios. The
Reynolds number ranges from 509 to 546, and the flow is steady in each case.

6.5f, k). Offsetting the cylindrical pin from the channel centreline and toward the

fluids interface position l/W = 0.3 has a destabilizing effect on the fluid interface,

which in turn promotes near wake mixing, despite the suppression of the onset of

vortex-shedding by the wall proximity. The vortex forming at the channel wall for

δ = 0.19 has no effect on mixing as it cannot disrupt the interface between the two

fluids located further from the wake.

6.3 Mixing characterization for l/W = 0.5

In order to fully understand the effect of the pin on the fluid mixing outside of the

near wake region and to assess the overall performance of the micromixer, further

concentration measurements were acquired both several diameters upstream and
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downstream of the pin location. Figures 6.6 and 6.7 show instantaneous concen-

tration fields acquired upstream, in the near wake and the far wake for l/W =0.5

with Rehc in the ranges of 340 to 366 and 678 to 726, respectively. For the cases

without a pin (top row in both figures), the concentration fields are essentially iden-

tical upstream (x/Dp ≈ -8) and downstream (x/Dp ≈ 12), since lateral diffusion is

slow compared to the flow velocity, indicating that any significant changes in the

concentration fields occur as a result of the presence of the pin.

Figure 6.6: Instantaneous normalized concentration fields in the flow region ranging from
-9 < x/Dp < 13, with the position of fluids interface set to l/W = 0.5 and
various gap ratios. The Reynolds number ranges from 340 to 366 and the flow
is steady, i.e. there is no vortex-shedding.

None of the concentration fields in Figure 6.6 show signs of vortex-shedding

(although symmetric, attached vortices can be seen in Figure 6.6f), because the
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Reynolds number is relatively low. Nevertheless, even in the absence of vortex-

shedding, the presence of the pin causes a significant enhancement in fluid mixing

downstream at x/Dp ≈ 12 (right column in Figure 6.6). This is most clearly seen

when the cylinder is offset from the centreline and is also apparent slightly upstream

of the cylinder. Given the weak role of diffusion, the enhancement of steady-state

mixing is most likely a result of the development of three-dimensional flow struc-

tures in the flow near the cylinder [76].

In the instantaneous concentration fields at higher Rehc (ranging from 678 to

726), unsteady flows can be observed downstream of the pin as shown in the right

column of Figure 6.7. In this case, the far wake region for δ = 0.89 (Figure 6.7j)

is highly disordered, showing strong mixing throughout the channel width. There

is also enhanced mixing for the offset pin locations in the far wake (Figures 6.7k

and 6.7l) compared to the corresponding steady-state cases in Figure 6.6, but the

improvement is not as pronounced.

In order to quantify the effect of the pin location on the mixing process de-

scribed above, the intensity of segregation technique (Equation 2.27) was applied

to the LIF data. The mixing index was estimated as a function of x/Dp by dividing

each concentration field into strips, 20-pixels in width, and calculating the mean and

standard deviation of the intensity in each strip over 100 instantaneous images. The

number of pixels of each strip was chosen to ensure that the estimates of c̄ and σc

were robust (i.e. the sample size was sufficiently large to achieve convergence) and

that the profiles of M were not significantly affected by noise in the concentration

field measurements. And the error bars of mixing index came from the standard de-

viation of M evaluated from the number of experimental images used (100 images

in each case).

The variation in the mixing index M with streamwise position x/Dp is shown in

Figure 6.8 for the various pin offset cases corresponding to the data sets presented in

Figures 6.6 and 6.7. Upstream of the pin, in the region x/Dp = -10 to -4, the mixing

performance of all cases is relatively low (M ≈ 10%). This is the same regardless

of whether a pin is present or not, and therefore the non-zero value of M is likely
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Figure 6.7: Instantaneous normalized concentration fields in the flow region ranging from -
9 < x/Dp < 13, with the position of fluids interface set to l/W = 0.5 and various
gap ratios. The Reynolds number ranges from 678 to 726, i.e. above the critical
Rehc for the onset of vortex-shedding in a channel with similar dimensions and
a pin located on the centreline.

to be the result of diffusion, experimental error and the minor unavoidable level of

mixing at the inlet where the two fluid layers first come into contact. For the channel

without a pin, the inhomogeneity of the flow remains relatively constant over the

entire region examined, as expected. For most other cases in Figure 6.8a, there is

an increase in M near x/Dp = 0, even in the absence of vortex-shedding, which

may be attributed to the entrainment of fluids from both layers into the recirculation

bubble, which then acts as a mixer. For δ = 0.89, M reverts to its upstream value

of approximately 10% by x/Dp ≈ 5 (i.e. by the end of the recirculation bubble),

while for the offset pins, the mixing index remains relatively high (>20%) further
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Figure 6.8: The variation of the mixing index M along the channel (x/Dp = -10 to 14) for
l/W = 0.5 and various δ and Rehc (cases shown in Figure 6.6 and Figure 6.7).
(a) Rehc ranging from 340 to 366 (pre-vortex-shedding) and (b) Rehc ranging
from 678 to 726 (with vortex-shedding). Note that some of the symbols are
larger than the standard deviation value of M.
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downstream. As discussed in Chapter 5, in a symmetric channel with steady flow,

the three-dimensional flow features will also be symmetric [76], and they do not

lead to an increase in mixing when the interface lies at the centreline (i.e. the line

of symmetry). Also, there is no instability to introduce interface waviness that can

propagate downstream at this relatively low Rehc. It can therefore be concluded

that when the fluid interface lies at the centreline of the channel, in the absence

of vortex-shedding, asymmetrically positioned pins are a more effective means of

promoting mixing.

When vortex-shedding occurs (Figure 6.8b), the mixing index also increases

near x/Dp = 0. However, in this case, the periodic flow in the wake ensures that

M values remain large downstream. In contrast to the pre-vortex-shedding case,

the mixing index in the far wake decreases as the pin is offset from the centreline,

indicating that vortex-shedding is more effective in promoting mixing compared

to pin location. The strongest mixing enhancement is achieved when the pin axis

coincides with the fluid interface (l/W = 0.5 in this case), i.e. δ = 0.89.

6.4 Mixing characterization for l/W = 0.3

Selected instantaneous normalized concentration fields measured upstream, in the

near and far wake of the pin are shown in Figure 6.9 for the cases in which the

fluid interface is offset from the channel centreline (l/W = 0.3) and for Rehc in the

range of 328 to 343. The upstream concentration fields (left column) are similar in

all cases, regardless of whether a pin is present. Therefore, the values of M would

be expected to be similar and low in this region. In the channel without a pin (top

row), as noted in the previous section, the concentration fields do not show any sig-

nificant change from x/Dp = -9 to 13, and so any mixing enhancements in other

channels can be attributed to the presence of pins. When the pin is located at the

centreline (δ = 0.89, Figure 6.9f), it causes the fluid interface to shift towards the

wall, before reverting back towards its original position downstream. This defor-

mation of the interface (and potential three-dimensional effects) result in improved

diffusive-mixing. Further evidence of three-dimensionality in the flow can be seen
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Figure 6.9: Instantaneous normalized concentration fields in the flow region ranging from
-9 < x/Dp < 13, with the position of fluids interface set to l/W = 0.3 and
various gap ratios. The Reynolds number ranges from 328 to 346 and the flow
is steady, i.e. there is no vortex-shedding.

in the downstream concentration field (Figure 6.9j), in which the dye concentra-

tion appears weakened close to the wall (y/Dp > 1), but remains relatively strong

near y/Dp = 0.5. The non-monotonic relationship between dye concentration and

y/Dp at this downstream location cannot be attributed to diffusion (as diffusive pro-

cesses cannot cause a monotonic profile to become non-monotonic), but can be

explained by the development of streamwise vortices near the ends of the cylinder,

i.e. swirling flow [76]. Similar evidence of potential three dimensionality effects

can be seen in the downstream fields for δ = 0.42 and 0.19 (Figure 6.9k and 6.9l,

respectively), where the concentration varies considerably with y/Dp. The non-
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monotonic variation in concentration distribution is not as evident when the fluid

interface is located at the centreline, i.e. l/W = 0.5 (since the three-dimensional

flow is itself symmetric about y/Dp = 0), suggesting that flow three-dimensionality

is more effective at producing mixing when the interface is offset.

Figure 6.10: Instantaneous normalized concentration fields in the flow region ranging from
-9 < x/Dp < 13, with the position of fluids interface set to l/W = 0.3 and
various gap ratios. The Reynolds number ranges from 658 to 690, i.e. above
the critical Rehc for the onset of vortex-shedding in a channel with similar
dimensions and a pin located on the centreline.

The corresponding concentration fields at Rehc in the range of 658 to 690, i.e.

above the critical Rehc for the onset of vortex-shedding, are shown in Figure 6.10.

For δ = 0.89, the asymmetry of the fluid streams means that the near wake of the

cylinder is composed mostly of pure water (blue region in Figure 6.10f). Vortex-
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Figure 6.11: The variation of the mixing index M along the channel (x/Dp = -10 to 14)
for l/W = 0.3 and various δ and Rehc (cases shown in Figure 6.9 and Figure
6.10). (a) Rehc around 350 (pre-vortex-shedding) and (b) Rehc around 700
(with vortex-shedding). Note that some of the symbols are larger than the
standard deviation value of M.
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shedding enhances chaotic advection and there is greater mixing in the far wake

(Figure 6.10j), although not much dye has crossed the channel centreline. In the

channel with δ = 0.42, where the fluid interface upstream coincides with the pin

axis (Figures 6.10g, k), good mixing can be observed in both the near and far wake.

Offsetting the pin closer to the wall (δ = 0.19), mostly enhances the dispersal of dye

throughout the channel. The data in Figure 6.10 clearly demonstrate that when the

interface between the two fluids does not lie at the centre of the channel, the pin is

much more effective at dispersing the fluid layers if it is positioned away from the

centreline and closer to the interface.

The variation in the mixing index with x/Dp is shown in Figure 6.11 for Rehc

in the range of 328 to 346 and 658 to 690 (corresponding to Figure 6.9 and Figure

6.10). In the channel without a pin (blue lines in Figure 6.11), M is again roughly

constant over the range x/Dp = -10 to 14. As noted in the previous section, there is

a sudden increase in M near x/Dp = 0. Before the onset of vortex-shedding, there is

a non-monotonic relationship between δ and the far wake values of M in both l/W

cases (0.5 and 0.3), with the optimal values obtained with the pin offset at δ = 0.42

(see Figures 6.8a and 6.11a). At higher Rehc, the most effective mixing occurred for

δ = 0.42 at l/W = 0.3 as it coincides with the interface location (black line in Figure

6.11b). Similar trends are observed at l/W = 0.5 with the cylindrical pin aligned

with the fluid interface. Similar mixing index values can be found for the δ = 0.19

and 0.89 channels.

6.5 The relationship between mixing index and

Reynolds number
In order to compare the mixing performance in channels with different Reynolds

number, the relationship between Rehc and mixing index at a specific streamwise

location, x/Dp = 12, is shown in Figure 6.12 for two different fluid interface posi-

tions. In channels with no pin, M is always low (less than 15%) with Rehc ranging

from 100 to 700. Therefore, the present study indicates that the effect of the fluid

interface position on mixing is negligible in the absence of a pin for 100 < Rehc <
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700. This is in agreement with published numerical works [104] reporting a sig-

nificant effect of l/W on microchannel mixing for Rehc < 0.1, i.e. when mixing is

dominated by diffusion, but a negligible one for Rehc ranging from 5 to 10.

When l/W = 0.5, i.e. the two fluids are mixed at the same ratio (Figure 6.12a),

the presence of a pin at the channel centreline (δ = 0.89) does not dramatically en-

hance mixing further downstream prior to the onset of vortex-shedding (at around

Rehc of 440). While there has been significant interest in the performance of mi-

cromixers at low Rehc [32] [100] [103], the sudden increase in M near the critical

Reynolds number indicates that there is great potential to further enhance mixing

by raising Rehc sufficiently high to induce unsteady flow. When l/W = 0.3, i.e. the

two fluids are mixed at a 1:2 ratio, a pin located on the channel centreline (δ =

0.89) can improve the mixing performance downstream in the absence of vortex-

shedding (see red dashed line in Figure 6.12b); this is due to the pin disturbing the

fluid interface, which can increase lateral concentration gradients and thus enhance

diffusive mixing; it also appears to induce some transverse flow, which promotes

convective mixing (see Figure 6.4b and Figure 6.4j). The mixing performance with

l/W = 0.3 and δ = 0.89 increases in a roughly steady manner with Rehc, even as the

flow transitions from the steady to the unsteady regime. When vortex-shedding is

present (Rehc > 440), the mixing index is similar regardless of the position of the

interface (for l/W = 0.3 and 0.5) for δ = 0.89.

The largest mixing enhancement downstream is seen for the δ = 0.42 mi-

crochannel. For l/W = 0.5, M increases with Rehc, but interestingly, it does not

exhibit a jump at the onset of vortex-shedding (as shown in Figure 6.12a), unlike

that seen for the symmetric microchannel geometry (δ = 0.89). Interestingly, when

the fluid interface is offset (l/W = 0.3), the onset of vortex-shedding coincides with

a clear drop in M (see Figure 6.12b). The values of M in this local minima are

comparable to those seen in the same Rehc range for l/W = 0.5, suggesting that

the reduction in M near the critical Reynolds number occurs because mixing due to

unsteady vortex-shedding is less efficient than the steady mixing due to the three-

dimensional flow features at slightly lower Rehc. A small decrease in M can also



6.5. The relationship between mixing index and Reynolds number 165

Figure 6.12: The relationship between Rehc and M downstream of the pin (x/Dp = 12), l/W
= 0.3 and 0.5 as well as various δ . (a) l/W = 0.5 and (b) l/W = 0.3. Note that
some of the symbols are larger than the standard deviation value of M.
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be seen for l/W = 0.3 and δ = 0.89, highlighting the sensitivity of the micromixer

performance to the interface position.

For the microchannel with the greatest pin offset (δ = 0.19), mixing is en-

hanced with Rehc when the interface lies at the centreline (Figure 6.12a), but the

improvement is relatively small, with M increasing from 10% to 20%. When the

interface is offset and is slightly closer to the cylinder (l/W = 0.3), the improvement

in mixing is more pronounced, with M reaching approximately 55% at the highest

Rehc examined (Figure 6.12b).

Similar to the discussion in Chapter 5, three mixing mechanisms, namely

diffusion-dominated mixing, steady convective mixing and unsteady convective

mixing, can be used to describe the overall mixing efficacy in this chapter. The

impact of some of these mechanisms on the mixing performance is sensitive to the

position of the fluid interface in relation to the pin.

Diffusion-dominated mixing: This occurs far upstream of the obstacle and in

microchannels without obstacles, and is relatively slow, related to the scalar (rho-

damine) diffusion coefficient in water. It is not significantly affected by the position

of the interface (Figure 6.12), hence not modified by confinement.

Steady, three-dimensional convective mixing pre-vortex-shedding: In flow with

obstacles, prior to the onset of vortex-shedding, mixing can be enhanced by trans-

verse flows induced by the pin (Figures 6.4c and 6.4d). They lead to the transport of

fluid across the channel, resulting in the appearance of thinner high concentration

bands on the lower side of the channel (e.g. Figure 6.4g). This is the key mecha-

nism for mixing in low Reynolds number micromixers with obstacles [33]. Optimal

mixing in such steady, laminar conditions is attained using arrangements of multi-

ple pins in order to effectively deform the interface and thin/contract one of the two

fluid layers creating striations, which in turn enables a stronger diffusive scalar flux

across the interface between the two fluids. This multiple pin arrangement how-

ever comes to the cost of an increased pressure drop. While being limited to using

a single pin, the present study shows that this process is most effective when the

interface is offset from the centreline (see Figure 6.12 with Rehc < 440).
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Unsteady convective mixing, post-vortex-shedding: When the Reynolds num-

ber is sufficiently high, vortex-shedding leads to advective motion and rapid disper-

sal of the fluid phases throughout the microchannel. In most (but not all) cases, this

is the most effective form of mixing (see Figure 6.10k). Its efficiency appears to be

enhanced when both the interface and the pin are offset from the centreline and are

aligned with each other (Figure 6.12, δ = 0.42 and l/W = 0.3). This can be intu-

itively explained by the ability of the pin to efficiently ‘break’ the diffuse interface

(due to molecular diffusion) as the latter impinges on the front stagnation point. In

a laminar and steady flow without any vortex-shedding, the two fluid layers form

shear layers on either side of the pin leading to striations downstream without in-

teracting with each other and resume mixing by diffusion. However, in the case of

vortex-shedding, the vortices forming periodically in the wake region of the pin will

stretch and distort the two fluid layers before they recombine. This generates thin-

ner concentration structures (striations), promoting higher concentration gradients,

and ultimately enhancing the diffusion efficiency and thus mixing.

6.6 Summary

The mixing of two fluid streams in microchannels with a single, confined cylindri-

cal obstacle (micropin) has been examined experimentally for various positions of

the obstacle and the fluid interface. Two flow ratios were considered at the inlets re-

sulting in the fluid interface positioned on and off the channel centreline (i.e. at half

and a third of the channel width respectively). Micro particle image velocimetry

was used to characterize the flow around the micropins and micro laser-induced flu-

orescence system to acquire the instantaneous concentration fields and analyse the

mixing performance. When the fluid interface coincides with the channel centreline

(l/W = 0.5), i.e. the two fluid streams are mixed at the same ratio, prior to the onset

of vortex-shedding, offsetting the pin slightly off the centreline (δ = 0.42) provides

the best mixing performance compared to the channels with the pin located on the

centreline (δ = 0.89) or nearer the channel wall (δ = 0.19). However, when the

vortices forming behind the cylindrical pins start shedding, mixing is most efficient
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when the pin is located on the channel centreline (δ = 0.89), i.e. it is aligned with

the interface between the two fluids to be mixed. When the fluid interface is offset

from the centreline (l/W = 0.3), optimal mixing is observed when the pin is also

offset by the same amount (i.e. for δ = 0.42). This indicates that in micromixers

involving single obstacles, upon onset of vortex-shedding, shifting the obstacle to

lie near the fluid interface improves the mixing performance.

The study elucidated the various mechanisms that determine the mixing in

micromixers with a single obstacle. In the absence of obstacle or far upstream

of the obstacle, the mixing is diffusion-dominated, and not significantly affected

by the position of the fluid interface. At Reynolds number prior to the onset of

vortex-shedding, the presence of obstacles deflects the flow, inducing transverse

flow motion and momentum transfer across the channel, leading to the effective

dispersal of fluid streams throughout the channel and enhancing mixing. At higher

Reynolds number, exceeding the critical value for the onset of vortex-shedding from

the pin, unsteady convective flows are generated throughout the microchannel as a

result of vortex-shedding, providing the most efficient mechanism for mixing at this

Reynolds number range.

To study the effect of multiple pins in micromixers, flow around two circular

cylinders is a starting point. In the next chapter, The features of flow past two

confined cylindrical pins with various arrangements are investigated.



Chapter 7

Flow Past Two Confined Micropins

To study the effect of multiple pins in micromixers, it is necessary to understand the

flow past two confined micropins. In the infinite number of possible arrangements

between two pins, two distinct groups can be identified; tandem arrangements (in

which one cylinder is behind another one at any longitudinal spacing) and staggered

arrangements (in which the cylinders have different transverse positions as well as

longitudinal spacings). In this chapter, Y micromixers with a fixed level of pin

confinement are investigated for Reynolds numbers up to 340. Several configura-

tions of cylinders are considered: five microchannels with the two pins in tandem

and three microchannels with the pins in staggered arrangements. Micro particle-

image velocimetry (µPIV) was employed to measure the instantaneous velocity

fields, which were then used to calculate streamlines and vorticity maps. High-

speed µPIV was applied to investigate the vortex-shedding frequency behind the

two cylindrical pins. Micro laser-induced fluorescence (µLIF) was used to measure

the instantaneous concentration fields and assess the mixing performance, utilising

the intensity of segregation technique. In Section 7.1, the upstream flow condi-

tions among all microchannels examined in this chapter are illustrated. Section 7.2

presents the results with two pins in tandem arrangements. Specifically, Section

7.2.1 is focused on determination and discussion of the critical Reynolds number

for the onset of vortex-shedding between two micropins. The shedding frequency

and corresponding Strouhal number are presented in Section 7.2.2. The mixing per-

formance of five micromixers with two pins in tandem is presented in Section 7.2.3.
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Similarly, Section 7.3 shows the results with the pins in staggered arrangements.

Finally, the critical Reynolds number for the onset of vortex-shedding, the shed-

ding frequency as well as the mixing index are discussed in Section 7.3.1, 7.3.2 and

7.3.3, respectively.

7.1 Upstream flow conditions

Polymethyl methacrylate (PMMA) rectangular microfluidic channels with a Y-

junction inlet geometry and two cylindrical pins with different arrangements were

fabricated using CNC micro-milling (Minitech Machinery, Georgia) and bonded

using a solvothermal bonding technique [165]. The diameter (Dp) of the cylindri-

cal pin was equal to 500 ± 10 µm, the channel height (H) 1000 ± 20 µm and the

width (W) 1500 ± 20 µm, resulting in a vertical confinement of h* = 2 and a lateral

confinement of w* = 3. The definition of the longitudinal pitch ratio (L/Dp) and

the transverse pitch ratio (T/Dp) is shown in Chapter 2 Figure 2.13a. In the mi-

crochannels with two pins in tandem (T/Dp = 0), the centre-to-centre longitudinal

spacing (L) ranged from 1250 to 3250 µm (accurate to within ± 30 µm) resulting

in the L/Dp ranging from 2.5 to 6.5. Note that both micropins are located at the

channel centreline. In terms of the microchannels with two pins in a staggered ar-

rangement, the value of L/Dp is fixed at 2.5. The upstream cylindrical pin is located

at the channel centreline and the transverse spacing was adjusted by offsetting the

downstream pin from the channel centreline, resulting in values of the T/Dp rang-

ing from 0.25 to 0.75. Due to the strong lateral confinement of the microchannels,

the value of T/Dp cannot be more than 1. In this chapter, the Reynolds number was

defined based on micropin diameter (Rep) in order to describe the flow conditions

with reference to published literature.

The flow upstream of the first cylindrical pin was characterized at selected op-

erating conditions to determine whether fully developed flow was established, and

to estimate the average flow velocity. The origin of the coordinate system is located

at the axis of the first pin and midspan. The x, y, and z axes denote the streamwise

(flow), transverse and spanwise directions, respectively. Selected upstream velocity
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profiles measured for different values of L/Dp and T/Dp at the channel midplane

(z/Dp = 0) are also compared against the analytical solution [10] in Figure 7.1. Ex-

cellent agreement with the analytical solution (within 2%) can be observed at the

highest Rep examined in present chapter, confirming that the flow approaching the

first pin in all microchannels is fully developed. The uncertainty in the PIV mea-

surements was estimated using the difference between the primary and secondary

peak in the cross-correlation matrices [170] and was found to be around 2%. Based

on the channel geometries, the uncertainty in channel dimensions was around 1%.

With room temperature varying between 17 °C and 20 °C, the resulting uncertainty

in viscosity is around 4%. Thus, from error propagation the error in the Reynolds

number can be estimated to be around 5% in the present study.

7.2 Micropins in a tandem arrangement

Compared to a single cylinder in a microchannel, the flow past two tandem cylin-

ders exhibits more complex behaviour because the second cylinder is submerged

in the wake of the first cylinder, and is therefore affected by the shear layers and

shed vortices formed by the first cylinder [185]. In order to investigate the effects

of the longitudinal pitch ratio of cylinders confined in microchannels, selected in-

stantaneous vorticity fields (ωz) with T/Dp = 0 and L/Dp ranging from 2.5 to 6.5

are shown in Figures 7.2 and 7.3 in the flow region ranging from x/Dp = -4 to 10.

A standard forward finite difference approach [172] was used to derive the veloc-

ity gradients required to calculate the vorticity fields. Note that the vorticity fields

shown are stitched together from measurements at four flow regions (all at the chan-

nel midplane, z/Dp = 0) with the same flow conditions (but not at the same time).

At Rep of around 150 (see Figure 7.2), the vorticity contours show two elon-

gated shear layers connected to the first pin. In the microchannel with L/Dp = 2.5

(top row of Figure 7.2), the shear layers from the first pin reattach onto the sec-

ond cylinder. Downstream of the second cylinder, the shear layers gradually move

close together and converge near the wake centreline (y/Dp = 0) instead of rolling

up to form vortices. In the channel with L/Dp = 4.5 (middle row of Figure 7.2),
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Figure 7.1: Comparisons between experimental data with (a) T/Dp fixed at 0 and various
L/Dp and (b) L/Dp fixed at 2.5 and various T/Dp as well as analytical (solid
line) velocity profiles upstream of the micropin (x/Dp = -5, z/Dp = 0) for vari-
ous Reynolds numbers.

the shear layers from the first pin begin to form into vortices and the waviness in-

troduced propagates downstream to the wake of the second cylinder, resulting in

apparent and strong shedding in the near-wake region behind the second cylinder.

The roll-up of the shear layers and formation of vortices can also be seen in the

microchannel with L/Dp = 6.5 (bottom row of Figure 7.2). But the propagation is

relatively weaker than that in the L/Dp = 4.5 channel. Two long shear layers are

formed at the sides of the second cylinder, which do not roll up in the near-wake

region.

The onset of instability behind the second circular cylinder can be observed in
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Figure 7.2: Instantaneous normalized vorticity contours ωzDp/Uo for microchannels with
tandem cylinders (T/Dp = 0) and L/Dp ranging from 2.5 to 6.5. The Reynolds
number ranges from 149 to 152.

all microchannels with two pins in tandem at higher Reynolds number region (294

< Rep < 302). However, in the microchannel with L/Dp = 2.5 (top row of Figure

7.3), the shear layers from the first pin still reattach onto the second pin, and the roll-

up of the shear layers occurs at a far downstream region with x/Dp of around 8. This

is in agreement with the ‘reattachment regime’ discussed by Zhou and Yiu [11]. For

L/Dp = 2.5, the second cylinder acts as a wake-stabilizer and suppresses the onset

of vortex-shedding. For L/Dp = 4.5 (middle row in Figure 7.3), vortex-shedding

from both the first and second cylinder becomes more apparent and stronger at this

high Reynolds number. Unlike the two elongated shear layers behind the first pin in

microchannel with L/Dp = 6.5 at Rep of 152, the roll-up of the shear layers occurs at

x/Dp of around 3 and brings disorder to the vorticity fields near the second cylinder

(bottom row of Figure 7.3). With L/Dp over 4.5, the second cylinder is sufficiently

far away so that vortex-shedding can occur from the first as well as the second

cylinders, corresponding to ‘co-shedding regime’ shown in the study of Zhou and

Yiu [11]. However, the critical longitudinal pitch ratio (i.e. the minimum value of

L/Dp to show ‘co-shedding regime’) in the Zhou and Yiu study [11] is 5 for two
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tandem cylinders with Dp = 15 mm, w* = 40 and h* = 40 at Rep = 7000. Therefore,

the confinement of the microchannel or the value of Rep may play a role in the

critical longitudinal pitch ratio, which needs to be further investigated. For brevity,

the contours of normalized velocity fields and streamlines corresponding to Figures

7.2 and 7.3 are shown in the Appendix C.

Figure 7.3: Instantaneous normalized vorticity contours ωzDp/Uo for microchannels with
tandem cylinders (T/Dp = 0) and L/Dp ranging from 2.5 to 6.5. The Reynolds
number ranges from 294 to 302.

7.2.1 Critical Reynolds number for vortex-shedding from two

tandem cylinders

The critical Rep for the onset of vortex-shedding is an important parameter to study

in the micromixers with micropins because it can provide an efficient mixing mech-

anism, called unsteady convective mixing as discussed in the previous chapters.

However, most experimental studies on the flow past two tandem cylinders were

performed in unconfined channels and at large Reynolds numbers [12] [94] [186]

[187], which are much higher than the critical Rep for the onset of vortex-shedding.

Note that the critical value of Rep for a single and unconfined cylinder is around 40

[69]. Mizushima and Suehiro [185] numerically investigated two circular cylinders
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in tandem and found that the critical Rep is 78.5 for L/Dp = 2 and reduces to 68

with L/Dp increasing to 4. A further increase in L/Dp results in a lower value of

critical Rep which is close to the value for a single unconfined cylinder (around 40).

Therefore, it is still unclear what the critical value of Rep with two tandem confined

cylinders in a microchannel is.

In order to determine the critical Rep for the onset of vortex-shedding, the dis-

tribution of the root-mean square value (Vrms) of the fluctuating transverse velocity

component can be considered, also called the sample standard deviation, defined

[188] as:

Vrms =

√
1
N

N

∑
i=1

(Vi−V̄i)2 (7.1)

where Vi denotes the instantaneous transverse velocity value at a certain loca-

tion, N is the number of examined samples and V̄i is the sample mean of Vi at this

location. The shedding of alternate vortices from the micropins breaks the symme-

try of the flow and induces a periodic change of the transverse velocity component,

resulting in a relatively large value of Vrms. Hence the distribution of Vrms is a suit-

able means to identify the critical Reynolds number for the onset of instability in

the absence of time-resolved measurements as shown in Chapter 4.

Figure 7.4 shows contours of Vrms normalized with the mean Uo in the mi-

crochannel with L/Dp = 4.5 and T/Dp = 0 for different Rep. Note that the value of

N is 100 in each examined flow location and the Vrms/Uo fields are stitched by three

flow regions captured at the channel midplane (z/Dp = 0). At low Rep (of 113), no

vortex-shedding can be observed from both cylinders and the Vrms/Uo throughout

the measurement region remains close to zero (top row of Figure 7.4). When Rep

reaches 150 (middle row of Figure 7.4), the vortex-shedding from the first cylin-

der results in a significant increase in Vrms/Uo near the second cylinder. A further

increase of Vrms/Uo can be seen in the region slightly upstream the second cylin-

der at Rep of 187. With the onset of vortex-shedding, a region of intense Vrms/Uo

can be observed in the far wake of the second cylinder (around three pin-diameters

downstream the second cylinder). Hence, the mean value of Vrms/Uo in the region
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Figure 7.4: Contours of the normalized root-mean square value of the fluctuating transverse
velocity (Vrms/Uo) with the mean velocity vectors superimposed for a channel
with L/Dp = 4.5 and T/Dp = 0 and for Rep = 113 (no vortex-shedding) as well
as Rep = 150 and 187 (with vortex-shedding).

slightly upstream of the second cylinder with one pin-diameter width (as indicated

in Figure 7.4, which consists of 408 data points in each region) is used to obtain a

single value to represent the unsteadiness in the wake of the first cylinder, and thus

to determine the critical Rep for vortex-shedding behind the this cylinder. For the

second cylinder, the mean Vrms/Uo from the region three pin-diameters downstream

of the second cylinder (as shown in Figure 7.4) is used. The variation of the mean

Vrms/Uo with Rep and L/Dp is shown in Figure 7.5. It can be seen that the mean

Vrms/Uo is approximately zero for the low Rep range and increases sharply beyond

a critical Rep value, which marks the onset of vortex-shedding.

The critical value of Rep can thus be identified from Figure 7.5 and plotted as

a function of L/Dp in Figure 7.6 for the first and second cylinders. The red bands in

Figure 7.6 show the critical value of Rep for a single cylinder in a microchannel with

the same confinement (see Chapter 4). As shown in Figure 7.6a, a consistent reduc-

tion of the critical Rep for the second cylinder can be observed with L/Dp increas-
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Figure 7.5: Variation of the mean Vrms/Uo in the region shown in Figure 7.4 with Rep, for
(a) the second (downstream) cylinder and (b) the first(upstream) cylinder.
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ing from 2.5 to 4.5, which shows a similar trend to Mizushima and Suehiro [185].

Moreover, in the ‘reattachment regime’ (L/Dp of 2.5 and 3.5), the second cylinder

suppresses the onset of vortex-shedding and acts as a wake-stabilizer, resulting in

the critical Rep being higher than that of a single cylinder. Specifically, for L/Dp =

2.5, the shear layer reattachment occurs more often on the downstream side of the

second cylinder which interferes with boundary layer development and separation

on the second cylinder. In contrast, for L/Dp = 3.5, the reattachment occurs more

often on the upstream side of the second cylinder with less influence on the bound-

ary layer development. Therefore, compared to L/Dp = 2.5, the value of critical Rep

is lower for L/Dp = 3.5. At higher L/Dp (over 4.5), the value of critical Rep is close

to that of a single cylindrical pin because the second cylinder is sufficiently far away

and is outside the vortex formation region of the first cylinder. However,with shear

layers and vortices from the first cylinder, the second(downstream) cylinder faces

a complex flow with shear layers and vortex motions induced by the first cylinder,

which may enhance instability of its wake and result in a reduction of the critical

Rep relative to a single confined cylinder.

In terms of the first cylinder (see Figure 7.6b), even at the highest Rep exam-

ined in present study (around 340), no vortex-shedding can be seen with L/Dp =

2.5. That is because in the ‘reattachment regime’, the shear layers separating from

the first pin reattach on the second cylinder, while the flow velocity in the gap is

very small. Interestingly, a bistable flow pattern, where the separated shear layers

from the first cylinder rolls up intermittently in front of the second cylinder, can be

observed at Rep of around 300 with L/Dp = 3.5. This bistable flow pattern has been

discussed by Ljungkrona et al. [92], who used this observation to argue that L/Dp

= 3.5 corresponds to a critical longitudinal pitch ratio, in between the ‘reattachment

regime’ and the ‘co-shedding regime’. Moreover, this value of Rep (around 300) is

higher than the critical Rep for the second cylinder (around 240) for L/Dp = 3.5. It

may be due to the gradual reduction of critical L/Dp with increasing Rep. Tanida

et al. [189] showed that the critical L/Dp drops down from 5 to 3 with Rep in-

creasing from 80 to 3400. At Rep of around 240, the critical L/Dp may be slightly
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Figure 7.6: The relationship between critical Rep and L/Dp and comparison against a con-
fined single cylinder (red band). The error bars in the data represent the measur-
ing gap between the Rep. Similarly, the thickness of the red band indicates the
uncertainty in the estimate of the critical Rep for a single confined pin, based
on the resolution of Rep achieved with the setup.
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higher than 3.5, resulting in vortex-shedding from the second cylinder but not from

the first cylinder. With Rep increasing to around 300, the critical value of L/Dp

drops down to 3.5, resulting in the bistable flow pattern behind the first cylinder.

Hence, the confinement does not influence the appearance of bistable flow but the

Rep at which it appears. For L/Dp over than 4.5, the critical value Rep for the first

cylinder is similar to that for the second cylinder, which indicates that the onset of

vortex-shedding behind two cylinders occurs at the same time in the ‘co-shedding’

regime.

7.2.2 Vortex-shedding frequency and Strouhal number for two

tandem cylinders

For a better insight into the vortex-shedding behaviour with two confined cylin-

ders in tandem, the shedding frequency and corresponding Strouhal number were

investigated using the high-speed µPIV system. For the sake of brevity, the data

acquisition and Fast Fourier transform (FFT) processes are not shown here (details

can be found in Section 4.4). The instantaneous transverse velocity signals at a se-

lected point from 9000 image pairs were used to determine the shedding frequency.

The signals measured at minimum of two points were examined in each case and an

average value of the vortex-shedding frequency was taken in order to obtain more

reliable results. For brevity, the details of the shedding frequency results are not

shown here but in Appendix D. The maximum standard deviation in the measured

frequency was 2.8% of the mean. Due to the framerate limitation of the high-speed

camera (up to 36,000 Hz for the desired viewing window), reliable shedding fre-

quency results can only be captured with Rep less than 240 in the present study.

The relationship between the Strouhal number and Rep for the second and first

cylinders with L/Dp ranging from 4.5 to 6.5 is shown in Figure 7.7. The compara-

tive result from a single cylinder in a microchannel with same levels of confinement

is also included (solid line with star symbols). For lower values of L/Dp (2.5 and

3.5), no dominant frequency was detected from the spectra of the fluctuating veloc-

ity implying that the onset of vortex shedding is further delayed to Rep higher than

240 (limit of the present experiments due to camera frame rate/resolution trade-off),
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shown in Figure 7.7. As was seen previously in Figure 7.6, the onset of vortex-

shedding from the second cylinder occurs when Rep reaches 260 or 240 for L/Dp

= 2.5 and 3.5, respectively (which could not be measured due to the limited framer-

ate of the high-speed camera). These relatively high values of Rep for the onset of

shedding illustrate the significant retardation effects of the two tandem cylinders in

the ‘reattachment regime’.

Figure 7.7: The relationship between St and Rep for various values of L/Dp for the first
cylinder (dot lines) and the second cylinder (dash lines) in tandem.

In the ‘co-shedding regime’ (L/Dp > 4.5), the St values measured behind the

first and second cylinders are very close to each other with Rep ranging from 150

to 230 (Figure 7.7). The commencement of vortex-shedding behind the first cylin-

der strongly affects and synchronizes the vortex-shedding behind the second one.

Hence, both cylinders undergo vortex-shedding at the same frequency. This is in

agreement with numerical simulations by Meneghini et al. [190], which predicted

that vortices shed from the first cylinder merge with those forming from the second

cylinder. Moreover, all St values measured, for the all tandem configurations stud-

ied, are slightly lower than the results from a single confined cylinder (solid line
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with star symbols). This may be related to the fact that the second cylinder is sub-

ject to the vortices generated from the first cylinder, which in turn causes the new

vortices to form very close to the second cylinder, reducing the vortex-formation

length relative to the single-cylinder case. The shorter recirculation region (and

the shortening of the shear layers that roll up) and the disruption of the formation

process may lead to a reduction in the strength of vortex-shedding. Zhou and Yiu

[11] also illustrated that in the ‘co-shedding regime’, the vortex-shedding behind

the second cylinder dissipates more quickly, in part due to the vortex impingement

process.

Figure 7.8: The effect of longitudinal pitch ratio L/Dp on the Strouhal number for two
tandem cylinders in cross-flow at Rep of 1300 [12], 100 [16] [17] and 200
respectively.

In order to investigate the effect of L/Dp on St, the variation of normalized St

with L/Dp is plotted in Figure 7.8 with comparative data from literature [12] [16]

[17]. Note that the St values are normalized by the value for the single cylindrical

pin in each case (Sto). St/Sto decreases slowly with L/Dp during the ‘reattach-

ment regime’, and the Strouhal number is lower than the value for a single cylinder

(St/Sto < 1). The lower shedding frequency reflects a ‘stabilization’ of the flow
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field due to the presence of the second cylinder which is similar to the effect from a

splitter plate [40]. When L/Dp increases to above the critical longitudinal pitch ra-

tio, which is around 3.5 for present study and that of Sharman et al. [17], and about

4 for the experiments of Xu and Zhou [12] and Li et al. [16], St/Sto increases signif-

icantly as it enters the ‘co-shedding regime’. Then St/Sto gradually approaches the

single-cylinder value with increasing L/Dp. The values of St/Sto from the confined

microchannels in the present study are close to the data from literature acquired

for unconfined channels. The results indicate that although the confinement delays

the onset of vortex-shedding and increases the critical Rep, L/Dp still has similar

influence on the shedding frequency as in the unconfined cases.

7.2.3 Mixing characterization for two tandem pins

Sample instantaneous concentration fields acquired using the µLIF system are

shown in Figures 7.9 (Rep ≈ 150) and 7.10 (Rep ≈ 300), the corresponding vor-

ticity fields for which were shown in Figures 7.2 and 7.3. Similar to Figure 7.2,

the concentration fields are also stitched by four flow regions captured at the chan-

nel midplane (z/Dp = 0) with the same flow conditions (but not at the same time).

The concentration fields are essentially identical upstream of the first cylindrical

pin (x/Dp < -1), because lateral diffusion is slow compared to the flow velocity,

leading to no significant changes in the concentration fields between the different

cases. The average flow velocity is around 0.3 m/s at the Rep ≈ 150, resulting in a

residence time of 0.17 s from the inlets to the first pin location. The diffusion coeffi-

cient of Rhodamine 6G in the water at 25 °C is 4.14 × 10−6 cm2/s [184]. Therefore,

the fluorescent dye is expected to cross the fluid interface by about 8.4 µm due to

diffusion in the transverse direction (0.6% of the channel width), indicating that the

diffusive mixing is relatively weak. This is evident in the sharpness of the fluid

interface in the instantaneous concentration fields upstream of the first pin.

At Rep = 149 in the microchannel with L/Dp = 2.5 (top row of Figure 7.9),

no vortex-shedding is observed and the vortices behind the two pins are symmetric.

Downstream of the second cylinder, the sharp interface at the centreline can be seen

again, because in the absence of vortex-shedding there is no mechanism to introduce
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interface waviness (enabling convective mixing) downstream. This result is similar

to the symmetric channel with a steady flow cases shown in Chapter 5 (top row of

Figure 5.5), where the three-dimensional flow features are symmetric (Inoue and

Sakuragi, 2008) and do not lead to an increase in mixing when the interface lies at

the centreline.

In contrast, good mixing can be seen in the near wake region of the first pin

with L/Dp = 4.5 (middle row of Figure 7.9). Moreover, with the onset of vortex-

shedding, the fluid interface is deformed and becomes blurred far downstream the

wake region of the second cylinder, which indicates good mixing performance. As

for the microchannel with L/Dp = 6.5, although the Rep (of 152) is slightly higher

than the critical value for the onset of instability, vortex-shedding is relatively weak

and does not result in significant mixing. These trends can be understood in terms

of the mean Vrms/Uo data shown in the Figure 7.5. At Rep of around 150, the

microchannel with L/Dp = 4.5 has the highest value of mean Vrms/Uo behind both

cylinders, indicating strong advective mixing, while the values of mean Vrms/Uo

with L/Dp = 2.5 and 6.5 are around 0.02 and 0.1 respectively, resulting in weak

mixing performance.

At the higher range of Rep (from 294 to 302, see Figure 7.10), unsteady flows

can be observed downstream of the second pin in all cases with x/Dp of around 9.

As discussed in Section 7.2.1, the Rep in this range is above the critical value for

the onset of vortex-shedding. Interestingly, as shown in the top row of Figure 7.10,

the instability of flow in channel with L/Dp = 2.5 is not apparent at Rep of 294. The

mean Vrms/Uo value from the second cylinder with L/Dp = 2.5 at this Rep is about

0.1 (see Figure 7.5a), which is not large enough to induce strong advective mixing.

But in the microchannels with L/Dp = 4.5 and 6.5, the two mixing fluids are fully

disordered in the far downstream region due to the strong enhancement of mixing

by vortex-shedding.

In order to quantify the mixing performance, the intensity of segregation

(Equation 2.27) was calculated from the LIF data. Similar to previous chapters,

the mixing index was found as a function of x/Dp by dividing each concentration
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Figure 7.9: Instantaneous normalized concentration fields for various L/Dp in the flow re-
gion -4 < x/Dp < 10, with the position of inlets fluids interface set at the chan-
nel centreline. The Reynolds number ranges from 149 to 152, corresponding
to Figure 7.2.

Figure 7.10: Instantaneous normalized concentration fields for various L/Dp in the flow
region -4 < x/Dp < 10, with the position of inlets fluids interface set at the
channel centreline. The Reynolds number ranges from 294 to 302, corre-
sponding to Figure 7.3.
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field into strips 20-pixels in width and calculating the mean and standard deviation

of the intensity in each strip over 100 instantaneous images. The number of pixels

of each strip was chosen to ensure that the results were robust (i.e. the sample size

was sufficiently large to achieve convergence) and that the profiles of M were not

significantly affected by noise in the measurements of the concentration field. And

the error bars of mixing index came from the standard deviation of M evaluated

from the number of experimental images used (100 images in each case).

The variation in the mixing index M in the streamwise direction is shown in

Figure 7.11, corresponding to the data sets presented in Figures 7.9 and 7.10. To

start with, the features in Figure 7.11a (i.e. corresponding to Rep ≈ 150, below

the critical value for vortex-shedding) are relatively straightforward to interpret.

Upstream of the pins, in the region x/Dp = -5 to -1, mixing is relatively weak in

all cases (M less than 10%). The non-zero value of M is likely to be the result of

diffusion and experimental error. Figure 7.11a also shows that the mixing curves

with L/Dp= 2.5 and 3.5 are close to each other (blue and black dot lines) with Rep

being below the critical value for the onset of vortex-shedding. An increase of M

can be found near the pins region, which may be attributed to the entrainment of

fluids from both layers into the recirculation area behind the two cylinders that acts

as a local mixer. Further downstream, the mixing index drops back to ≈ 10% and

remains at this value from x/Dp = 10 to 15 because in the symmetric channel with

a steady flow, the flow features will also be symmetric and not lead to an increase

in mixing (across the symmetry plane). In terms of the other configurations (L/Dp

ranging from 4.5 to 6.5), the mixing curves also experience an increase near the pins

region and slightly drop down downstream of the second pin. In the far downstream

region (x/Dp = 10 to 15), the values of M remain at around 18% with L/Dp = 5.5

and 6.5. However, the M value gradually increases to 35% in the far downstream

region of the microchannel with L/Dp = 4.5, which shows a similar trend of mean

Vrms/Uo (see Figure 7.5a). At Rep of about 150, the mean value of Vrms/Uo behind

the second cylinder with L/Dp = 4.5 (around 0.23) is much higher than that for the

microchannels with L/Dp = 5.5 and 6.5 (around 0.1 and 0.07, respectively).
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At higher Rep ≈ 300 (Figure 7.11b), significant changes can be observed due

to the presence of vortex-shedding. For L/Dp ranging from 4.5 to 6.5, the mixing

performance is still relatively low upstream of the first pin (M ≈ 10%). However,

an increasing trend in the mixing curves is observed near the pin region, all the

values of M increase dramatically to about 60% at x/Dp = 15. The level of mixing

enhancement (in the region x/Dp = -5 to 15) is lower in the microchannel with

L/Dp = 3.5 (black dashed line), where the mixing index reaches about 38% at x/Dp

= 15. For L/Dp = 2.5, the mixing performance is relatively weak, with the value

of M staying at around 15% in the far downstream region (x/Dp > 10) because the

suppression of the vortex-shedding with L/Dp of 2.5 is stronger than that at L/Dp

of 3.5 in the ‘reattachment regime’.

Further comparison is shown in Figure 7.12, the change in mixing index ∆M

(from the streamwise location x/Dp = -3 to 14) is plotted as function of Rep for

various L/Dp values investigated. The value of ∆M from the single pin case (see

Chapter 5) is also shown as a reference. For L/Dp = 2.5 (blue line with circle sym-

bols), the mixing enhancement is always low (less than 10%), even for Rep greater

than the critical value for the onset of vortex-shedding (around 260). As shown in

Figure 7.5, at Rep of 300, the values of mean Vrms/Uo are less than 0.03 and 0.15 be-

hind the first and second cylinders respectively, which are the corresponding values

for other (higher) values of L/Dp. This indicates that even with the onset of vortex-

shedding, the flow instability has no effect on mixing as it does not significantly

disrupt the interface between the two fluids further downstream from the wake.

Similar results can be observed with L/Dp = 3.5, which is also in the ‘reat-

tachment regime’. The value of ∆M remains low (less than 10%) with Rep varying

from 40 to 260. Note that the critical Rep of L/Dp = 3.5 in around 240, indicating

again that the onset of vortex-shedding does not significantly enhance mixing at

this Rep. However, when Rep reaches around 300, a sharp increase can be observed

(black line with diamond symbols) with the value of ∆M over 30%. As shown in

Figure 7.5a, the mean Vrms/Uo behind the second cylinder with L/Dp = 3.5 is over

0.2 at Rep of around 300, indicating strong vortex-shedding which should engender
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Figure 7.11: The variation of the mixing index M along the channel (x/Dp = -5 to 15) for
T/Dp = 0 and various L/Dp and Rep. (a) Rep ≈ 150 (exact values shown in
the legend) and (b) Rep ≈ 300 (exact values shown in the legend). Note that
some of the symbols are larger than the standard deviation value of M.
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Figure 7.12: The relationship between Rep and change in the mixing index ∆M (i.e. the
increase in M from x/Dp = -3 to 14) with different L/Dp. Note that some of
the symbols are larger than the standard deviation value of M.

mixing enhancement.

In the ‘co-shedding regime’(L/Dp > 3.5), the value of ∆M remains low before

the critical Rep, which is similar to the steady flows. At Rep of around 150, the

highest increase in mixing index can be observed with L/Dp = 4.5, which also had

the highest mean Vrms/Uo value shown in Figure 7.5a. With increasing Rep, the

values of ∆M in channels with L/Dp = 5.5 and 6.5 dramatically overtake the values

at L/Dp = 4.5 for Rep of around 180 and then remain at about 53%. In the co-

shedding regime of L/Dp = 4.5, ∆M tends to increase gradually and continuously.

However, for L/Dp over 5.5, it increases sharply at the onset of vortex shedding but

stays roughly flat after that. This means that by x/Dp ≈ 14, ∆M is ever so slightly

higher for L/Dp = 4.5.

Based on the above results, it can be concluded that in the microchannels with

two cylinders in tandem and located at the channel centreline (i.e. symmetric con-

fined cylinders), no significant mixing enhancement can be seen at Rep lower than
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the critical value for vortex-shedding. Even after the vortex-shedding ensues, the

shedding needs to be sufficiently strong to significantly disrupt the interface be-

tween the two mixing fluids in order to improve the mixing performance, especially

in the ‘reattachment regime’. When the Reynolds number is sufficiently high, strong

vortex-shedding leads to advective motion and rapid dispersal of the fluid phases

throughout the microchannel, called unsteady convective mixing, which is the most

effective form of mixing.

In addition, the mixing performance with two tandem cylinders in the ’reat-

tachment regime’ is weaker than that of single cylinder case (red solid line), due to

the suppression of vortex-shedding. By a simple scaling argument, it is inefficient

to add multiple tandem pins with L/Dp less than the critical value (within the ’reat-

tachment regime’) in the micromixers. For the ’co-shedding regime’ (L/Dp > 3.5),

the mixing performance is slightly better than that of single cylinder case. It is wor-

thy of assessing other parameters, e.g. pressure drop, to have further comparison.

7.3 Micropins in staggered arrangements

The staggered arrangement is the most general arrangement of two circular cylin-

ders, which is likely to occur more often in engineering applications [69]. In this

work, the first cylindrical pin was located at the microchannel centreline and the

transverse spacing was varied by offsetting the second pin from the channel cen-

treline, to obtain T/Dp ranging from 0.25 to 0.75 with L/Dp remaining at 2.5.

Selected instantaneous vorticity fields (ωz) in the flow region ranging from x/Dp =

-4 to 10 are shown in Figures 7.13 and 7.14 for Rep of around 150 and 295 respec-

tively. Note that just as in the tandem configuration, the vorticity fields are made by

stitching four instantaneous fields captured at the channel midplane (z/Dp = 0) with

the same flow conditions, but at different times.

At Rep ≈ 150 (see Figure 7.13), no vortex-shedding can be observed behind the

two cylinders with staggered arrangement but significant differences can be found

in the vorticity fields. In the microchannel with T/Dp = 0.25 (top row of Figure

7.13), two shear layers separate from the first cylindrical pin and the upper side of
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shear layer reattaches to the second cylinder. Although the vorticity contours also

show two shear layers separating from the second cylinder, the shear layer from

the bottom side is much weaker than the one from the upper side. For T/Dp = 0.5

(middle row of Figure 7.13), the upper shear layer from the first cylinder is deflected

through the gap between the two cylinders, and the bottom shear layer behind the

second cylinder is clearer. Interestingly, for T/Dp = 0.75, the second cylinder is

very close to the channel wall and there is no visible shear layer on the side of

cylinder next to the wall. Instead, a very long bottom shear layer forms behind the

second pin. Moreover, both shear layers from the first cylinder are deflected through

the gap between the two cylinders.

Figure 7.13: Instantaneous normalized vorticity contours ωzDp/Uo for microchannels with
cylinders in staggered (L/Dp = 2.5) and T/Dp ranging from 0.25 to 0.75. The
Reynolds number ranges from 147 to 151.

At higher Reynolds numbers (Rep ≈ 300), vortex-shedding can be observed

in the wake of the second cylinder for all the staggered configurations examined

(see x/Dp ≈ 10 in Figure 7.14). These vortex-shedding patterns can be compared

to the work of Sumner et al. [13] on flow past two unconfined circular cylinders

of equal diameter, arranged in a staggered configuration. The flow pattern in mi-

crochannel with T/Dp = 0.25 (top row of Figure 7.14) is similar to the ‘shear layer



192 Chapter 7. Flow Past Two Confined Micropins

reattachment’ (SLR) pattern shown by Sumner et al. [13], where the upper shear

layer from the first cylinder reattaches to the second cylinder. The roll-up of the

shear layers can be seen in the bottom shear layer from the first cylinder and both

shear layers behind the second pin. In terms of T/Dp = 0.5 (middle row of Fig-

ure 7.14), the flow pattern is similar to the induced separation (IS) flow pattern

identified by Sumner et al. [13], where the shear layer from the first cylinder is

deflected through the gap between the cylinders, and separated flow and vorticity

generation is induced on the surface of the second cylinder. This implies that due

to the increase of transverse pitch ratio, the reattachment of the upper shear layer

from the first cylinder to the second cylinder can no longer be maintained. A small

near-wake region forms behind the first cylinder, which is highly constrained within

the gap between the cylinders, and is biased away from the second cylinder. The

roll-up of the shear layers from both cylinders occurs at x/Dp ≈ 3 and leads to a

high degree of unsteadiness and disorganization the vorticity fields far downstream

the second cylinder. Interestingly, Sumner et al. [40] indicated that induced separa-

tion can still occur for two cylinders with staggered arrangement with L/Dp = 2.5

and T/Dp = 0.75. However, the flow pattern shown in the bottom row of Figure

7.14 is very different from the IS pattern. Instead, the vorticity fields behind the

second cylinder is similar to the pattern around a circular cylinder close to an end

wall [109]. A long recirculation area can be seen behind the second cylinder and

the roll-up of the bottom shear layer occurs in the far downstream region (at x/Dp

of around 8). However, the shear layers behind the first cylinder are similar to the

IS flow pattern, i.e. deflected through the gap between the two cylinders. Therefore,

the flow features in the microchannel with T/Dp = 0.75 are determined both by the

staggered arrangement of the cylinders and the proximity of the second cylinder to

wall (lateral confinement). Note that the contours of normalized velocity fields and

streamlines corresponding to Figures 7.13 and 7.14 are shown in the Appendix C.



7.3. Micropins in staggered arrangements 193

Figure 7.14: Instantaneous normalized vorticity contours ωzDp/Uo for microchannels with
cylinders with staggered arrangement (L/Dp = 2.5) and T/Dp ranging from
0.25 to 0.75. The Reynolds number ranges from 293 to 299.

7.3.1 Critical Reynolds number for vortex-shedding from two

cylinders with staggered arrangement

The distribution of the normalized root-mean square value (Vrms) of the fluctuating

transverse velocity components and the sample mean is used to determine the criti-

cal Rep for the onset of vortex-shedding. The contours of Vrms/Uo in the microchan-

nel with L/Dp = 2.5 and T/Dp ranging from 0.25 to 0.75 at Rep ≈ 300 are shown

in Figure 7.15 (which corresponds to the vorticity fields in Figure 7.14). With the

onset of vortex-shedding behind the first cylinder, the high values of Vrms/Uo can

be observed in the region near the inner side of the second cylinder. Therefore, the

mean values of Vrms/Uo in this region 1.75 < x/Dp < 2.75 at different Rep are used

to determine the critical Rep for the onset of instability of the first cylinder. In terms

of the second cylinder, the mean Vrms/Uo from the region three pin-diameters down-

stream the second cylinder (x/Dp ≈ 5) is applied for microchannels with T/Dp =

0.25 and 0.5. However, for T/Dp = 0.75, the roll-up of the bottom shear layer

occurs in the far downstream region (at x/Dp ≈ 8, see Figure 7.14). Hence the

mean value of Vrms/Uo in the far downstream region (x/Dp = 10 to 11) is used to
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determine the critical Rep for T/Dp = 0.75.

Figure 7.15: Contours of the normalized root-mean square value of the fluctuating trans-
verse velocity (Vrms/Uo) with the mean velocity vectors superimposed for mi-
crochannels corresponding to Figure 7.14.

The variation of the mean Vrms/Uo with Rep and T/Dp is shown in Figure

7.16. The result from the microchannel with L/Dp = 2.5 and T/Dp = 0 (tandem

arrangement, but with same L/Dp ) is also shown as a reference. As shown in

Figure 7.16a, the mean Vrms/Uo behind the second pin is approximately zero for the

low Rep and increases sharply beyond a critical Rep value, which marks the onset of

vortex-shedding. However, for the first cylinder (see Figure 7.16b), the mean value

of Vrms/Uo for T/Dp = 0.5 (purple triangles) slightly increases to around 0.05 with

Rep ranging from 150 to 280. After a slightly decrease at Rep around 290, the value

dramatically increases to over 0.2 with Rep reaching 300. Hence, a weak instability

can be found behind the first cylinder pin with T/Dp = 0.5 at Rep ranging from 150

to 280, before full vortex-shedding initiates as the Reynolds number is increased

beyond the critical value.

The critical value of Rep identified from Figure 7.16 is plotted as a function of

T/Dp in Figure 7.17. The red bands in Figure 7.17 show the critical value of Rep for
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Figure 7.16: Variation of the mean Vrms/Uo in the region shown in Figure 7.15 with Rep,
for (a) the second (downstream) cylinder and (b) the first (upstream) cylinder.
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Figure 7.17: The relationship between critical Rep and T/Dp and comparison against a
confined single cylinder is also included (red band). The error bars in the
data represent the measuring gap between the Rep. Similarly, the thickness
of the red band indicates the uncertainty in the estimate of the critical Rep for
isolated single confined pin, based on the resolution of Rep achieved with the
setup.
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a single cylinder in the microchannel with the same confinement (see Chapter 4). As

shown in Figure 7.17a, the critical Rep for the onset of vortex-shedding significantly

reduces (to the critical value of a single cylinder) with the second cylinder offsetting

from the channel centreline at the same value of L/Dp. However, in a marked

difference from the tandem arrangement, a monotonic increase of the critical Rep

for the second cylinder can be observed with T/Dp increasing from 0.25 to 0.75.

The shear layer close to the wall from the second cylinder remains steady and does

not curl up into a discrete vortex, thus suppressing vortex-shedding, which is in

agreement with the findings of Wang and Tan [109] and Lei et al. [107]. The delay

of vortex-shedding caused by the staggered arrangement of two cylinders is not

obvious in unconfined channels, although the configuration may change the vortex-

shedding mode/shape [191]. Therefore, the increase of critical Rep with increasing

T/Dp may mainly be due to the wall proximity to the second cylinder.

For T/Dp = 0, i.e. the reference case, no vortex-shedding occurs from the first

cylinder(Figure 7.17b), as it is in the ‘reattachment regime’. For T/Dp = 0.25, the

critical Rep of the first cylinder is close to the value of the second cylinder. However,

the values of critical Rep with T/Dp = 0.5 and 0.75 dramatically increase to over

300. Note that the critical Rep with T/Dp = 0.5 was chosen when the mean value

of Vrms/Uo increases to over 0.2 at Rep of around 300, rather than the onset of the

weak instability which occurred in the range Rep = 150 to 280, because this was

found to be too weak induce any significant changes in the velocity (see Appendix

C) and the concentration fields.

The suppression of vortex-shedding from the first cylinder may be due to the

strong transverse flow caused by the wall proximity (with the second cylinder). Fig-

ure 7.18 shows the normalized velocity contours and streamlines corresponding to

the cases of Figure 7.14. In the bottom row of Figure 7.18 (T/Dp = 0.75), a strong

transverse flow can be seen near the bottom side of the second cylinder, which de-

forms the near-wake region behind the first cylinder and suppresses the onset of

vortex-shedding. For the other microchannels, the transverse flow near the bottom

side of the second cylinder is much weaker with T/Dp = 0.5 and is not apparent
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Figure 7.18: Instantaneous normalized velocity contours U/Uo and streamlines for mi-
crochannels with L/Dp = 2.5 and T/Dp ranging from 0.25 to 0.75. The
Reynolds number ranges from 293 to 299 corresponding to Figure 7.14.

with T/Dp = 0.25. Compared with the results from the tandem cylinders, it can be

concluded that the confinement from the channel walls plays a more significant role

in the two staggered configuration (asymmetric channel) than the tandem configu-

ration (symmetric channel).

7.3.2 Vortex-shedding frequency and Strouhal number for two

cylinders with staggered arrangement

The Strouhal number was investigated using the high-speed µPIV. The instanta-

neous transverse velocity signal at selected points from 9000 image pairs was used

to determine the shedding frequency. At least two additional points were exam-

ined in each experiment and an average value of the vortex-shedding frequency was

taken in order to obtain more reliable results. Selected Fast Fourier Transform (FFT)

spectra at different Rep for microchannels with L/Dp = 2.5 and T/Dp ranging from

0.25 to 0.75 are shown in Figures 7.19, 7.20 and 7.21 respectively.

As shown in Figure 7.19, no dominant frequency peak can be detected at Rep

= 188 from both cylinders with T/Dp = 0.25. With Rep increasing from 206 to 262,
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the measured shedding frequencies behind two cylinders are close to each other.

For T/Dp = 0.5 (see Figure 7.20), a clear frequency peak can be seen for the second

cylinder while the onset of instability from the behind the first cylinder is delayed.

With Rep in the range between 202 to 256, the shedding frequencies behind the two

cylinders with staggered arrangement are different, with a higher value appearing

for the first cylindrical pin. For T/Dp = 0.75, no dominant frequency peak can be

detected from the FFT spectra in the examined Rep range (between 225 to 261) as

shown in Figure 7.21.

Figure 7.19: Frequency spectra at different Rep for the channel with L/Dp = 2.5 and T/Dp

= 0.25. The bold labels indicate the frequencies at which the maximums of
dominant peaks are found.

Based on the FFT results, the relationship between the St and Rep is sum-

marised in Figure 7.22. The comparative result from a single cylinder in a mi-

crochannel with same levels of confinement is also included (solid line with star

symbols). For T/Dp = 0.5, the value of St for the first cylinder (purple dotted line)

is higher than the single cylinder case while the St measured behind the second

cylinder is lower (purple solid line). This can be explained by the size of the wake

region. As shown in Figure 7.18, the near wake region of the first cylinder is short

and narrow, as it is constrained by the angle of the gap flow. By a simple scaling
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Figure 7.20: Frequency spectra at different Rep for the channel with L/Dp = 2.5 and T/Dp

= 0.5. The bold labels indicate the frequencies at which the maximums of
dominant peaks are found.

Figure 7.21: Frequency spectra at different Rep for a channel with L/Dp = 2.5 and T/Dp =
0.75. No vortex-shedding is observed and the spectra are dominated by noise
and do not show any clearly dominant peaks.
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argument, if the period of vortex-shedding is proportional to the length over which

the shear layers roll up (the vortex formation length) divided by the streamwise ve-

locity in the shear layers, then a reduction in the extent of the wake region must lead

to an increase in the shedding frequency. The presence of the downstream cylinder

influences this distance over which the roll up takes place. This explains why the

vortex-shedding from the upstream cylinder for T/Dp = 0.5 occurs at a Strouhal

number higher than that for a single cylinder.

In contrast, vortex-shedding from the wide near-wake region behind the second

cylinder is associated with a Strouhal number lower than that of the single cylinder,

which is in agreement with the study of Sumner et al. [13]. However, for T/Dp =

0.25, the St measured behind two cylinders are close to each other (brown lines with

diamond symbols). Due to the reattachment of the upper shear layer from the first

cylinder to the second cylinder, the two cylinders behave as a single bluff body with

a single Strouhal number in the combined wake of the cylinder pair. This is also in

agreement with Sumner et al. [13], who showed that only a single vortex shedding

frequency is found for the shear layer reattachment (SLR) pattern in unconfined

cylinder with staggered arrangement. However, with similar value of L/Dp and

T/Dp, the St measured by Sumner et al. [13] is around 0.2, which is similar to a

single cylinder in an unconfined channel. In the present study, the value of St for

T/Dp = 0.25 is slightly higher than that for the single cylinder case, which is likely

to be a consequence of the wall confinement.

These results indicate that in the microchannels in which the first cylindrical

pin is located at the channel centreline, the arrangement of the cylinders has the

strongest effect on shedding frequency when the second cylinder is slightly offset

from the channel centreline (T/Dp = 0.25 and 0.5).

7.3.3 Mixing characterization for two cylinders with staggered

arrangement

Instantaneous concentration fields acquired by µLIF are shown in Figures 7.23 and

7.24 for the two Rep, corresponding to the vorticity fields shown in Figures 7.13 and

7.14. It should be noted again that the concentration fields are stitched by four re-
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Figure 7.22: The relationship between St and Rep for the first cylinder (solid lines) and the
second staggered cylinder (dot lines), for different T/Dp.

gions captured under the same flow conditions but at different times. The upstream

concentration fields (x/Dp ≈ -2 in Figures 7.23 and 7.24) are similar in all cases,

regardless of the T/Dp. Therefore, the values of M would be expected to be similar

and low in this region. As shown in Figure 7.23, no vortex-shedding is observed in

all microchannels because the value of Rep is lower than the critical value for the

onset of instability. When the two cylinders are staggered with T/Dp = 0.25 (top

row of Figure 7.23), the fluid interface shifts towards the upper side of the first cylin-

der, before reverting back by the second cylinder. Due to the asymmetry vortices

behind the second cylinder, the fluid interface in the far downstream region shifts

towards the wall. Compared with the tandem arrangement (see top row in Figure

7.9) with the same value of L/Dp, this deformation of the interface (and potential

three-dimensional effects) result in improved diffusive-mixing. Further deforma-

tion of the fluid interface can be seen in the channel with T/Dp = 0.5 (middle row

of Figure 7.23), which can be explained by the development of transverse flow in

the gap between the two cylinder. For T/Dp = 0.75 (bottom row of Figure 7.23), a

long recirculation region can be observed behind the cylinder very close to the wall
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and a more homogenous dye concentration field is shown in the far downstream re-

gion, indicating a good mixing performance. However, in all cases, the region near

the bottom wall (y/Dp < 1) is occupied by unmixed fluid (c/co ≈ 0).

Figure 7.23: Instantaneous normalized concentration fields for various T/Dp in the flow
region -2 < x/Dp < 11. The Reynolds number ranges from 147 to 151, cor-
responding to Figure 7.13.

The corresponding concentration fields for Rep ≈ 300 (exact values shown in

figure labels), i.e. above the critical Rep for the onset of vortex-shedding of the sec-

ond cylinder, are shown in Figure 7.24. For T/Dp = 0.25 and 0.5, vortex-shedding

can be observed behind both cylinders, which enhances advective mixing result-

ing in greater mixing in the downstream region. In the microchannel with T/Dp

= 0.75 (bottom row of Figure 7.24), the onset of instability only occurs at the far

downstream region. Compared with the steady flow at Rep ≈ 150, the mixing index

at this high Rep (≈ 300) does not significantly increase. The data clearly demon-

strate that two mixing mechanisms play important role in the mixing performance

with two cylinders with staggered arrangement in a microchannel. One is the steady

convective mixing caused by the transverse flows induced by the offset pin. Another

is the unsteady convective mixing due to the presence of vortex-shedding.

Comparison between Figures 7.23 and 7.24, which visualise the steady and
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Figure 7.24: Instantaneous normalized concentration fields for various T/Dp in the flow
region -2 < x/Dp < 11, with the position of inlets fluids interface set at the
channel centreline. The Reynolds number ranges from 293 to 299, corre-
sponding to Figure 7.14.

unsteady mechanisms, respectively, indicates that the unsteady process results in

a more thorough mixing close to the pins (x/Dp < 12). For better illustration the

mixing index M is calculated; Figure 7.25 shows a plot of its variation. The mixing

performance from the microchannel with the same value of L/Dp (of 2.5) but with

T/Dp = 0 (tandem arrangement) is also presented for comparison. In the region

upstream the first cylinder (x/Dp from -5 to -1), M is relatively low (less than 10%).

As shown in Figure 7.25a, before the onset of vortex-shedding, the value of M

with T/Dp = 0 increases near the pins region (which is likely to be associated with

continuous mixing in the recirculation region), before gradually returning to around

10%. This indicates no significant mixing enhancement. However, when the second

cylinder is offset from the channel centreline, the mixing performance improves.

For T/Dp = 0.25 and 0.5, the mixing curves have similar performance near the pins

region (x/Dp from 0 to 4). Further downstream in the wake from the second pin (5

< x/Dp < 14), the value of M with T/Dp = 0.25 is slightly higher than that of T/Dp

= 0.5 while both mixing curves reach around 32% at x/Dp = 15. The best mixing
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performance can be seen in the microchannel with T/Dp = 0.75, with the value of

M over 46% at x/Dp = 10. However, in the far downstream region (x/Dp from 10 to

15), the value of M does not improve any further. The results show that before the

onset of vortex-shedding, mixing can be enhanced by the steady convective mixing

due to the transverse flows induced by the offset pin (see also the velocity fields in

Figure 7.18, showing strong transverse flow for T/Dp = 0.75).

Figure 7.25: The variation of the mixing index M along the channel (x/Dp = -5 to 15) for
L/Dp = 2.5 and various T/Dp and Rep (cases are shown in Figure 7.23 and
Figure 7.24). (a) Rep ≈ 150 and (b) Rep ≈ 300. Note that some of the symbols
are larger than the standard deviation value of M.
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At higher Rep ≈ 300 (see Figure 7.25b labels for exact values), the mixing per-

formance for T/Dp = 0 (blue dash line with circle symbols) does not significantly

change compared to Rep ≈ 250, because in both cases vortex-shedding does not

occur. Conversely, significant change can be observed in the channels with T/Dp

of 0.25 and 0.5 due to the onset of vortex-shedding. The mixing curves (purple and

brown dashed lines) are close to each other and both gradually increase to around

55%. However, the value of M in the microchannel with T/Dp = 0.75 does not im-

prove significantly due to the relatively weak vortex-shedding from a single shear

layer and is limited to enhancement by the steady transverse flows induced by the

offset pin.

Interestingly, the unsteady convective mixing (due to the onset of vortex-

shedding) results in a steady growth of M with increasing x/Dp (see Figure 7.25b or

Figure 7.11b). However, the steady convective mixing (due to the transverse flow

or other three-dimensional flow structures) is limited to the near pins region and

does not propagate further downstream (see Figure 7.25a). The latter effect arises

because in steady convection, intense mixing is mostly confined to the recirculation

region in the near wake, which does not exchange fluid with the rest of the flow.

Figure 7.26 shows the variation of the level of mixing enhancement ∆M (in-

crement of M from x/Dp = -3 to 14) with Rep. The result from a single confined

pin is shown as a reference. In the microchannel with L/Dp = 2.5 and T/Dp =

0, the mixing performance is always low (less than 10%) for all Rep tested (40 to

340). With small offsets of the second cylinder (T/Dp = 0.25 and 0.5), the mixing

indices are close to each other and ∆M increases with the increase in Rep from 40 to

340. The T/Dp = 0.75 microchannel has the best mixing performance (∆M > 43%)

with Rep ranging from around 40 to 220 (no vortex-shedding). However, for Rep >

260, the relatively weak vortex-shedding from a single shear layer behind the sec-

ond cylinder has no effect on mixing as it cannot disrupt the interface between the

two mixing fluids. The increase of Rep also reduces the residence time for mixing,

resulting in a reduction of mixing enhancement at the high Rep range (260 to 340).

Moreover, before the onset of vortex-shedding, the staggered confined cylin-
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Figure 7.26: The relationship between Rep and mixing index ∆M (increment of M from
x/Dp = -3 to 14) with different T/Dp. Note that some of the symbols are
larger than the standard deviation value of M.

ders have better mixing performance than the single cylinder (red solid line), due

to the steady transverse flows induced by the offset pin. However, at relatively high

Reynolds number, the mixing performance from two cylinders with staggered ar-

rangement is close to (and even weaker than) the single cylinder case. Therefore,

cylinders with staggered configurations may be more suitable for the micromixers

working at low Reynolds numbers.

7.4 Summary
The flow past two confined cylinders in tandem and staggered arrangements inside

microchannels has been examined experimentally for various Reynolds number (up

to 340). µPIV is used to characterize the flow patterns and µLIF to acquire the

instantaneous concentration fields and analyse the mixing performance. The high-

speed micro PIV system is also applied to measure the vortex-shedding frequency.

With the confined pins in tandem arrangement, the critical longitudinal pitch
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ratio was found to be around 3.5 at Rep of 300. With L/Dp less than the critical

value, the two cylinders were in the ‘re-attachment regime’, where the shear layers

from the first cylinder attached to the body of the second cylinder, resulting in the

suppression of vortex-shedding. With L/Dp over the critical value, the two pins

were in the ‘co-shedding regime’, without any suppression of vortices compared to

a single cylinder case. Moreover, the shedding frequency behind the two cylinders

was the same, with a Strouhal number slightly lower than that of a single cylinder. In

terms of mixing, no mixing enhancement was observed before the onset of vortex-

shedding. Once the vortex-shedding initiated, the mixing increased significantly

and overtook the single cylinder case. The best mixing performance was found in

the microchannel with L/Dp = 4.5 at the highest examined Rep.

In terms of two cylinders with staggered arrangement, the suppression of

vortex-shedding caused by the cylinder configuration was not obvious but mainly

depended on the distance between the offset cylinder and the channel walls. In the

staggered configurations with constant L/Dp of 2.5, the shear layer reattachment

(SLR) flow pattern was seen with T/Dp of 0.25, where the shedding frequency be-

hind the two cylinders were the same. For T/Dp of 0.5, the induced separation (IS)

flow pattern was observed and two Strouhal numbers were detected. The shedding

frequency behind the first cylinder was much higher than the second cylinder due

to the shorter and narrower wake. For T/Dp = 0.75, the second cylinder was very

close to the channel wall, resulting in a long shear layer and a long recirculation

area as well as vortex-shedding suppression. With Rep less than the critical value

for the onset of instability, cylinders with staggered arrangement have better mix-

ing performance than the single cylinder. And the best mixing can be found with

T/Dp = 0.75 attributed to steady convective mixing mechanism. However, with

Rep higher than 260, the mixing enhancement in the channels with T/Dp = 0.25

and 0.5 overtook the channel with T/Dp = 0.75 and the value is close to a single

cylinder case. Therefore, these results show that a weak vortex-shedding may not

influence the unsteady convective mixing because it lacked the strength to disrupt

the interface between the two mixing fluids.
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In the next chapter, the conclusion of this thesis and an outlook on the future

work are provided.





Chapter 8

Conclusions and Future Work

The aim of this thesis was to enhance the understanding of flow past confined cylin-

drical pins in microfluidic devices, with a focus on fundamental research on passive

micromixers with obstacles. The presence of vortex-shedding behind the obsta-

cles was of special interest, because prior works focused on relatively low Reynolds

numbers [30] [98] [110]. Hence, the effect of the unsteady convective mixing due to

vortex-shedding was not fully understood. In fluid mechanics, flow past a cylinder

is a canonical problem that has been well-documented at the macroscale, described

in detail in many seminal works [35] [36] [37]. However, in microfluidic channels,

the confinement from the channel walls plays an important role in the flow dynam-

ics and mixing performance, due to the size limitation of microfluidic devices [32].

In the present work, the microscale flow past single and two pin arrays was experi-

mentally investigated for different levels of confinement, flow mixing ratios and pin

configurations for Reynolds numbers up to 340 (over the critical value for the onset

of vortex-shedding).

CNC micromilling on PMMA substrate with direct fabrication was applied to

produce cylindrical pins in the microchannels with required configurations. Micro

particle-image velocimetry (µPIV) was applied to investigate the velocity fields,

and micro laser-induced fluorescence (µLIF) to acquire the instantaneous concen-

tration fields and assess the mixing performance, utilising the intensity of segrega-

tion technique. The onset of vortex-shedding in such flows is associated with rela-

tively high – hundreds Hz range - frequencies that are difficult to resolve. Hence, a
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high-speed µPIV technique was implemented for time-resolved measurements and

analyses of the vortex-shedding frequencies. The summaries of main contributions

and key results are summarised in Sections 8.1 and 8.2, respectively. Some recom-

mendations for future work are provided in Section 8.3.

8.1 Summary of main contributions
The main scientific contributions of this thesis are summarized as follows:

1. A new high-speed µPIV was setup and used to obtain the first time-resolved

measurements of vortex-shedding in a microfluidic system.

2. The role of confinement on the flow past a single microfluidic cylinder was

explained, with emphasis on the critical Reynolds number for the onset of

instability and the shedding frequency.

3. The mixing performance in microchannels with a cylindrical pin was firstly

investigated in a large range of Reynolds numbers (to over the critical value

for the onset of vortex-shedding). Three types of mixing mechanisms were

identified depending on the Reynolds number range and confinement levels.

4. The question about the relationship between the position of fluids interface

and obstacle in mixing was addressed; the mixing was found to be most ef-

ficient when the pin axis and fluid interface are aligned with the onset of

vortex-shedding.

5. The flow pattern and mixing performance with flow past two confined cylin-

ders were investigated for the first time. The mixing performance was also

compared with the single pin case to discuss the improvement of adding mul-

tiple cylinders in the micromixer.

A more detailed description of these contributions and broader research find-

ings is presented in the following section.
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8.2 Summary of findings

In order to explore the role of microchannel confinement on the onset of vortex-

shedding from a single cylindrical micropin, a high-speed µPIV method was imple-

mented to fully resolve microscale time-dependent flows in Chapter 4. The vertical

confinement was found to strongly suppress/delay the onset of vortex-shedding with

the critical value of Rep increasing from 110 to 300 when h* reduced from 3 to 1 (in

channels with w* = 3). Lateral confinement, on the other hand, did not significantly

alter the critical Reynolds number as it remained between 160 to 220 in the tested

range of w* between 2 to 4, for a fixed h* = 2. However, lateral confinement was

found to have a stronger effect on the shedding frequency than vertical confinement.

The Strouhal number increased with a reduction of w* at the same Rep, possibly due

to the increase of the velocity of the fluid between the cylinder and the walls, result-

ing in a greater strength of the vorticity in the shear layers. In addition, Lagrangian

analysis of the measured flow fields clearly showed that vortex-shedding enhances

the mixing performance and material transport due to the generation of a significant

crossflow in the wake of the pin.

In order to further investigate the mixing performance within the different con-

fined microchannels, µLIF measurements were taken to quantify the mixing of two

fluid streams in Chapter 5. Three key mechanisms were identified during the mixing

process, namely diffusion-dominated, steady convective and unsteady convective

mixing. Each mechanism applied in a certain Reynolds number range as well as the

geometries of the microchannels. In the far upstream region of the pin, or before the

onset of vortex-shedding in microchannels with relatively weak lateral confinement

(large value of w*, such as w* = 3 and 4), the mixing was diffusion-dominated,

and not significantly affected by the presence of micropin. In microchannels with

strong lateral confinement (w* = 2), the pin and close channel walls deflected the

flow, inducing transverse flow motion and momentum transfer across the channel,

leading to the effective dispersal of fluid streams throughout the channel, by steady

convective mixing. At higher Reynolds number, exceeding the critical value for

the onset of vortex-shedding from the pin, unsteady convective flows and chaotic
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motion were generated throughout the microchannel as a result of vortex-shedding,

providing an efficient mechanism for mixing. In addition, the extremely great lat-

eral confinement was found to enhance mixing in relatively low Reynolds numbers

(without vortex-shedding) due to the strong shear layers and transverse flows be-

hind the cylindrical pin. Moreover, at relatively high Reynolds numbers (following

the onset of vortex-shedding), lower values of w* also resulted in better mixing per-

formance. The vertical confinement was found to affect the mixing performance

mainly by changing the critical value of Reynolds number for the onset of instabil-

ity.

In Chapter 6, the mixing of two fluid streams in microchannels with a single,

confined cylindrical micropin was examined for various positions of the obstacle

and the fluid interface. Two flow ratios were considered at the inlets resulting in

the fluid interface positioned on and off the channel centreline (i.e. at half and a

third of the channel width respectively). When the fluid interface coincide with the

channel centreline (l/W = 0.5), i.e. the two fluid streams were mixed at the same

ratio, prior to the onset of vortex-shedding, offsetting the pin slightly off the cen-

treline (δ = 0.42) provided the best mixing performance compared to the channels

with the pin located on the centreline (δ = 0.89) or nearer the channel wall (δ =

0.19). However, once the vortices forming behind the cylindrical pins started shed-

ding, then the mixing was most efficient when the pin was located on the channel

centreline (δ = 0.89), i.e. it was aligned with the interface between the two fluids

to be mixed. When the fluid interface was offset from the centreline (l/W = 0.3),

optimal mixing was observed when the pin was also offset by the same amount (i.e.

for δ = 0.42). Similar mixing mechanisms were also determined. As expected, the

mixing was diffusion-dominated in the absence of obstacle or far upstream of the

obstacle, which was not affected significantly by the position of the fluid interface.

With obstacle offsetting from the channel centreline, the transverse flow across the

channel resulted in steady convective mixing. With the onset of vortex-shedding,

unsteady convective mixing was observed and provided good mixing enhancement.

To study the effect of multiple pins in micromixers, the flow around two circu-
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lar cylinders was examined as a starting point. Chapter 7 investigated the flow past

two cylinders in microchannels with tandem and staggered arrangements for Rep

up to 340. With the confined pins in a tandem arrangement, a critical longitudinal

pitch ratio was found to be around 3.5 at Rep of 300. With L/Dp less than the critical

value, the two cylinders were in the ‘re-attachment regime’, where the shear layers

from the first cylinder attached to the body of the second cylinder, resulting in the

suppression of vortex-shedding. The mixing performance in this regime was lower

than a single cylinder case. With L/Dp over the critical value, the two pins were in

the ‘co-shedding regime’, without any suppression of vortices compared to a single

cylinder case. Moreover, the shedding frequency behind the two cylinders was the

same, with the Strouhal number slightly lower than that of a single cylinder. No

mixing enhancement was observed before the onset of vortex-shedding. Once the

vortex-shedding initiated, the mixing increased significantly (slightly higher than

the single cylinder case) and the best mixing performance was found in the mi-

crochannel with L/Dp = 4.5 at the highest examined Rep. For two cylinders with

staggered arrangement, the suppression of vortex-shedding by the cylinder config-

uration was not obvious but mainly depended on the distance between the offset

cylinder and the channel walls. In the staggered configurations with constant L/Dp

of 2.5, shear layer reattachment (SLR) flow pattern was seen with T/Dp = 0.25,

where the shedding frequency behind the two cylinders were the same. For T/Dp

= 0.5, induced separation (IS) flow pattern was observed and two Strouhal numbers

were detected. The shedding frequency behind the first cylinder was much higher

than the second cylinder due to the shorter and narrower wake. For T/Dp = 0.75,

the second cylinder was very close to the channel wall, resulting in a long shear

layer and a long recirculation area as well as the vortex-shedding suppression. With

Rep less than the critical value for the onset of instability, the mixing was mainly

the steady convective mixing (due to the transverse flow or other three-dimensional

flow structures) and best mixing performance was found with T/Dp = 0.75. Notably

the mixing performance at this Rep range was higher than the single cylinder case.

With Rep higher than 260, the mixing enhancement in the channels with T/Dp =
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0.25 and 0.5 overtook the channel with T/Dp = 0.75. Therefore, the results showed

that a weak vortex-shedding may not influence the unsteady convective mixing be-

cause it lacked the strength to disrupt the interface between the two mixing fluids.

In addition, with the onset of vortex-shedding, the mixing performance for the pins

with staggered arrangement did not overtake the single cylinder case.

In summary, unsteady convective mixing caused by the onset of vortex-

shedding was demonstrated as an efficient mixing mechanism in the micromixer

with obstacles. However, the presence of the channel wall confinement, especially

the vertical confinement, suppressed the onset of vortex-shedding. Therefore, in

a symmetry microchannel (cylindrical pins located at the channel centreline), in-

creasing the Reynolds number over the critical value for the onset of instability

could be inferred as a good strategy for mixing enhancement. Before the onset of

vortex-shedding, the steady convective mixing caused by the transverse flows or

other three-dimensional flow structures provided good mixing performance in the

micromixer with obstacles. In the steady, laminar flow conditions, the steady con-

vective mixing could be attained by offsetting the cylinders from the channel cen-

treline or through strong lateral confinement (as shown in w* = 2 case in Chapter

5).

8.3 Outlook and future works

The current experimental work has answered a number of outstanding questions

regarding the proximity of the channel walls, the relative position of the fluids inter-

face and the cylindrical pin, as well as the pin arrangement in the micromixer with

obstacles. A few topics of interest have been identified which require further work:

(1) pressure drop measurement, (2) superhydrophobic coating on the microchannel

walls and (3) practical applications such as biodiesel synthesis.

Beside the mixing performance, pressure drop is another important parameter

for a micromixer. The pressure drop is defined by the difference between the fluid

pressure from a micromixer inlet to the outlet, and represents the microfluidic resis-

tance or an energy input to the micromixer [33]. For example, as shown in Chapter



8.3. Outlook and future works 217

5, the cylinder in a microchannel with strong lateral confinement (w* = 2) shows

good mixing performance before the onset of vortex-shedding. However, if the

pressure drop measured from this channel were to be very high, indicating a large

power consumption by the driving pump, then this microchannel may not be the

best option. The value of pressure drop can be measured by either pressure sensor

[192] or by numerical model [193]. In order to find the optimal design, the pressure

drop measurements or calculations are required for any micromixers. With the em-

phasis of the current work being on flow visualisation, time-resolved velocimetry

and quantification of mixing characteristics this was deemed to be beyond the scope

of the thesis.

The onset of vortex-shedding plays an important role in the unsteady convec-

tive mixing mechanism. Therefore, reducing the critical Reynolds number for the

onset of instability is essential for the micromixer with obstacles to have more com-

prehensive application. One possible solution is using a superhydrophobic coating

on the microchannel walls. As discussed in Chapter 4, the suppression of vortex-

shedding is mainly caused by the presence of wall confinement. With a superhy-

drophobic coating, a large slip length will be presented on the channel wall [194].

Wang et al. [195] illustrated a slippery surface created by infusing fluorocarbon oil

into the roughness of a superhydrophobic coating. The superhydrophobic coating

on the microchannel wall may impair the confinement effect, providing a promis-

ing method to reduce the critical value of Reynolds number. However, many robust

superhydrophobic coatings are not transparent [196], which may be a challenge for

flow characterisation. Thus, it is worth exploring the effect of superhydrophobic

coating in the micromixer with obstacles.

In many practical applications, e.g. the chemical reactions, the overall reaction

time depends by the time scales of physical and chemical processes [197]. The

physical process includes the molecular transport and dispersion. The time scale

of chemical process reflects the reaction time with specific chemical substances,

which is not easy to change. Hence, the high-speed microscale flows past obstacles

in a micromixer have the potential to significantly reduce the time scale in mixing
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process and result in a relatively high throughput production. This strategy can be

applied in the biodiesel synthesis as numerically reported by Santana et al. [30] and

Costa and Naveira-Cotta [38]. There is still lack of experimental data to investigate

the biodiesel synthesis in the micromixer with obstacles at relatively high Reynolds

number (with the onset of vortex-shedding). Future experiments should aim to test

the synthesis production under such high Reynolds number conditions.



Appendix A

CNC micromilling strategy

The CNC mircomilling system can manufacture complex surfaces on a wide variety

of materials with micron scale resolution. This is achieved by removing material

using a cutting tool following a computer generated toolpath. The toolpath was

generated using Autodesk Fusion based on the CAD model of the channel geometry.

As shown in the Figure A.1, the microchannels are sealed from two PMMA plates.

The top plate (Figure A.1a) has the channel groove and location markers and the

bottom plate (Figure A.1b) has the micropins. The diameters of the cutting tool are

0.5 mm and 1.98 mm (Performance Micro Tool, USA) and the PMMA plate was

mounted in the CNC machine using double sided adhesive tape to prevent vibrations

of the material.
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Figure A.1: CNC micromilling toolpath to create microfluidic channels out of an PMMA
plate. (a) The channel and location markers are shown in the bottom plate and
(b) the micropins are shown in the top plate.



Appendix B

The results of shedding frequencies

for Chapter 4

As mentioned in Chapter 4, the measured point of vortex-shedding frequency was

chosen downstream the pin and outside of recirculation area. The reason is shown

in Figure B.1. The Fast Fourier transform (FFT) spectra from various points clearly

shows that the spectra from x/Dp = 1, y/Dp = 0 (inside the recirculation zone)

does not show a dominated peak, whereas the peaks from other points (outside the

recirculation zone) provide a sharp peak. This justifies the choice of x/Dp = 4, y/Dp

= 1 as the point to determine the shedding frequency.

In addition, the results of FFT spectra from different points in the wake are

shown in Figure B.2. The maximum standard deviation is around 18 Hz (4.9% of

the mean).
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Figure B.1: FFT spectra found using the transverse velocity signals extracted from the PIV
measurements at various points outside and inside the recirculation zone for
Rep = 159, w* = 3, h* = 2.

Figure B.2: FFT peaks extracted from the PIV measurements at various noted points (FFT1
corresponds to x/Dp = 4, y/Dp = 1; FFT2 to x/Dp = 4, y/Dp = -1 and FFT3 to
x/Dp = 4, y/Dp = 0).



Appendix C

The normalized velocity pattern

around two confined pins

Instantaneous normalized velocity contours U/Uo and streamlines for microchan-

nels corresponding to Figures 7.2, 7.3 and 7.13 are shown in the following.

Figure C.1: Instantaneous normalized velocity contours U/Uo and streamlines for mi-
crochannels with T/Dp = 0 and L/Dp ranging from 2.5 to 6.5. The Reynolds
number ranges from 149 to 152 corresponding to Figure 7.2.
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Figure C.2: Instantaneous normalized velocity contours U/Uo and streamlines for mi-
crochannels with T/Dp = 0 and L/Dp ranging from 2.5 to 6.5. The Reynolds
number ranges from 294 to 302 corresponding to Figure 7.3.

Figure C.3: Instantaneous normalized velocity contours U/Uo and streamlines for mi-
crochannels with L/Dp = 2.5 and T/Dp ranging from 0.25 to 0.75. The
Reynolds number ranges from 147 to 151 corresponding to Figure 7.13.



Appendix D

The results of shedding frequencies

for Chapter 7

The results of FFT spectra for two cylinders discussed in Chapter 7 as shown in the

following figures. The maximum standard deviation is around 2.8% of the mean.

Figure D.1: FFT peaks extracted from the high-speed PIV measurements at various noted
points for the upstream cylinder.
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Figure D.2: FFT peaks extracted from the high-speed PIV measurements at various noted
points for the downstream cylinder.
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