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ABSTRACT 

Ferrofluid is a type of magnetic liquid that is synthesized as a stable colloidal suspension of 

iron oxide particles in a carrier fluid. Ferrofluids have shown promising potential in several 

applications of emerging relevance, primarily due to its ability of being in control under the 

influence of a magnetic field. In the present study, some of the pertinent issues related to the 

transport phenomena of ferrofluid in small scale systems in the presence of a magnetic field 

are addressed. These include (a) exploring the thermal characteristics of ferrofluid flow in a 

heated channel in the presence of a constant and time-dependent magnetic field, (b) internal 

convections of a sessile ferrofluid droplet under the modulations of a time-dependent 

magnetic field, (c) mixing, and (d) evaporation characteristics of the ferrofluid droplet in a 

magnetically field-driven environment. All the problems as mentioned above have been 

systematically explored following comprehensive experimental techniques involving infrared 

thermography, bright field visualization, µPIV, and µLIF, respectively. Infrared 

thermography is performed for observing the thermal footprints of the ferrofluid flow. Bright 

field visualization is used to understand the qualitative behavior of the ferrofluid flow, while 

µPIV measurement is adopted for quantification of the internal flow dynamics. The 

experimental measurement technique consistent with µLIF is employed for quantification of 

the mass transfer occurring between fluids. In addition to that, numerical simulations have 

also been performed to support the experimental observations. 

 The prime focus of the first problem of interest is to gain deep insight into the energy 

transport characteristics of ferrofluid flow in a heated stainless steel tube under the influence 

of a constant and time-varying magnetic field. The study mainly focuses on the experimental 

investigations; however, to qualitatively support the experimental arguments, two-

dimensional numerical simulations have also been performed. This study delineates the 

mechanism of augmentation of heat transfer through the interaction of available force fields, 

i.e., the interplay of magnetic force and inertia of the flow, and also discusses the effect of 

various time scales on the flow and thermal behavior. Major inferences of the study are (a) 

on the application of external magnetic (steady and time-dependent), heat transfer augments 

(b) there is a threshold frequency of external magnetic field at which the augmentation is 

maximum, and this frequency is the resultant outcome of advective time-scale and magnetic 

perturbation time-scale.  

 The second study reports the actuation of a sessile ferrofluid droplet over a 

hydrophobic substrate in the presence of a time-dependent magnetic field. During the ON 

cycle of the magnetic field, the bright field visualizations showed the migration of 

nanoparticles towards the contact line near the vicinity of the electromagnet, thus, resulting 

in aggregation of nanoparticles inside the droplet. Similarly, the aggregated nanoparticles are 

observed to disperse from the cluster during the OFF cycle of the magnetic field. Both 

migration and dispersion of nanoparticles result in a bulk motion inside the ferrofluid droplet 

during the ON and OFF cycle of the magnetic field. A critical frequency is observed beyond 

which a negligible dispersion of nanoparticles resulted inside the ferrofluid droplet during the 

OFF cycle of the magnetic field.  
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 The third problem addressed in this thesis investigates the mixing of a ferrofluid 

droplet with a non-magnetic fluid in the presence of a time-varying magnetic field on an open 

surface microfluidic platform. The magnetic nanoparticles exhibit complex spatio-temporal 

movement inside the ferrofluid droplet domain under the influence of a time-dependent 

magnetic field, which, in turn, promotes the mixing efficiency in the convective mixing 

regime. Results demonstrate that the movement of magnetic nanoparticles in the presence of 

a time-periodic field strengthens the flow instability, which acts as an agent to initiate an 

augmented mixing in the present scenario. By performing numerical simulations, the onset of 

interfacial instability, mainly stemming from the susceptibility mismatch between the 

magnetic and non-magnetic fluids, has been reviewed and aptly demonstrated.  

Finally, the evaporation kinetics of a sessile ferrofluid droplet in the presence of a 

time-dependent magnetic field is explored. The results showed that the droplet evaporation 

rate is augmented significantly in the presence of a time-dependent magnetic field, attributed 

primarily to the enhanced internal flow advection. The transient motion of the magnetic 

nanoparticles dictates the overall life-time of the evaporating ferrofluid droplet. At lower 

frequencies of the magnetic field, the magnetic nanoparticles move towards the magnet and 

agglomerates in a chain-like cluster formation, oriented according to the magnetic field lines. 

On the other hand, at higher frequencies, the magnetic nanoparticles do not possess sufficient 

time to travel the whole characteristics length (droplet diameter). Consequently, a critical 

frequency was found at which the perturbation time scale balances the advective time scale 

of the flow inside the droplet. On account of this balance between the time scales, the droplet 

experiences a minimum life-time. The evaporation kinetics of a ferrofluid droplet in the 

presence of a time-dependent magnetic field can be described through three distinguishable 

stages viz, the decreasing contact angle and variable radius zone (DCVR), the decreasing 

contact angle and decreasing radius zone (DCDR), and the late mixed zone.  

Keywords: Ferrofluid, Magnetic field, Time-dependent, µPIV. 
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NOMENCLATURE 

Abbreviation: 

CMOS Complementary metal oxide semiconductor 

DCDR Decreasing contact angle decreasing radius 

DCVR Decreasing contact angle varying radius 

DI De-ionized 

DLS Dynamic light scattering 

FHD Ferrohydrodynamics 

FPS Frames per second 

IONP Iron oxide nanoparticles 

IR Infrared 

MHD Magnetohydrodynamics 

MNP Magnetic nanoparticle 

MP Magnetophoresis 

MR Magnetoreheology 

µ-PIV Micro particle image velocimetry 

µ-LIF Micro laser induced fluorescence 

PDMS Polydimethylsiloxane 

SS Stainless steel 

VSM Vibration sample magnetometer 

Notations: 

𝐵̅𝑟 Remnant magnetic flux density (T) 

𝐵̅ Magnetic flux density(T) 

𝐵𝑜 Bond number 

𝐵𝑜𝑚 Magnetic bond number 

𝐶 Concentration (mol/m3) 

𝐶𝑝 Specific heat (J/kg K) 

𝐶𝑑 Drag coefficient 

𝐷∗ Non-dimensional dimaeter 

𝐷ℎ  Hydraulic diameter (m) 

𝐷0 Initial diameter of the droplet (m) 

𝐹d Drag force (𝑁), 𝐹𝑑 = 3𝜋𝜂𝐷𝑝(𝑈𝑝 − 𝑈𝑓𝑓)𝐶𝑑 (N) 
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𝐹𝑔 Gravity force (N/m3) 

𝐹𝑚 Magnetic force (N/m3) 

𝐹𝑠 Surface tension force (N/m3) 

𝐹𝑚𝑝 Magnetophoresis Force (𝑁), 𝐹𝑚𝑝 = −𝑉𝜇0(𝑀 ∙ ∇𝐻)𝐻 (N/m3) 

𝑓 Frequency (Hz) 

𝐻∗ Non-dimensional height 

𝐻̅ Magnetic field (A/m) 

𝐻0 Initial height of droplet (m) 

ℎ Heat transfer coefficient (W/m2K) 

𝐼 Current (A) 

𝐽𝑒 Current density (𝐴/𝑚) 

𝑘 Thermal conductivity (Wm-1K-1) 

𝑚 Moment (A-m-2) 

𝑀̅ Magnetization (emu/g) 

N Number of turns 

NA Numerical Aperture 

𝑁𝑢 Nusselt number 

𝑞′′ Heat flux (W/m2) 

𝑄𝑙 Heat lost (W) 

𝑈𝑀𝑁𝑃 Velocity of magnetic nanoparticles (m/s) 

𝑢𝑐𝑙 Contact line velocity (m/s) 

𝑈𝑚𝑎𝑥 Maximum velocity (m/s) 

𝑈∗ Non-dimensional velocity 

𝑅 Radius of droplet (m) 

𝑅𝑒 Reynolds number 

𝑇∗ Non-dimensional temperature 

𝑇̅ Non-dimensional mixing time 

𝑇 Temperature (K) 

𝑇0
 Mixing time in the absence of an external field 

𝑇𝐸
 Droplet evaporation time 
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𝑇𝑀
 Mean temperature (K) 

𝑇𝑊 Wall temperature (K) 

𝑇∗ Non-dimensional temperature 

𝑡 Time scales 

𝑡𝑚 Perturbation time scale 

𝑡𝑢 Advective time scale 

𝑡𝜐 Viscous time scale 

𝑉0 Initial volume of the droplet (m3) 

𝑉 Velocity components in y (m/s) 

𝑉∗ Non-dimensional volume 

𝑋∗ Non-dimensional axial length 

X Non-dimensional axial direction 

Y Non-dimensional transverse direction 

Greek symbol: 

𝛼 Thermal diffusivity (m2/s) 

𝛽 Thermal expansion coefficient (1/K) 

𝜂 Dynamic viscosity (Ns/m2) 

𝜑 Volume fraction 

𝛾 Surface tension (N/m) 

𝜌 Density (kg/m3)   

𝜇0 Permeability of free space (1.2566× 10−6  m kg s-2A-2) 

𝜇 Permeability (m kg s-2 A-2) 

𝜎 Electrical conductivity of coil (s/m) 

𝜁 Non-dimensional time of operation of a magnetic field 

𝜃∗ Non-diemnsional contact angle 

𝜃 Contact angle (°) 

𝜒 Magnetic susceptibility   

𝜓(𝑥, 𝑦) Cross-correlation function 
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𝜔𝑦 Vorticity (1/𝑠), 𝜔𝑦 = (
𝜕𝑤

𝜕𝑥
−

𝜕𝑢

𝜕𝑧
) 

Subscript: 

cr Critical 

e Evaporation 

𝑒𝑝𝑠 Electrostatic 

ff Ferrofluid 

g Gravity 

nm No magnet 

m Magnetic 

mp Magnetic particle 

u Advective 

S Surface tension 

v Viscous 

vps Vandar-waals 

Non-dimensional number: 

𝐵𝑜 Bond number (𝜌𝑔𝐷ℎ
2 𝛾⁄ ) 

𝐵𝑜𝑚
 Magnetic bond number (𝜇0|𝐻2|𝑅 𝛾⁄ ) 

𝐷∗ Non-dimensional diameter (𝐷 𝐷0⁄ ) 

𝐻∗ Non-dimensional height (𝐻 𝐻0⁄ ) 

𝑁𝑢 Nusselt number (ℎ ∙ 𝐷ℎ 𝑘⁄ ) 

𝜃∗ Non-dimensional contact angle (𝜃 𝜃0⁄ ) 

𝑃𝑟 Prandtl number (𝜂 ∙ 𝐶𝑝 𝑘⁄ ) 

𝑇̅ Non-dimensional mixing time (𝑡 𝑇0⁄ ) 

𝑇∗ Non-dimensional temperature (𝑇 − 𝑇𝑓𝑓𝑖) 𝑞′′ ∙ 𝐷ℎ 𝑘𝑓𝑓⁄⁄  

𝑡∗ Non-dimensional time (𝑡 𝑇𝐸⁄ ) 

𝑡𝛼 Diffusion time scale (𝐷ℎ
2 𝛼⁄ ) 

𝑡𝑚 Perturbation time scale (1 2𝑓⁄ ) 

𝑡𝑈 Advective time scale  (𝐷ℎ 𝑈⁄ ) 

𝑡𝜐 Viscous time cale (𝐷ℎ
2 𝜐⁄ ) 
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𝑅𝑒 Reynolds number(𝜌 ∙ 𝑈 ∙ 𝐷ℎ 𝜂⁄ ) 

𝑉∗ Non-dimensional volume (𝑉 𝑉0⁄ ) 

𝑈∗ Non-dimensional velocity (𝑈 𝑈𝑚𝑎𝑥⁄ ) 

𝑊𝑒𝑚 Magnetic Weber number (𝜇0|𝑀2|𝑈 𝛾⁄ 𝐴𝑠) 

𝑋∗ Non-dimensional axial length (𝑥 𝑅𝑒 ∙ 𝑃𝑟 ∙ 𝐷ℎ⁄ ) 

𝑋 Non-dimensional axial direction (𝑥 𝐷ℎ⁄ )  

𝑌 Non-dimensional transverse direction (𝑦 𝐷ℎ⁄ ) 
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Chapter 1  

INTRODUCTION 

Controlled manipulation of the fluid flow field is critical for a variety of engineering 

applications such as passive pumping, mixing, electronic cooling, chemical reactions, 

bioassays, and many more. A fluid flow domain can be actively regulated by employing a 

variety of approaches such as the utilization of magnetic force, electric force, acoustic force, 

light energy, and many more. In this chapter, the importance of magnetofluidics is outlined, 

followed by a general introduction of ferrofluid. In the next section, a brief review of the 

literature pertaining to the transport characteristics of ferrofluid in the presence of a 

magnetic field is discussed. Finally, the research gaps, aim, and outline of the present thesis 

are delineated based on the conclusions drawn from the review of the literature. 

 

1.1 BACKGROUND 

In modern technologies, a flow domain, especially in the micro/nanoscale, is mostly 

regulated by employing various external forcing such as electric, optic, acoustic, and magnetic 

forces. Efforts on the explorations of implications of magnetofluidics are rare compared to 

electrofluidics,  optofluidics, and acoustofluidics. While the fact is true that we can have 

precise control of the flow phenomena using the electric/optic/acoustic field, but magnetic 

fields have some serious advantages over the electric/optics/acoustic-based manipulation 

technique. The electric field is very sensitive to contamination, and also it has an inevitable 

issue of Joule heating effect. At the same time, the optical/acoustic concept requires expensive 

external systems. In contrast, manipulation of the flow field via a magnetic field is cheap, 

independent of any surface charges/ion concentration alterations, and in most cases, does not 

induce any heating. Due to these mentioned reasons, manipulation of fluid flow in 

miniaturized fluidic domains using magnetic forces has attracted growing interest among 

researchers in recent years (Ganguly et al. 2004; Zhu et al. 2011; Zhu and Nguyen 2012; 

Nguyen 2012). The term magnetofluidics traditionally refers to the case when an external 

magnet is used to regulate/manipulate the flow. Researchers have explored the flexibility of 

magnetofluidics in a variety of engineering applications such as sensing, actuation, mixing, 
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passive pumping, heat transfer enhancement, and many more (Ganguly et al. 2004; Zhu and 

Nguyen 2012; Nkurikiyimfura et al. 2013; Manukyan and Schneider 2016; Ray et al. 2017).  

 

Fig. 1.1 Schematic depicts the classification of micro-magnetofluidics and its representative 

applications (Nguyen 2012) 

The paradigm of magnetofluidics, precisely micro-magnetofluidics, can be classified 

according to the type of fluid used as magnetohydrodynamics (MHD), ferrohydrodynamics 

(FHD) magnetorheology (MR), and magnetophoresis (MP), as can be seen from Fig. 1.1 

(Nguyen 2012). In magnetohydrodynamics (MHD), the working fluid is electrically 

conducting. When the magnetic fluid is electrically non-conducting, magnetofluidics can be 

further classified into three subgroups depending on the size of magnetic nanoparticles in the 

carrier fluid. If the size of the magnetic nanoparticles is less than 10 nm, it is referred to as 

ferrohydrodynamics. For such cases, the thermal energy of the particles dominates over the 

magnetic energy, and the fluid possesses paramagnetic nature. These types of magnetic fluids 

are mainly referred to as ferrofluid. While for the particle size greater than 10 nm and less 

than 1 µm, the fluid is referred to as magnetorheological fluid. As such, the large enough size 

of the particles ensures a steady reaction to an external magnet, thereby changing the viscosity 

of the fluid. For the particle sizes of few orders of microns, the particles should be treated as 

an individual entity, leading to a separate paradigm altogether and known as magnetophoresis. 

1.2 FERROFLUID: GENERAL INTRODUCTION  

The branch in science which deals with ferrofluids is known as ferrohydrodynamics 

(Rosensweig 1984; Odenbach 2002; Stefan Odenbach 2006). Ferrofluid is a stable colloidal 

suspension of magnetic particles in a non-magnetic carrier fluid. These particles are coated 

with a stabilizing dispersion agent, i.e., a surfactant, which prevents agglomeration of the 

nanoparticles by virtue of steric repulsion, as shown in Fig. 1.2 (Stefan Odenbach 2006).   
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The magnetization of ferrofluid is dependent on the applied magnetic field flux 

density and its thermophysical properties. Thus, a change in any of these quantities changes 

the body force distribution in the fluid and, eventually, giving rise to convections in the flow 

domain under the influence of a non-uniform magnetic field. Ferrofluid usually does not retain 

any magnetization, and thus, often is classified as superparamagnetic fluid. 

 

Fig. 1.2 Magnetic nanoparticles with surfactant (Stefan Odenbach 2006) 

1.3 APPLICATION OF FERROFLUID 

 

Fig. 1.3 (a) Transportation of drug-loaded magnetic nanoparticles (MNPs) to the cancer cell through 

the endothelial layer during magnetic drug targeting (MDT) (Grillone and Ciofani 2017); (b) 

Generation of heat from magnetic nanoparticles (MNPs) in the presence of AC magnetic field during 

magnetic hyperthermia (Andrade et al. 2011). 

The prospect of precise control of flow has led to the development of a wide variety 

of possible applications of these liquids in various fields ranging from mechanical engineering 

to biomedical engineering. Ferrofluid has been extensively used as liquid seals around the 

spinning drive shafts of the hard disk. Because of its friction-reducing capacity, ferrofluids 

find applications in semi-active and passive dampers. They are commonly used in 
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loudspeakers to remove heat from the voice coil and passively dampen the movement of the 

cone. In the biomedical application, ferrofluids are used as contrast agents in Magnetic 

Resonance Imaging. Research is also going on to explore the suitability of ferrofluid in 

targeted magnetic hyperthermia and magnetic drug targeting. Figure 1.3 shows the schematic 

representation of magnetic drug targeting and magnetic hyperthermia.  

1.4 MOTIVATION FOR THE PRESENT WORK 

The present work attempts to address a few questions related to the energy, 

momentum, and species transport of ferrofluid in the presence of a magnetic field. The 

primary focus of the research is to explore the characteristics of the thermohydrodynamic 

behavior of ferrofluid when perturbed by a magnetic field. The rationale behind this topic is 

the tremendous potential of ferrofluid for non-invasive flow manipulation and heat transfer 

enhancement. Maintaining the primary theme of the work, we divide the overall study into 

four individual objectives. Firstly, we explore the role of ferrofluid in heat transfer 

augmentation under the influence of a steady and time-dependent magnetic field. In the next 

part of the work, we investigate the dynamics of the internal convections generated inside the 

ferrofluid flow field in the presence of a magnetic field.  

 The third part of the report explores the mixing characteristics of the ferrofluid droplet 

with another non-magnetic droplet under the modulations of a time-varying magnetic field. 

The last part of the work deals with understanding the implications of the generated 

convective patterns of the ferrofluid droplet domain on its evaporation characteristics. Albeit, 

the flow dynamics of ferrofluid in the presence of a magnetic field have been explored in the 

past. However, a clear picture of its transport characteristics is still lacking. For instance, the 

role of the various time scales on the thermal and hydrodynamic behavior of the flow is hardly 

explored. Moreover, the internal convective features of ferrofluid, as modulated by a magnetic 

field, demand an extensive investigation. Also, the role played by these maneuvered internal 

dynamics on the overall lifetime of the droplet has remained to be answered as well. In this 

dissertation, an attempt is made to explore all these unanswered questions through 

experimental investigations, supported by numerical simulations.  

1.5 LITERATURE REVIEW 

Ferrofluid is a suspension of ferri/ferro magnetic particles ranging from 5 to 15 nm in 

a suitable carrier fluid. This fluid is considered as a new class of smart fluid whereby fluid 

properties can be altered using an external magnetic field. This smart fluid was invented at a 
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lab in NASA by Steven Pappel while controlling and directing liquid rocket fuel in outer 

space. Pioneer work in this domain was done by Rosensweig (1988) decades back. He worked 

on the synthesis of the stable colloids and began commercial utilization of ferrofluid in 1968. 

Traditional usage of ferrofluids, as already mentioned (see Section 1.3), were limited to 

multistage rotary seals, exclusion seals, inertia dampers, loudspeakers, to name a few. The 

main advantage of ferrofluid is that they possess magnetic properties comparable with 

ferromagnetic particles and flowability like any other fluids. These unique properties ensure 

effective control of the fluid flow by the application of an external magnetic field. Owing to 

these advantageous features, ferrofluids have shown promising potential in various 

engineering fields such as mechanical, thermal, and biomedical related applications (Hiergeist 

et al. 1999; Nakatsuka et al. 2002; Shuchi et al. 2005; Philip et al. 2007).   

In ‘Section 1.4’, the global motivations of the studies addressed in this thesis as the 

exploration of the transport (energy, momentum, and species) characteristics of ferrofluids 

under the influence of an externally applied magnetic field in small-scale systems are outlined. 

In this section, we present a contextual literature review pertaining to the primary theme of 

the present work. The summarized review of the state of the art literature are presented in the 

following broad categories: 

 Thermal characteristics of ferrofluid in the presence of a magnetic field 

 Internal hydrodynamics of a ferrofluid droplet as modulated by a magnetic field.  

 Magnetically actuated micromixing. 

 Evaporation of a ferrofluid droplet in a magnetic forcing ambiance. 

1.5.1 Thermal characteristics of ferrofluid in the presence of a magnetic field 

The transport of energy and momentum in miniaturized devices is limited because of 

the flow being predominantly laminar. Several heat transfer augmentation techniques were 

developed over the years (Tuckerman and Pease 1981; Bau et al. 2001; Oddy et al. 2001). 

Among these several methods, the one that showed promising results and had good practical 

suitability is the use of nanofluid for heat transfer enhancement. Numerous experimental and 

numerical studies have been conducted by studying the transport phenomena of different 

nanofluids in miniaturized fluidic pathways (Pak and Cho 1998; Wang and Mujumdar 2007; 

Godson et al. 2010; Roy et al. 2012; Shaker et al. 2014). Many of these studies have focused 

on a particular type of magnetic nanofluid, also known as a ferrofluid, which can be 

manipulated under the influence of a magnetic field.  
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On perturbation by a magnetic field, the physical properties of ferrofluid get altered. 

Due to this unique feature, ferrofluid finds application in various fields such as 

bioengineering, electronic packing, and thermal engineering, to name a few (Rosensweig 

1984; Hiergeist et al. 1999; Nakatsuka et al. 2002). It is worth mentioning here that following 

both the experimental as well as numerical investigations; several researches have explored 

as well as established the promising potential of ferrofluid as a means for heat dissipation 

(Ganguly et al. 2004; Shuchi et al. 2005; Xuan et al. 2007; Wright et al. 2007; Philip et al. 

2007; Parekh and Lee 2010; Lajvardi et al. 2010; Gavili et al. 2012; Şeşen et al. 2012; Aminfar 

et al. 2013). 

 Ganguly et al. (2004a) numerically investigated the convective heat transfer 

enhancement of single-phase ferrofluid flow under the action of magnetic line dipoles. 

Constant temperature boundary conditions were applied to the walls of the channel. Local 

vortex was observed near the cold wall primarily due to the asymmetry in the thermal 

boundary layer and spatial non-uniformity in the magnetic susceptibility (temperature 

dependant) of ferrofluid (Fig. 1.4). Augmentation in the energy transport of the flow field was 

observed mainly due to the presence of the recirculation zone. The heat transfer augmentation 

also depends on the net magnetizing current and relative placement of the line dipoles.  Philip 

et al. (2007) and Gavili et al. (2012), in their investigations, have shown that the thermal 

conductivity of ferrofluid changes by 300 % and 200 %, respectively, under the influence of 

a magnetic field. 

 

Fig. 1.4 (a) Variation of the local Nusselt number along the length of the channel in the presence of a 

magnetic field,(b) Distribution of the non-dimensionalized velocity and temperature profiles for 

channel flow in the presence and absence of magnetic field. (Ganguly et al. 2004) 

  Although the reported literature showed enhancement in heat transfer characteristics, 

the mechanism of heat transfer has remained a debatable issue. Azizian et al. (2014) explored 

the heat transfer characteristics and pressure drop of magnetite nanofluid in the laminar flow 
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regime (Re<830) under the effect of external magnetic fluid. The authors explored the role of 

magnetic field strength, gradients, and magnet configurations on the underlying transport of 

heat. Substantial enhancement in heat transfer was observed at high magnetic field strength. 

As reported, the augmentation in heat transfer gets further amplified at higher Reynolds 

numbers. They attributed the reason behind this augmentation in heat transfer to the 

accumulation of nanoparticles at the walls nearby the vicinity of the magnet. This 

agglomeration of nanoparticles further increases the local thermal conductivity of the fluid, 

and thereby, enhancing the overall magnitude of heat transfer. Also, as reported, the 

agglomeration kinetics and the fluid flow profile have a contributory effect on the convective 

heat transfer augmentation.  

Asfer et al. (2016a)  experimentally investigated the ferrofluid flow phenomena in a 

heated stainless steel tube in the presence of permanent magnets. They reported that magnetic 

force could have a supportive or resistive effect on convective heat transfer depending on the 

(a) ratio of the inertia force/magnetic force, and (b) the interaction of the ferrofluid aggregate 

deposited at the wall (adjacent to the magnetically active region) with the bulk fluid flow. It 

was shown that ferrofluid, under the influence of a magnetic field, forms a chain-like 

structure, thereby enhancing its thermal conductivity (as shown in Fig. 1.5).  

 

Fig. 1.5 Clustering of iron oxide nanoparticles (IONPs) within the ferrofluid in the presence of a 

magnetic field from bright-field microscopic visualization, when the magnetic field flux density (𝐵̅) 

is maintained as: (a) 𝐵̅ = 0.1 𝑇, and (b) 𝐵̅ = 0.2 𝑇  (Asfer et al. 2016) 

While most of the reported investigations were pertained to constant magnetic field 

case, very sparse literature are available where the effect of time-dependent magnetic field on 

convective heat transfer is explored. A few researchers have shown enhancement in the heat 
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transfer coefficient when the ferrofluid flow domain was perturbed by a time-dependent 

magnetic field (Murray 2008; Goharkhah and Ashjaee 2014; Goharkhah et al. 2015b, 2016; 

Yarahmadi et al. 2015). Murray (2008) experimentally explored the implication of a time-

varying magnetic field on the ferrofluid flow in a heated channel. The author showed that the 

heat transfer coefficient increases by 267 % in the presence of a time-varying magnetic field. 

Goharkhah et al. (2015, 2016) studied the laminar convective heat transfer characteristics of 

ferrofluid flow in a heated tube under the influence of both constant and time-dependent 

magnetic fields following experimental investigations and numerical simulations. On the 

application of a steady and time-dependent magnetic field, the overall augmentation in the 

heat transfer coefficient increases by 24.9% and 37.3%, respectively (when compared to the 

base case of convective flow without magnetic field). Singh et al. (2018) numerically studied 

the convective heat transfer characteristics of ferrofluid flow under the influence of a steady 

and time-varying magnetic field. They observed that on perturbation by a constant magnetic 

field, the heat transfer augmentation is primarily due to the presence of the recirculation zone. 

However, when the time-varying magnetic field disturbs the flow field, the underlying 

mechanism of heat transfer enhancement depends on the interplay between the involved time 

scales in the flow domain.  

1.5.2 Internal hydrodynamics of a ferrofluid droplet as modulated by a magnetic 

field 

 Controlled actuation of droplets on a planar surface using different actuation parameters 

such as electrostatic forces (Pollack et al. 2002; Velev and Bhatt 2006), thermocapillary (Ting 

et al. 2006), acoustics (Cheung and Qiu 2011), and magnetism (Beyzavi and Nguyen 2009; 

Tan et al. 2010) have been the subject of theoretical and experimental investigations among 

the researchers for the last decade. Compared to different actuation concepts, droplet 

manipulation using magnetism offers several advantages. Droplets can be manipulated from 

a safe distance using a magnetic field in a non-invasive manner. Furthermore, magnetic field-

based manipulations are relatively more tolerable to changes in liquid properties. On the 

contrary, electric field-based manipulation is highly dependent on the conductivity and 

permittivity of the working fluid (Zhang and Nguyen 2017). Ferrofluid, for its 

superparamagnetic nature, has been a viable option for the magnetic field-based manipulation 

of droplets. The presence of iron oxide nanoparticles in ferrofluid provides the ability to 

control/actuate the flow under the influence of a magnetic field. Due to its superparamagnetic 

characteristics, in the absence of a magnetic field, the magnetic nanoparticles are randomly 

TH-2425_156103017



9 

 

oriented, with the overall magnetization of ferrofluid being zero. However, with the 

application of a magnetic field, the nanoparticles in ferrofluid exhibit a magnetic moment 

oriented in the direction of the applied magnet.  

Over the past decade, several studies related to ferrofluid based mixing (Tsai et al. 

2009; Fu et al. 2010; Zhu and Nguyen 2012; Kitenbergs et al. 2015; Varma et al. 2016; Maleki 

et al. 2019), spreading/wetting on a substrate(Ahmed et al. 2018a, b; Souza et al. 2019), 

evaporation or drying pattern (Jadav et al. 2017; Saroj and Panigrahi 2019) in the presence of 

magnetic field are reported in the literature. The hydrodynamics of ferrofluid in the presence 

of the magnetic field plays an important role, where the magnetic nanoparticles migrate in the 

direction of the applied magnetic forcing, which in turn induces a flow known as 

magnetoconvetion inside the fluid. This magnetoconvection may result in enhanced mixing 

between fluids or controlled spreading/evaporation of ferrofluids under the modulations of a 

magnetic field.  

 

Fig. 1.6 (a) Schematic representation of the microfluidic system with a permanent magnet and a 

microchannel. Non-magnetic microparticles and ferrofluid mixture were introduced into the 

microfluidic channel Inlet 2 and hydrodynamically focused by the ferrofluid sheath flow from Inlet 1; 

(b) Simulated trajectories of particles in the microchannel at a constant flow rate of 5 µl/min. (c) 

Simulated deflections of particles from the inlet to the outlet at different flow rates when the particles 

are at the center-plane of the microchannel (Zhu et al. 2011). 
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Quantitative measurements of convection or velocity of nanofluids (e.g., ferrofluids) 

can be obtained experimentally using either µ-PIV or PTV technique. The µ-PIV technique 

provides the velocity information by tracing seeding particles added to nanofluid, whereas the 

PTV technique provides the velocity information by tracing the individual nanoparticles of 

nanofluid. Very few studies related to velocity measurements of nanofluids using µ-PIV or 

PTV technique are available in the literature (Yang et al. 2007; Etgar et al. 2010; Walsh et al. 

2010; Anoop and Sadr 2012). Anoop and Sadr (2012) studied the near-wall velocity 

measurements of nanofluids (silicon dioxide particles of 10 to 20 nm in water) using nano-

Particle Image Velocimetry (nPIV). The authors reported the near-wall velocity to be similar 

to that of the base fluid, i.e., water. Walsh et al. (2010) carried out a µ-PIV investigation of 

nanofluids through a clear-walled Teflon tube and reported normalized velocity profiles for 

different volumetric concentrations of nanofluids. The authors reported good agreement with 

the analytical model predicted by the Hagen-Poiseuille theory for the flow of nanofluids. A 

few literatures are available on the experimental quantification of flow patterns of nanofluids; 

detailed measurement of the flow pattern of ferrofluid at the microscale is very sparsely 

explored. 

Nguyen et al. (2005) carried out a µ-PIV study of oil-based magnetic fluid in a PMMA 

microchannel in the presence of a permanent magnet. They reported the vector field in the 

middle and near the wall of the channel. However, during the measurements, the negative 

magnetophoresis acting on the seeding particles in the magnetic fluid resulting from the 

magnetic field produced by the permanent magnet was not considered. Yang et al. (2007) 

reported the motions of magnetic nanoparticles under the external magnetic field produced 

by a permanent magnet in a rectangular microchannel (500 × 500 µm2 cross-section, 54 mm 

long), using particle tracking velocimetry (PTV).  

For flow field measurements using µ-PIV, tracers, or seeding particles are first added 

to the fluid, and then the measurements were taken by illuminating the whole flow domain. 

The seeding particles are, in general, non-magnetic in nature and faithfully follow the fluid. 

However, non-magnetic particles such as the seeding particles, when placed in a diluted 

ferrofluid subjected to a magnetic field, behave as particles with negative susceptibility and 

exhibit negative magnetophoresis analogous to buoyancy in a gravitational field (Černák et 

al. 2004). Hence the assumption of seeding particles following the fluid during µ-PIV 

measurements doesn’t hold good in the case of measurement of a magnetic fluid in the 

presence of a magnetic field. Zhu et al. (2011) carried out both analytical and experimental 
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studies on the transport of non-magnetic particles in ferrofluid under the influence of a 

permanent magnet. They reported greater deflection of the particles in the direction away 

from the magnet with either increasing size of the particles or decreasing the flow rate of 

ferrofluid through the microchannel (see Fig. 1.6). 

1.5.3 Magnetically actuated micromixing 

With the advent of miniaturization, droplet-based microfluidics, which is ubiquitous 

in protein crystallization, biosensor, immunoassays, DNA-replication, cell-based assays, 

biomolecular extractions, to name a few, has emerged as an effective approach for precise 

manipulation of a discrete volume of fluid samples and analytes in recent years (Berry et al. 

2011; Bogojevic et al. 2012; Mary et al. 2008; Shamsi et al. 2014; Tice et al. 2003; White et 

al. 2013; Zhang et al. 2011). One promising application of droplet-based microfluidics finds 

enormous relevance to the micro-mixing technology, typically used in on-chip biochemical 

and biological analysis. The paradigm of droplet-based micromixing can be classified into 

two different types, namely open surface, and closed surface micromixing. Open surface 

droplet-based micromixing offers a few advantages over the closed surface microfluidic 

environment, such as simple fabrication, interfacial convenience, and free of any blockage 

such as bubble clogging (Long et al. 2009; Lin et al. 2017). Droplet-based mixing in the open 

surface microfluidic platform can be accomplished using two approaches viz., passive 

approach, and active approach. The passive approach entirely sticks to the molecular diffusion 

between the phases to be mixed and can be tuned by altering the surface morphology (for 

example, patterned wettability controlled surface) towards achieving the desired 

controllability (Xing et al. 2011; de Groot et al. 2016). While the active approach, which is 

more prevalent due to its reconfigurable flexibility, primarily relies on external force fields 

such as electric field, magnetic field, acoustic waves, and light energy for maneuvering the 

droplet flow field (Shang et al. 2017). 

 Of all these active approaches, utilization of the magnetic field has evolved as a 

promising technology in the paradigm of droplet-based mixing in microfluidic platforms, 

attributed primarily to its inherent advantageous features. A few such notable features include 

biocompatibility, ease of incorporation, low cost, less invasive, no induction heating, precise 

manipulation of the contact line, and many more (Nguyen 2012; Zhang and Nguyen 2017; 

Huang et al. 2017; Liu et al. 2018). It is worth mentioning here that researchers have exploited 

the flexibility of magnetic manipulation in the open surface microfluidic framework for 

achieving controlled mixing (Biswal and Gast 2004; Franke et al. 2009; Lee et al. 2009; Roy 
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et al. 2009; Martin et al. 2009; Sing et al. 2010; Vilfan et al. 2010). Ferrofluid is a colloidal 

suspension of nanoparticles in a non-magnetic carrier medium (Rosensweig 1984; Odenbach 

2002). The nanoparticles are usually stabilized by surfactants such that they exhibit 

continuum behavior in the presence of a strong magnetic field. The rapid response of the 

nanoparticles to the magnetic field offers tremendous flexibility in stirring/mixing related 

applications in lab-on-a-chip (LOC) systems (Wang et al. 2008; Tsai et al. 2009; Zhu and 

Nguyen 2012; Hejazian et al. 2016; Nouri et al. 2017).  

 Zhu and Nguyen (2012a) explored both numerically and experimentally, the mixing 

phenomena of a magnetically active fluid in a microfluidic chamber in the presence of a 

uniform magnetic field. The authors reported that the application of magnetic field ensures 

magnetization mismatch, resulting in the development of flow instabilities, and the 

consequence of this phenomenon results in an enhanced mixing. The authors discussed 

critical parameters such as magnetic flux density, flow ratio, viscosity ratio, etc., on the 

mixing efficiency.   

The flow instability gets further aggravated under the influence of the time-periodic 

magnetic field owing to the various involved spatio-temporal scales such as advective time 

scale, viscous time scale, perturbation time scale, and many more. It may be mentioned in this 

context here that a few researchers have explored the implications of the time-periodic 

magnetic field on the mixing characteristics between two fluids as well (Wang et al. 2008; 

Wen et al. 2009). Wang et al. (2008) explored the performance of a magnetic particle-driven 

micromixer. The time-periodic magnetic field perturbs the flow domain by ensuring transient 

disturbances in the flow domain. The effect of magnetic force, actuation frequency, and 

channel geometry are explored. Figure 1.7 shows the micromixer configurations and also the 

variation of the average mixing efficiency for the various magnetic field frequencies. Authors 

(Wang et al. 2008)  have shown that the critical frequency of the magnetic field depends on 

the lateral dimensions of the micromixer and the applied magnetic force.   

Albeit several underlying issues of the magnetic field modulated micromixing 

analysis have been well explored, see Refs. (Wang et al. 2008; Roy et al. 2009; Tsai et al. 

2009; Wen et al. 2009; Zhu and Nguyen 2012; Gao et al. 2015; Hejazian et al. 2016; Munaz 

et al. 2017; Nouri et al. 2017), the phenomenon of magnetophoresis, which is effectively used 

in manipulating microflows, on the droplet-based micromixing is sparsely studied. It may be 

mentioned in this context here that in the paradigm of droplet-based mixing, the rotating 

magnetic field has been used in a synergetic way for augmenting the mixing appreciably (Roy 
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et al. 2009; Gao et al. 2015; Munaz et al. 2017). Roy et al. (2009) investigated the role of 

magnetic stirring on a sessile droplet in the presence of a rotating magnetic field. Magnetic 

stirring occurs as a consequence of the self-assembled chains of the magnetic microspheres 

in the presence of a rotating magnetic field. They parametrically explored the role of fluid 

viscosity, magnetic microsphere loading, magnetic field, RPM. A critical Mason number was 

observed at which maximum mixing was taking place. 

 

Fig. 1.7 (a) Schematic represents the micro-mixer along with the electromagnets. (b) Plot depicts the 

variation of the average mixing efficiency for the various Strouhal number (St) (Wang et al. 2008). 

1.5.4 Evaporation of a ferrofluid droplet in a magnetic forcing ambiance 

 

Fig. 1.8 Plot depicts the deposits of a drop containing microspheres, dried in an open atmosphere 

(Deegan 2000). 

Evaporation of colloidal liquid has attracted significant attention to the researchers 

owing to its wide range of engineering applications such as surface patterning, drug delivery, 

coating technology, ink-jet printing, electronic cooling, to name a few (Chon et al. 2007; 

Brutin et al. 2011; Erbil 2012; Sefiane 2014). As explored by a series of experimental 

investigations, when a colloidal droplet containing nanoparticles evaporates, capillary flow is 
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induced in the droplet domain (Deegan et al. 1997, 2000; Deegan 2000). It is worth 

mentioning here that because of this capillary flow, the particulates are drawn towards the 

droplet periphery, leading to the formation of the famous coffee ring pattern, as can be seen 

from Fig. 1.8. The coffee ring pattern, which is a ring-like deposition at the droplet periphery, 

is undesirable in many engineering processes. Note that the formation of a coffee ring pattern 

is an unsought phenomenon for controlled evaporation kinetics as well. Considering this 

aspect, researchers have investigated different ways to suppress the coffee ring formation 

(Eral et al. 2011; Yunker et al. 2011; Mampallil et al. 2012; Das et al. 2017). It is essential to 

mention here that the presence of nanoparticles leads to an enhancement in the evaporation 

kinetics of the nanofluid droplet, attributed mainly to the pinning of the three-phase contact 

line by the nanoparticles. As reported in the literature, this augmented evaporation decreases 

the overall life-time of the droplet (Moffat et al. 2009; Orejon et al. 2011). 

 As already discussed, ferrofluid is a colloidal suspension of magnetic nanoparticles 

coated with surfactant and dispersed within a carrier liquid. In the presence of a magnetic 

field, the dispersed nanoparticles align themselves with the applied field, giving a magnetic 

response. However, when the magnetic field is removed, the Brownian motion rapidly scatters 

the aligned nanoparticles, eliminating the chance of permanent magnetization and rendering 

superparamagnetic characteristics to the fluid (Neuringer and Rosensweig 1964; Rosensweig 

1984; Müller and Liu 2001; Odenbach 2002; Hernández-Contreras and Ruíz-Estrada 2003; 

Elfimova et al. 2013). Note that because of this feature, ferrofluid is widely used in many 

industrial applications such as cell separation (Saliba et al. 2010; Hejazian et al. 2015), 

chemical synthesis (Ferraro et al. 2015), droplet generation, and breakup (Wu et al. 

2013),(Katsikis et al. 2015; Zhang and Nguyen 2017) electronic cooling,(Ganguly et al. 2004; 

Goharkhah and Ashjaee 2014), etc.  In spite of these wide ranges of real-time engineering 

applications, research endeavors focusing on the evaporation of this magnetically active fluid 

in the presence of the magnetic field remains sparsely explored. Important to mention, in a 

colloidal droplet, the presence of the disperse phase alters the interfacial properties, which, in 

turn, affects the evaporation kinetics of the droplet non-trivially (Wi et al. 2011).  

 The presence of paramagnetic particles creates ferromagnetic advection within the 

droplet under the influence of a static magnetic field. It is worth adding here that this 

ferromagnetic advection enhances the evaporation kinetics of the droplet (Jaiswal et al. 2018). 

Jadav et al. (2017) explored the role of a static magnetic field on the evaporation 

characteristics of a sessile ferrofluid droplet. In the absence of an external magnetic field, the 
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ferrofluid droplet exhibits coffee ring formation. However, beyond a critical magnetic field 

strength, the ferromagnetic advection becomes essential for the complete suppression of the 

coffee ring pattern.  

1.6 RESEARCH GAPS 

A thorough scrutiny of the existing literature unveiled that although a significant 

amount of available literature reported enhancement in convective heat transfer 

characteristics when a time-dependent magnetic field perturbs the ferrofluid flow domain,  the 

mechanism of enhanced heat transfer is not extensively investigated. As such, an overall 

experimental understanding about the role played by the frequency of the time-dependent 

magnetic field on the augmentation process is still lacking. In addition, the role of the various 

time scales on the flow momentum and energy transport remains to be comprehensively 

explored. Moreover, the experimental investigations reported in the literature are not 

extensive, primarily due to the limitations of the measurement techniques used in the referred 

study. In the presence of a magnetic field, the ferrofluid flow and thermal characteristics no 

longer show symmetric behavior, even if the geometric symmetry exists in the flow domain. 

For example, temperature and velocity remain fixed at all the points in peripheral direction 

for given axial and radial co-ordinate during convective flow in a circular tube, but the 

application of an external field may disrupt this symmetry. During non-symmetric thermal 

and flow conditions, using point measurement probes like thermocouple or any such sensor 

may lead to error in the pertinent calculations and restricts the outcome of the experimental 

studies.  

A careful review of the available literature survey reveals that no work is reported in 

which the internal dynamics of the ferrofluid droplet are explored in the presence of a time-

dependent magnetic field. The internal hydrodynamics of the ferrofluid droplet is likely to 

exhibit fascinating features due to the complicated local dynamics owing to the non-uniform 

distribution of the magnetic nanoparticles inside the droplet. The relative distribution of the 

magnetic nanoparticles nearby the magnetically active contact line plays a vital role in 

modifying the local forces. Moreover, the time-dependent motion of the magnetic 

nanoparticles will ensure various time scales such as advective, viscous, and perturbation time 

scale govern the local dynamics of the ferrofluid droplet. Insights into the internal 

hydrodynamics of the ferrofluid droplet could shed light on intricate details, which might be 

useful in understanding its subsequent evaporation and spreading dynamics in the presence 

of an external magnetic field. 
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In addition to exploring the internal hydrodynamics of the ferrofluid droplet in the 

presence of a time-dependent magnetic field, issues relating to the mixing characteristics of 

the droplet remains to be fully explored. A few literatures have shown that a rotating magnetic 

field ensures a significant augmentation of mixing in the droplet domain. However, the 

application of a rotating magnetic field in practice complicates the design as well as the 

fabrication process of the open surface droplet-based micromixer. This aspect, to be precise, 

limits the use of the rotating magnetic field in the area of open surface micro-mixing platform. 

The droplet-based micro-mixing under the influence of the time-dependent magnetic 

actuation could be an interesting proposition, attributed to the rich physical interplay of 

various spatio-temporal scales involved, as well as to its immense consequences on the 

efficient mixing following flow instabilities. For instance, the transient motion of the 

magnetic nanoparticles may trivially/non-trivially manipulate the droplet flow dynamics. As 

such, this maneuvered flow domain may augment the mixing characteristics of the magnetic 

fluid with another non-magnetic droplet.  

A review of the existing literature suggests that there has been some emphasis on 

understanding the evaporation kinetics of a ferrofluid droplet under the influence of a static 

magnetic field. Careful maneuvering of the motion of the magnetic nanoparticles (MNPs) in 

the ferrofluid droplet under the influence of a time-dependent magnetic field could offer a 

controlled avenue in altering its evaporation kinetics. Important to mention, the kinetics of 

magnetic particle convection in the presence of a time-dependent magnetic field, with its 

implication on the droplet evaporation, remains unexplored till date. 

1.7 AIM OF THE PRESENT WORK AND PROBLEM DEFINITIONS 

 From the above discussions, it may be inferred that several aspects of ferrofluid 

dynamics are yet to be investigated in the purview of magnetofluidic based transport. 

Accordingly, the scope of the present dissertation is outlined as follows. 

1.7.1 Effect of magnetic field on the convective heat transfer characteristics of 

ferrofluid flow in a heated channel 

 The first problem investigated here aims to explore the convective heat transfer 

characteristics of ferrofluid flow in a heated stainless steel tube under the influence of 

a magnetic forcing environment. Flow and thermal fields have been perturbed by a 

steady and time-varying magnetic field. For measuring the wall temperature, InfraRed 

Thermography (IRT), a field measurement technique, has been employed. For the 
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detailed thermal footprints of ferrofluid in the magnetically active zone, microthermal 

visualizations have also been performed. In addition, bright field visualization is 

carried out for a qualitative understanding of the internal hydrodynamics of the 

ferrofluid flow in the presence of a magnetic field.  

1.7.2 Effect of time-dependent magnetic on the internal hydrodynamics of a sessile 

ferrofluid droplet 

 The second problem investigates the internal hydrodynamics of a sessile ferrofluid 

droplet in the presence of a time-dependent magnetic field. It is revealed that the 

transient motion of the magnetic nanoparticles is likely to exhibit some fascinating 

features because of the presence of complicated local dynamics owing to the 

dynamical change of the driving force. Bright field visualizations and µ-PIV 

measurements were carried out in order to understand the internal hydrodynamics of 

the ferrofluid droplet.  

1.7.3 Effect of time-varying magnetic field on the mixing characteristics of a sessile 

ferrofluid droplet with a non-magnetic droplet 

 The third problem addressed here extends the second problem in an effort to 

investigate the non-trivial effect of the magnetic field on the mixing dynamics of the 

ferrofluid droplet with a non-magnetic droplet. A new method of generating strong 

convection inside the ferrofluid droplet under the modulation of a time-periodic 

magnetic field is explored. The ferrofluid droplet (base) is placed in between two 

alternatively acting electromagnets. The results revealed that the transiences in 

nanoparticles induce a magneto-convective flow, which, in turn, promotes the mixing 

of the base droplet with the non-magnetic sister droplet being injected from the top. 

Bright field visualization, micro-particle image velocimetry, and micro-laser induced 

fluorescence are used for qualitative and quantitative understanding of the mixing 

characteristics of the ferrofluid droplet. In addition, numerical simulation was also 

carried out to gain insight into the intricate physics of the concentration flow field.  

1.7.4 Effect of time-dependent magnetic field on the evaporation dynamics of a 

sessile ferrofluid droplet 

 The fourth problem addressed here extends the third problem in a sense that the effects 

of magneto-convective induced non-trivialities on the evaporative characteristics of 

the droplet are studied in a pinpointed manner. The evolution of the ferrofluid droplet 
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in a controlled atmosphere, when perturbed by a time-dependent magnetic field with 

various frequencies, is investigated. To explore the motion of the magnetic 

nanoparticle motion, bright field visualization is carried out. Whereas micro-particle 

image velocimetry (µ-PIV) is employed to explore the motion of the bulk liquid of the 

ferrofluid droplet. The droplet morphological evolution is captured with a CMOS 

camera.  

1.8 OUTLINE OF THE THESIS 

The remaining part of the present thesis is organized as follows: 

 In Chapter 2, the experimental methodology adopted in the present work is aptly 

discussed. Also, the synthesis and characterization of the ferrofluid solution are 

elaborated in Chapter 2.  

 In Chapter 3, the convective heat transfer characteristics of ferrofluid flow in a heated 

stainless steel tube as modulated by a steady and time-varying magnetic field is 

discussed.  

 In Chapter 4, the role of the magnetic field on the internal convections of the 

ferrofluid droplet is elaborately discussed.  

 In Chapter 5, the fundamental issues concerning the mixing dynamics of a ferrofluid 

droplet with a non-magnetic droplet are discussed in detail. 

 In Chapter 6, the evaporation characteristics of a sessile ferrofluid droplet as 

modulated by a time-varying magnetic field are presented. 

 Finally, in Chapter 7, based on the inferences drawn in the preceding chapters, some 

important conclusions are presented, and the scope of further works in the context of 

the theme of the present thesis are also highlighted.  
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Chapter 2  

EXPERIMENTAL METHODOLOGY 

Various experimental measurement techniques such as goniometry, infrared thermography, 

micro-particle image velocimetry, micro-laser induced fluorescence, bright field 

visualizations, etc., were employed in this research investigation. In this chapter, detailed 

discussions of the various experimental approaches are discussed. In addition to that, the 

image processing involved in the quantification of the droplet morphology is also elaborated. 

Also, the fabrication of the electromagnet and the preparation of the PDMS substrate is 

discussed. Lastly, the synthesis of ferrofluid and its characterization were discussed in detail. 

 

2.1 INTRODUCTION 

Several problems addressed in the present dissertation explores the transport 

phenomena of ferrofluid in small-scale systems following experimental investigations and 

supported by theoretical analysis in pertinent cases. The involved experimental methods 

primarily deal with the measurement of temperature, velocity, and mass transfer. The thermal 

characteristics of the flow field are measured with the help of an infrared camera. Micro 

particle image velocimetry (µ-PIV) and micro laser induced fluorescence (µ-LIF) are 

employed for the quantification of velocity and mass transfer, respectively. The temporal 

evolution of the contact angle of the droplet is measured with the help of a goniometer. While 

the change in the droplet diameter, height is observed with the help of a CMOS camera. The 

recorded images are further processed using an in-house developed code to extract the 

required information. In this chapter, we discuss all the experimental methodologies involved 

in greater detail. 

2.2 MEASUREMENT OF DROPLET MORPHOLOGY 

Exploring the evolution of the droplet morpholgy is of great importance from the 

perspective of droplet evaporation, particularly in understanding the role of various forces 

acting at its contact line on the overall evaporation process. The morphological evolution of 

the ferrofluid droplet is quantified by the changes in the contact angle, diameter, and height 

of the droplet. The Goniometer (Make: ACAM-NSC), schematic of which is shown in Fig. 
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2.1(a), is used to measure the contact angle of the droplet. Note that the set-up consists of a 

droplet-dispensing module, a white LED light, a diffuser, and a CMOS camera. A sessile 

droplet of the required volume is dispensed into the treated substrate with the help of the 

droplet-dispensing module (speed range: 0.038-16µl/s). The white LED light, together with 

the diffuser, is used to illuminate the droplet volume. The images are captured with the CMOS 

camera, having a resolution of 744 x 480 pixels2. These captured images are post-processed 

further to extract information from it, such as the change in contact angle (𝜃), diameter (𝐷), 

height (𝐻) of the droplet. 

 

Fig. 2.1 (a) Schematic representation of the contact angle measuring system. (b) Plot shows the contact 

angle of water on a PDMS coated substrate. The contact angle of water on a PDMS substrate is around 

105º 

2.2.1 Determination of contact angle 

The captured side view images are processed in ACAM-NSC software to obtain the 

required contact angle. The contact angle (𝜃)  is measured by contour recognition based on 

the greyscale analysis of the images. The baseline is determined, and the droplet shape was 

fitted. The droplet shape of our sample is determined by the tangential (polynomial 

approximation) method. In this method, the contact angle was found by fitting a tangent to 

the shape of the contact line. The mean between the two measured values of contact angle 

(left and right) is taken as the required contact angle exhibited by the droplet. The accuracy 

of the contact angle measurements was around ±0.3°. Figure 2.1(b) shows the contact angle 

of a sessile water droplet on a PDMS surface, measured with the help of the ACAM-NSC 

software. 
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2.2.2 Determination of diameter and height of the droplet.  

 As mentioned before, the images captured using the CMOS camera were further 

subjected to post-processing for extraction of information such as the change in diameter, 

height, etc., of the droplet. Initially, unsharp masking is carried out on the captured droplet 

images employing ImageJ software (Schneider et al. 2012). The unsharp masking algorithm 

ensures to have a sharpening of the droplet images. The sharpened images are further 

converted to 8-bit binary image. The binary image typically contains pixels intensity values 

as either ‘0’ or ‘255’. The images are then outlined, i.e., only the edges are detected. Following 

this, the pixel information of the images is fed to an in-house developed code for determining 

the respective temporal changes in height, diameter, and contact line velocity of the droplet. 

In Fig. 2.2, we show a schematic of all the sequences involved in the image processing 

methodology.  

 

Fig. 2.2 Plot illustrates the sequence of the image processing steps involved for extracting information 

such as diameter, height, contact line velocity from the droplet images. 

2.3 INFRARED THERMOGRAPHY 

 Infrared thermography (IR) exhibits several advantageous features in comparison to 

conventional temperature measurement approaches such as thermocouples, RTD, pyrometer, 

etc. Since conventional approaches provide thermal information of a point in a flow domain, 

the situations where the flow exhibits high spatial gradients in both axial and lateral 

dimensions, the conventional system may prove erroneous in capturing the accurate 

information. In comparison, the infrared camera can accurately map a two-dimensional 

thermal flow field, even in situations where high gradients in the flow parameters are 

involved. Therefore, in this work, an infrared thermal imaging camera (FLIR® A655sc) has 

been employed for quantification of the thermal field. The IR camera has a spectral range of 

7.5-14 μm, 16-bit signal digitization, and maximum frames per second of 200 for the 

resolution of 640 × 120 pixels2 (refer to section A.1 for details regarding the IR camera). The 

recorded thermograms are post-processed with the help of ResearchIR software. In the 

succeeding sub-section, the practical consideration and the emissivity corrections of the 

adopted infrared thermography is discussed in detail 
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2.3.1  Practical consideration 

 An object whose emissivity is low, thermal mapping of its temperature via infrared 

camera becomes highly unreliable. For an opaque low emissivity surface, reflections will be 

higher, and the role of the ‘Narcissus effect’ on the thermogram cannot be ignored (Chauvet 

et al. 2010). In thermography, the ‘Narcissus effect’ describes the black spot that is visible 

whenever a cooled thermal camera is directed to a flat reflective surface where it ‘sees itself.’ 

Since the interior of the camera is cooled, and the objective is transparent to the detected IR 

radiation, the image of the objective of an IR camera in operation detects a cool object. Thus, 

infrared thermography should be carried out for an object with higher emissivity.  

 Likewise, when the temperature of the object is similar to the ambient temperature, 

the noise involved in comparisons to the useful signal on the infrared thermograms may be 

substantial. Therefore, in practice, the object temperature should be at least 15ºC greater than 

the background temperature for a reliable thermal reading. 

2.3.2  Emissivity corrections 

 As already discussed in the preceding discussions that emissivity plays a vital role in 

infrared thermography. There are two standard approaches available for mapping the 

emissivity of the object, as discussed next. In the first approach, a high emissivity material 

with good thermal conductivity is pasted over a small portion of the object whose emissivity 

is to be mapped. The object is then heated to a temperature of at least 50ºC, higher than the 

ambiance. After a certain amount of time, when a steady-state is reached, the temperature of 

the material (of known emissivity) is read from the software. In the next step, the area of 

investigation is moved to the object whose emissivity is to be mapped. With all other 

parameters remaining the same, the value of emissivity is tuned in the software in such a way 

that the temperature in the area of investigation matches with the temperature of the materials 

of know emissivity.  

While in the other method, thermocouples are employed to measure the temperature 

of the object whose emissivity is to be measured. Once the temperature of the thermocouple 

is attained, the emissivity value is tuned in such a way that the object temperature matches 

the temperature of the thermocouple. In the present work, the latter method is used for 

mapping the emissivity of the object. 
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2.4 MICRO PARTICLE IMAGE VELOCIMETRY 

Micro particle image velocimetry (µ-PIV) measurement technique is used for 

quantification of the velocity of the fluid flow field. A typical µ-PIV experimental set-up is 

shown in Fig. 2.3. It consists of three main components: (a) an inverted microscope, (b) a 

fluorescent light source, and (c) a camera. The microscope is used for magnification of the 

area of interrogation.  While the fluorescent light source is used for excitation of the seeded 

tracer particles. The primary role of the camera is to capture the images of the tracer particles. 

For µ-PIV measurements, the fluid flow field is seeded with fluorescent microspheres with a 

dilution of approximately 1:20 (v/v). The above seeding particle concentration was chosen as 

it provided acceptably low noise levels when compared to the useful signal. The microfluidic 

platform was kept over the stage of the inverted microscope, and the droplet was illuminated 

by monochromatic light of a wavelength of 530 nm from below the microscope stage through 

a 10X objective lens (NA = 0.40). As a consequence, the excitation stage of the fluorescent 

particles is reached, and in turn, these particles emit light at a peak wavelength of 590 nm. An 

epifluorescent prism filter is used on the optical path to eliminate the background light. As 

such, only the emitted light from seeding particles reaches the camera of the µ-PIV system 

for further analysis. 

 

Fig. 2.3 Schematic of the µ-PIV experimental set-up. All the components are described in the text 

appropriately. 

2.4.1  Data processing 

A cross-correlation algorithm is used for the extraction of velocities from the captured 

images. Figure 2.4 shows the various steps involved while performing the cross-correlation 

algorithm. In the first step, pre-processing of the captured grayscale images of the tracer 
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particles is carried out. Pre-processing ensures easy detection of the seeded tracer particles in 

the fluid flow domain. In step-2, the capture images are divided into small interrogation 

windows. Each interrogation window contains at least 10-15 tracer particles, with each 

particle measuring around 2-3 pixels.  The cross-correlation algorithm is performed in two 

consecutive images, as can be seen from step-3 in Fig. 2.4. The cross-correlation at an 

interrogation window of size 𝑀 × 𝑁 is given by:    

 ψ(𝑥, 𝑦) = ∑ ∑ 𝑓(𝑚, 𝑛) ∙ 𝑔(𝑚 + 𝑥, 𝑛 + 𝑦)

𝑀−1

𝑚=1

𝑁−1

𝑛=1

 (2.1) 

where 𝑓(𝑚, 𝑛) and 𝑔(𝑚, 𝑛) are the grey level distribution of the first and second exposures 

respectively, and ψ(𝑥, 𝑦) is the value of the cross-correlation function for a displacement 

vector of 𝑑𝑥. 

 

Fig. 2.4 Schematic representation of the various steps involved in the evaluation of velocity of the 

fluid flow domain following the micro-PIV measurement technique. 

The maximum peak value of the cross-correlation function indicates the displacement 

of the particles, as shown in step 4 of Fig. 2.4. The velocity is obtained by dividing the 
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displacement with the time-interval between the two consecutive images, i.e., ∆𝑡. Each 

interrogation window gives a velocity vector. Eventually, a velocity field is achieved in the 

fluid flow domain. In the present study, double images were captured per realization in such 

a way that seeding particles moved approximately 1/4th size of the interrogation window used 

for correlation between two consecutive images. Before carrying out the cross-correlation 

algorithm, raw µ-PIV images were overlapped using ImageJ software (Schneider et al. 2012). 

Image overlapping prior to correlation was carried out to increase the number of seeding 

particles per interrogation window resulting in easy peak detection. A cross-correlation 

algorithm with interrogation size 64 ×  64 pixels2 and 50% overlapping between 

interrogation windows was used to calculate the instantaneous velocity vector field inside the 

droplet.  

2.5 GENERATION OF MAGNETIC FIELD  

 Two different electromagnets were fabricated as per requirements for the problems 

investigated in the present thesis. For perturbing the heated ferrofluid flow domain, a ‘C’ 

shaped electromagnet is fabricated. In contrast, a cylindrical shaped electromagnet is 

fabricated for magnetically disturbing the ferrofluid droplet domain. In Fig. 2.5, we show the 

schematic representation of these two typical shaped electromagnet. The electromagnets are 

produced by winding 26 SWG (Standard wire gauge) enamel coated copper wires (~ 40 turns 

per cm) on a mild steel core. Note that the electromagnets are kept at a predefined distance 

from the periphery of the fluid domain. The electromagnet is activated by supplying current 

from a DC power source (Make: Aplab). For generating time-dependent magnetic fields, we 

have developed an in-house digital circuit to supply pulsed current to the electromagnet. The 

magnetic field is measured at the surface of the electromagnet facing the droplet by a 

Gaussmeter (Make: SES Instruments).  

 

Fig. 2.5 Schematic representation of the electromagnet having (a) ‘C’ (b) Cylindrical, shaped 

structure. The ‘C’ shaped electromagnet is used for perturbing the ferrofluid flow domain, while the 

cylindrical-shaped electromagnet is used for perturbing the ferrofluid droplet domain. 
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2.6 PREPARATION OF SUBSTRATE 

 Microscopic glass slides (Make: Struers) of 1.1 mm thickness and 27 ×  46 mm2 in 

size were used as a substrate. The glass slides were coated with a thin cured PDMS layer to 

prepare the final hydrophobic substrate. The PDMS solution was prepared by mixing silicone 

elastomer (Make: SYLGARD 184) with a curing agent in the ratio of 10: 1. The solution was 

de-gasified in a vacuum chamber. The degassed solution was then poured onto the glass 

substrate and coated by a spin coater (Make: Apex instruments) at 3400 𝑅𝑃𝑀 for the 50 𝑠. It 

may be mentioned here that the spinning effect results in a thin as well as uniform deposition 

of the PDMS layer on the substrate. The prepared glass substrate was then placed on a hot air 

oven for around 3 hours at a constant temperature of 80 °C. The ferrofluid solution forms a 

contact angle of 𝜃𝑓𝑒𝑟𝑟𝑜𝑓𝑙𝑢𝑖𝑑~65° on the PDMS substrate. The magnetic nanoparticles are 

coated with surfactant (Lauric acid) essentially to prevent any interparticle agglomeration in 

the ferrofluid solution. Note that the coated surfactant layer lowers the contact angle of the 

ferrofluid solution to the aforementioned value, as witnessed in Fig. 2.6 mentioned above.  

 

Fig. 2.6 Plot illustrates the static contact angle of a sessile ferrofluid droplet on the treated PDMS 

substrate. 

2.7 SYNTHESIS AND CHARACTERIZATION OF FERROFLUID 

Iron oxide nanoparticle (IONPs) were synthesized chemically by the co-precipitation 

method from an aqueous mixture of Fe+3/Fe+2 in the molar ratio of 2:1 by using concentrated 

ammonium hydroxide solution in an inert atmosphere of nitrogen. After the co-precipitation 

of magnetic nanoparticles, lauric acid was added as a stabilizer. After 30 min of reaction, the 

temperature was elevated to 100-110 °C in order to remove the excess water and ammonium 

hydroxide. Next 1 gm of the solution, as received above, was added to 6.0 gm of n-hexane to 

form an organic dispersion. For the aqueous phase transfer, the prepared dispersion was added 

to 20 mL of aqueous solution of sodium lauryl sulphate (10–60% (w/w). The mixture was 

subjected to sonication twice for 2 min at 90% amplitude with a Sonificator (Make: Branson) 
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in an ice-cooled bath followed by the evaporation of n-hexane under continuous stirring at 80 

°C for three hours. The water loss was compensated by adding 2 mL of water every 30 min 

to obtain a stable water-based ferrofluid solution.  

The magnetization curve of the water-based ferrofluid for the volume fraction (𝜑) of 

4.34%, and 0.5% is shown in Fig. 2.7(a)-(b). Both the plots illustrate the super-paramagnetic 

characteristic of the ferrofluid solution. The nanoparticles have an average size of around 50 

± 2 nm, as shown in Fig 2.7(c) as measured by the dynamic light scattering (DLS) technique.  

The absolute zeta potential of the ferrofluid was found to be 53 mV (Fig. 2.7(d)), and for an 

absolute value of zeta potential higher than 25–30 mV, it is generally accepted that the 

particles are electrostatically stable (Xu 2002).  

 

Fig. 2.7 Plot showing the hysteresis loop of the prepared ferrofluid sample as measured by the 

Vibrating sample magnetometer (VSM) for the magnetic particle volume fraction of (a) 4.3%, (b) 

0.1%. The ferrofluid exhibits no hysteresis and is superparamagnetic in nature; The plot depicts the 

(c) particle size distribution, and (d) zeta potential of ferrofluid solution 
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2.8 SUMMARY 

 In this chapter, elaborate discussions are made pertaining to the experimental 

techniques deployed to address the problems considered in the present thesis. In addition to 

that, the fabrication of the electromagnet and substrate preparation is aptly discussed. At the 

end of this chapter, the synthesis and characterization of the ferrofluid solution are described 

in detail. The magnetic nanoparticles in the ferrofluid are found to be superparamagnetic in 

nature. In the forthcoming chapters, results pertaining to the problems considered in the 

purview of this dissertation will be discussed in detail. 
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Chapter 3  

EFFECT OF MAGNETIC FIELD ON THE CONVECTIVE 

HEAT TRANSFER CHARACTERISTICS OF FERROFLUID 

FLOW IN A HEATED CHANNEL 

This chapter explores the energy transport characteristics of ferrofluid flow in the presence 

of a steady and time-dependent magnetic field. The thermohydrodynamics of ferrofluid flow 

in a heated stainless steel tube on perturbation by an external electromagnet is thoroughly 

investigated. For quantification of the thermal characteristics of the flow field, infrared 

thermography is employed, while bright field visualization technique is used for a qualitative 

understanding of the behavior of the magnetic nanoparticles. Possible distinctive features of 

the motion of the magnetic nanoparticles in the presence of a steady and time-dependent 

magnetic field and its ultimate consequence on the enhancement of energy transport are 

highlighted. 

 

3.1 INTRODUCTION 

Perturbing the ferrofluid flow domain by a steady and time-varying magnetic field can 

be an effective proposition in augmenting its convective heat transfer characteristics (Ganguly 

et al. 2004; Goharkhah et al. 2015a, 2016; Asfer et al. 2016). This chapter reports the 

convective heat transfer characteristics of ferrofluid flow inside a circular stainless steel tube 

under uniform heated wall conditions. The flow Reynolds number (𝑅𝑒) is kept fixed to the 

value of 66. Flow and thermal fields have been perturbed by a steady and time-varying 

magnetic field. In constant magnetic field cases, experiments have been carried out for 

magnetic flux density (𝐵̅) values of 0 𝐺, 700 𝐺, and 1080 𝐺. The heat transfer coefficient 

obtained for 𝐵̅ = 1080 G has been found to be higher among those. Hence, in the time-varying 

magnetic field case, magnetic field flux density has been kept constant to 1080 𝐺, and the 

frequency of the time-dependent magnetic field (𝑓) has been varied from 0.1 𝐻𝑧 to 5.0 𝐻𝑧. 

For measuring the wall temperature, InfraRed Thermography (IRT), which is a field 

measurement technique, has been employed. To get the detailed thermal footprints of 

ferrofluid in the magnetically active zone, microthermal visualizations and quantifications 
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have also been performed. Numerical simulations were conducted to gain detailed insights 

into the intricate physics involved. 

3.2 MATERIALS AND METHODS 

3.2.1 Experimental setup 

To study the thermohydrodynamics of ferrofluid flow under the effect of a constant and 

time-dependent magnetic field, an experimental set up is fabricated, schematic of which is 

shown in Fig. 3.1. The test section consists of stainless steel (SS) tube of an inner diameter of 

1.6 mm and an outer diameter of 2.0 mm, which stands on a PMMA platform. An initial 

unheated length of 150 mm is kept in order to ensure that the flow reaches its 

hydrodynamically, fully developed conditions. The heated length has been kept at 280 mm so 

that thermally developed flow can be established in some parts of the heated domain of the 

tube. Uniform wall heat flux condition is maintained by using Joule heating with a DC power 

supply of power rating of 0-32 V and 0-30 A (Make: Aplab). Digital Multimeter (accuracy 

±0.1 V and ±0.01 A) has been incorporated with the DC source to measure the electrical 

power input to the SS tube. The magnetic field is provided with the help of C shaped 

electromagnet. Details of the electromagnet design and fabrication are appropriately 

discussed in section 2.5 of chapter 2. The electromagnet stands on an internally threaded 

acrylic platform, such that the height can be adjusted with the help of a screw-based 

arrangement. The current flowing in the electromagnet is controlled by an in-house designed 

electronic circuit such that a constant current flows through it when a constant magnetic field 

has to be applied while the flow of current can be modulated by the desired frequency to apply 

a time-dependent magnetic field to the flow domain.  

An infrared thermal imaging camera (FLIR® A655sc) has been employed to measure 

the temperature field of the outer wall of heated SS Tube. Details of the infrared thermography 

technique adopted are elaborately discussed in section 2.3 of chapter 2. A very thin black 

coating (thermal conductivity, k ~ 0.15 W/m-k) of high emissivity (ε ~ 0.98) is used at the 

outer surface of the SS tube for reliable IR measurements. The emissivity correction of the 

coated surface has been done before the actual experiments by independently measuring the 

surface temperature. All the experiments were carried out in a dark room to minimize the 

surrounding radiation. IR camera was focused on measuring the heated length of 100 mm 

(i.e., 640 pixels for 100 mm) out of a total 280 mm heated length. It was ascertained 

beforehand that the zone recorded from the IR camera lies in a thermally developed zone. The 
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spatial resolution was found to be 0.015 mm per pixel in the axial direction and 0.2 mm per 

pixel in the transverse direction. In the case of a constant magnetic field, wall temperatures 

were recorded after reaching the steady-state. In time-varying magnetic field cases, 

thermograms were recorded after the establishment of the periodic nature of temperature. In 

the time-dependent magnetic field case, the acquisition rate has been varied according to the 

modulation frequency of the magnetic field. The acquisition rate was chosen such that at least 

20 images have been captured for one time-period of magnetic field modulation. 

 

Fig. 3.1 Schematic of the fabricated experimental set-up. All the components are aptly discussed in 

the text. 

Table 3.1 Thermophysical properties of the ferrofluid and DI-water  

 Density 

(Kg .m-3) 

Specific heat 

(J .(Kg.K)-1 

Thermal conductivity 

W.(m.K)-1 

Viscosity 

Pa-s 

DI- water 995 4180 0.6 0.009 

Ferrofluid 1137.6 3425 0.7 0.00106 

 

Two K-type thermocouples (bead diameter=0.1 mm) are used for measuring the inlet 

and outlet temperature. An insulated chamber is fabricated to record the outlet temperature. 

At the outlet, the thermocouple bead is inserted into the chamber such that the bead remains 

immersed in the flow. The temperature readings are recorded with the help of data acquisition 

cards (Temperature module NI 9212) and software platform NI® LabVIEW 2017. The 

acquisition rate has been chosen as 2 Hz, 20 Hz, and 200 Hz for the magnetic field frequency 

of 0.1 Hz, 1 Hz, and 5 HZ, respectively. The water-based ferrofluid used in the experiments 

consists of iron nanoparticles with a volume fraction of 4.64 % (𝑣/𝑣). The synthesis and 
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characterization of the water-based ferrofluid are discussed in section 2.6 of chapter 2. The 

thermophysical properties of ferrofluid are listed in table 3.1. 

3.2.2 Data reduction 

The spatio-temporal data obtained with the help of the IR camera and thermocouple 

are used to calculate the steady, time-averaged Nusselt number and non-dimensional wall 

temperature. The local Nusselt number along the stream length is calculated as: 

 𝑄𝑖𝑛 = 𝑉 ∙ 𝐼 − 𝑄𝑙

𝑁𝑢 = (
𝑞′′ ∙ 𝐷ℎ

(𝑇𝑤 − 𝑇𝑚) ∙ 𝑘𝑓𝑓
)

 } 

 

(3.1) 

Where 𝑞′′ = 𝑄𝑖𝑛 (𝜋 ∙ 𝐷ℎ ∙ 𝑙)⁄ , is the heat flux along the flow direction. 𝑉 is the potential drop 

across the heated length, and I is the current supplied, and l is the length of the heated zone. 

𝑄𝑙 is the heat lost to the ambient by the heated SS tube. The heat lost to the ambient 

atmosphere is independently calculated by running dry tube heat transfer experiments. When 

the SS tube is given some heat in dry condition, i.e., no fluid is flowing inside the tube, at 

steady state, the given heat will be equal to the heat lost to the ambiance, and the outer surface 

temperature of the SS tube is recorded. Repeating this experiment for various heat input, a 

calibration curve has been obtained for heat loss and surface temperature. With the help of 

this calibration, heat input in the actual experiments were found. 

The non-dimensional wall temperature is given by: 

 
𝑇∗ = (

(𝑇 − 𝑇𝑓𝑓𝑖)

𝑞′′ ∙ 𝐷ℎ 𝑘𝑓𝑓⁄
) (3.2) 

Where 𝑇𝑓𝑓𝑖 is the ferrofluid inlet temperature. It must be noted that local measurement of the 

bulk mean mixing temperature of the fluid, 𝑇𝑚 is complicated. Therefore, the best possible 

option is to apply the energy balance to calculate the outlet bulk mean mixing temperature by 

knowing the inlet bulk mean temperature. In the present study, it has also been noted that 

measuring the fluid temperature at the outlet by the thermocouple does not represent the actual 

bulk mean temperature at that location. 

3.2.3 Numerical method 

 Figure 3.2(a) presents the schematic diagram of the computational domain in which 

the simulations are performed. Single-phase ferrofluid is assumed to flow through a two-
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dimensional channel. The third dimension of the channel is assumed to be much larger than 

its other two dimensions. Uniform heat flux is applied to the wall, and two-line dipoles are 

placed adjacent to the top and bottom wall, which provides the external magnetic field. The 

position of the dipoles is chosen specifically to replicate numerically, the magnetic field that 

is used in the experiment, where, because of the C shaped structure of the magnet, one pole 

is above the SS tube, and another pole is below the SS tube and thus justifying the chosen 

position of the line dipoles. Since the third dimension is ignored, the resulting field is reduced 

to a two-dimensional flow field, which can be expressed in polar coordinate as below 

(Ganguly et al. 2004): 

 
𝐻̅(𝑟, 𝜃) = 𝑚 (

sin 𝜃

𝑟2
𝑒̂𝑟 −

cos 𝜃

𝑟2
𝑒̂𝜃) (3.3) 

where 𝐻̅ is the vector of the magnetic field strength, m denotes the magnetic dipole moment, 

which determines the strength of the dipole, and r and θ are respectively the radials and 

peripheral directions of polar coordinate in which 𝑒̂𝑟 and 𝑒̂𝜃 are unit vectors. The ferrofluid is 

assumed to be electrically non-conducting such that it does not induce any electromagnetic 

current on the flow. The stray electric field effects are neglected, and it is assumed that the 

variation in the magnetic field due to temperature gradients within the ferrofluid is negligible. 

The assumed magnetic field complies with Maxwell’s equation in the static form: 

 𝛻 × 𝐻̅ = 0 (3.4) 

 𝛻 ∙ 𝐵̅ = 0 (3.5) 

The magnetic flux density and magnetic field are given by, 

 𝐵̅ = 𝜇0(𝐻̅ + 𝑀̅) + 𝐵̅𝑟 (3.6) 

Here the magnetization vector and the magnetic field vector are related by, 

 𝑀̅ = 𝜒𝐻̅ (3.7) 

The magnetic susceptibility is a function of temperature and is given by, 

 𝜒𝑚 = 𝜒0(𝑇) =
𝜒0

1 + 𝛽(𝑇 − 𝑇0)
 

(3.8) 

and thus Eq. (3.5) can be written as, 

 ∇ ∙ (𝜇0(1 + 𝜒𝑚)𝐻̅ + 𝐵̅𝑟) = 0 (3.9) 

The Kelvin body force, which the ferrofluid experiences in a spatially non-uniform magnetic 

field, is given by, 
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 𝐹̅𝑚 = (𝑀̅ ∙ 𝛻)𝐵̅ 
(3.10) 

On proper substitution, Eq. (3.10) can be written as, 

 
𝐹̅𝑚 =

1

2
𝜇0𝜒𝑚(1 + 𝜒𝑚)∇(𝐻̅ ∙ 𝐻̅) + 𝜇0𝜒𝑚𝐻̅(𝐻̅ ∙ ∇𝜒𝑚) (3.11) 

The flow domain is incompressible, Newtonian, and has constant thermophysical properties; 

thus the resulting continuity, momentum, and energy equations can be written as, 

 𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑢̅) = 0 (3.12) 

 𝜕(𝜌𝑢̅)

𝜕𝑡
+ (𝑢̅. 𝛻)𝑢̅ = −𝛻𝑃 + 𝛻{𝜂(𝛻𝑢̅ + 𝛻𝑢̅𝑇)} + 𝐹̅𝑚 (3.13) 

 
𝜌𝑐𝑝 (

𝜕𝑇

𝜕𝑡
+ 𝑢̅ ∙ ∇𝑇) = 𝑘∇2𝑇 (3.14) 

 

Fig. 3.2 (a) Schematic of the computational domain;(b) A typical mesh of the computational 

domain;(c) Grid independency test. 

 The governing equations are solved in commercially available Finite element 

software, COMSOL® Multiphysics. A fine structured and unstructured, non-uniform grid has 

been used in the computational domain, as can be seen from Fig. 3.2(b). A structured mapped 

grid is used on the fluid flow domain such that it is finer near the walls of the fluid domain, 

so as to capture the gradient in temperature and velocity accurately. For the rest of the 

computational domain, an unstructured triangular grid is used. Figure 3.2(c) shows the grid 

independence test. It can be seen that on increasing the grid size from 2500 ×  50 to 3333 ×
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 66, negligible changes are observed. Hence, 2500 ×  50 is chosen as the requisite grid size.  

Generalized alpha is used as the time-stepping method, with the amplification of a high 

frequency of 0.75. A direct nonlinear MUMPS solver is used for simulating the present work. 

Absolute tolerance of 10−6 was used in the present problem. For the transient case, the time 

resolution was such that a one-time period was divided into 80 subsequent time steps, such 

that the intricate flow physics is accurately captured. The time-averaged Nusselt number is 

calculated, taking the average of 40 distinct complete cycles. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Validation of the experimental result 

Infrared thermography is used to study the thermohydrodynamics of ferrofluid flow in 

the stainless steel tube. Now to gain confidence in our experimental data, the obtained results 

are validated with correlations of Churchill and Ozoe (Churchill and Ozoe 1973) for 

hydrodynamically developed and thermally developing flow under uniform wall heat flux 

condition. The correlation is given by: 

 𝑁𝑢𝑥,ℎ + 1

5.364
= [1 + (

220

𝜋
𝑋∗)

−10/9

]

3/10

 (3.15) 

 

Fig. 3.3 (a) Axial variation of the local Nusselt number (𝑁𝑢) calculated both numerically and 

experimentally. Plot also shows the local Nu variation as calculated using Eq. 3.15 proposed by 

Churchill and Ozoe (Churchill and Ozoe 1973); (b) Variation of local Nusselt number variation for 

water with and without magnet. 

         Figure 3.3(a) shows the axial variation of the Nusselt number of the convective flow of 

DI-water for the present experiment, correlation of Churchill and Ozoe (Churchill and Ozoe 

1973), and numerical simulation conducted in COMSOL® Multiphysics. A good agreement 
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of the experimental results with the uncertainty ±7% has been found with the correlation and 

numerical simulation, as can be seen from Fig. 3.3(a). These experimental data are evidence 

of the successful implementation of the measurement and data analysis techniques utilized in 

the present study, especially the IR Thermography (IRT). This further instills confidence to 

estimate the heat transfer characteristics of the ferrofluid flow under the influence of a 

constant and time-dependent magnetic field. The experiments were repeated with DI- water 

for both with and without a magnetic field to confirm that there is no interference of the 

applied magnetic field on the IRT readings. As can be observed from Fig. 3.3(b), a similar 

Nusselt number can be seen for both cases. 

3.3.2 Distribution of magnetic field lines 

In order to have a better understanding of the dynamics of ferrofluid flow in the heated 

channel under the external magnetic field, the spatial distribution of the magnetic force, and 

the Kelvin body force, 2D numerical simulations have been carried out in COMSOL® 

Multiphysics.  Though the numerical simulations are not the direct representatives of the 

present experimental conditions, still, it can be helpful in the qualitative mapping of the 

magnetic field. As already shown in Fig. 3.2(a)-(b), two-line dipoles are placed adjacent to 

the top and bottom wall of the flow domain. Figure 3.4(a)-(b) shows the variation of the 

magnetic flux density and the body force along the centerline of the channel. Figure 3.4(a) 

shows the variation of the magnetic flux density, 𝐵̅, 𝐵𝑥,  𝐵𝑦. It can be seen that the X-

component is minimal while the Y-component (𝐵𝑦) dominates the flow field. Also, the 

resultant magnetic field, the 𝐵̅ field is maximum at the location of the dipole, i.e., along the 

line of action of the magnetic dipole. As magnetism supports the superimposition theory, at 

the line of action of the dipole, the effect of the magnetic field is added up because of the 

presence of the line dipole adjacent to the top and bottom wall. Therefore, the maximum 

magnetic force is realized along the line of action of the magnetic field. 

Figure 3.4(b) shows the variation of the Kelvin body force along the centerline of the 

channel. Here, it can be seen that the flow physics is primarily governed by 𝐹𝑋. It can also be 

noticed that in some regions, the direction of Kelvin body force is aligned with the flow 

inertia, while in some regions, both the forces oppose each other. For the flow taking place in 

+X-direction, it is clear that in the upstream of the magnetic line dipole, 𝐹𝑋 supports the flow, 

while in downstream of the magnetic line dipole, 𝐹𝑋 opposes the flow. Therefore, the 

inference can be drawn that the net effect of the magnetic field is to retain the flowing fluid 
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within the magnetically active zone of the line dipole. The effect of this behavior of the body 

force will be discussed in detail in the subsequent section. 

 

Fig. 3.4 Distribution of (a) magnetic flux density (𝐵) and (b) magnetic force components (𝐹𝑋 and 𝐹𝑌) 

along the centerline of the channel. 

3.3.3 Convective heat transfer characteristics in presence of constant magnetic 

field 

After gaining confidence in the experiments conducted for convective heat transfer 

using DI-water as working fluid and getting insight information regarding the magnetic field 

intensity and Kelvin body forces, experiments were conducted to investigate the convective 

heat transfer characteristics of ferrofluid under the influence of a constant magnetic field. As 

already mentioned, the flow Reynolds number was kept constant to the value of Re = 66. 

Different magnetic flux density values of 0 G, 700 G, and 1080 G were used in the 

experiments.  

A. Effect of ferrofluid flow in the absence of a magnetic field 

Axial variation of the Nusselt number for ferrofluid and water in the absence of a 

magnetic field is shown in Fig. 3.5.  This exercise is executed to detect the effect of the 

thermophysical properties of ferrofluid on the heat transfer. The experimental results obtained 

for the ferrofluids were compared with experimental results of water (as shown in Fig. 3.3), 

simulations, and correlation as given in Eq. (3.15).  A reasonably good agreement can be seen 

between the theoretical predictions (Eq. 3.15) and experimental results for the convective 

flow of ferrofluid in the heated SS tube in the absence of a magnetic field.  
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Fig. 3.5 Comparison of Nusselt number for water and ferrofluid along the non-dimensional length for 

Re = 66 in the absence of a magnetic field. 

Similar results were reported by Rea et al. (2009). Therefore, it can be re-confirmed 

from Fig. 3.5 that nanofluid (base fluid + magnetic/non-magnetic nanoparticles) with 

enhanced thermo-physical properties hardly alters the single-phase convective heat transfer 

characteristics. Subsequently, it will be shown that under the effect of external body forces, 

indeed, the heat transfer characteristics get modified. 

B. Effect of magnetic field intensity  

Figure 3.6(a) shows the thermograms of stream-wise variation of the tube wall 

temperature for constant magnetic field intensities of 0 G, 700 G, and 1080 G. The IRT 

measurements clearly show that the flow and thermal field gets disturbed by the application 

of external magnetic field and disturbances are directly related to the intensity of the magnetic 

field which is visible in the thermograms in Fig. 3.6(a). Quantitatively, the effect of the 

magnetic field on the convective flow of ferrofluid in terms of axial variation of Nu and non-

dimensional wall temperature T* has been shown in Fig. 3.6(b)-(c).  

It is interesting to note from Fig. 3.6(b)-(c), the disturbance created in the flow field 

by the external magnetic field has also been reflected in the thermal footprints of the wall. In 

Fig. 3.6(c), axial variation of non-dimensional temperature has been demonstrated wherein it 

is found that for 𝐵̅ = 1080 G, the wall temperature is lowest among the discussed cases while 

it is highest for 𝐵̅ = 0 G. The similar variation has also been obtained in Nu for various 

magnetic field intensities, as shown in Fig. 3.6(b). In the case of 𝐵̅ = 0 G, there are no external 

disturbances which can alter the thermal and hydrodynamic boundary layer. Hence, both the 
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boundary layers get established similar to the classical convective flow under uniform wall 

heat flux conditions. On the contrary, applying an external magnetic field of a given intensity 

introduces the Kelvin body force, which interacts with the flow inertia resulting in the 

modification of thermal and hydrodynamic boundary layers. The MNP’s will be attracted 

towards the magnetic poles and may get attached to the wall surface, forming a hump-like 

structure that acts as a bluff body. The existence of hump in the flow field leads to the 

generation of secondary flows as well as the recirculation bubble in the downstream resulting 

in enhanced transport of momentum and heat. In one of the earlier studies, it has been shown 

that magnetic nanoparticles, under the influence of magnetic force, form a chain-like cluster 

dispersed in the bulk fluid as well as on the hump (Asfer et al. 2016). These chain-like 

structures play an important role in thermal and momentum transport.  

 

Fig. 3.6 (a) IRT measurements of the heated SS tube when (i) B=0 G, (ii) B=700 G, (iii) B=1080 G 

for Re=66; Variation of (b) Nusselt number; and (c) non-dimensional wall temperature along the non-

dimensional length when the flow field is perturbed by an electromagnet 
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C. Mechanism of heat transfer under the influence of a constant magnetic field   

The available explanations in reported literature for the augmentation of convective 

heat transfer of ferrofluid under the applied magnetic field are not very coherent.  Some of 

the studies suggested that particle migration enhanced thermophysical properties might be the 

reasons for augmentation (Ahuja 1975; Wen and Ding 2004; Sommers and Yerkes 2010) 

while few studies attributed thermomagnetic convection as the dominating mechanism for 

augmentation (Ganguly et al. 2004; Lajvardi et al. 2010). At the same time, it has been 

mentioned that thermomagnetic convection is dominant only when a high thermal gradient 

exists in the flow field, resulting in the occurrence of the magnetic susceptibility gradient. 

Typically, in most of the single-phase convective heat transfer situations, working 

temperatures are not so high enough to produce magnetic susceptibility gradients. Thus, the 

role of thermomagnetic convection in the augmentation of heat transfer can be ignored (very 

small, if any) in the physical situation of lower operating temperatures, such as in the present 

case. Philip et al. (2007, 2008) concluded with the help of non-equilibrium molecular dynamic 

simulations that under the influence of a magnetic field, the ferrofluid forms a chain-like 

cluster. Similar clustering of the magnetic nanoparticles was also experimentally observed by 

Asfer et al. (2016). A later study proposed that these chain-like clusters disturb the bulk flow, 

which in turn leads to augmentation in heat transfer (Asfer et al. 2016).  

With this background of information, we attempted to qualitatively visualize the wall 

thermal footprints and fluid flow domain. To get the thermal footprints of wall temperature 

in the vicinity of the magnetically active zone, a close-up lens IR lens (1.5x zoom) was used. 

Figure 3.7(a)-(b) shows the IR thermogram of 𝐵 = 0 G and 1080 G, and Fig. 3.7(c) shows the 

image of the flow visualization of ferrofluid flow under the influence of a constant magnetic 

field. For the sake of clarification, the IR thermogram can be divided into three zones (i) the 

zone before the magnetic field (BMF), (ii) the zone at the magnetic field (AMF), (iii) the zone 

after the magnetic field (ATMF). Distinct changes can be seen in the thermal field of 𝐵̅ = 0 

G and 𝐵̅ = 1080 G in all three zones mentioned above.  

The visual inspection of the IR thermogram and bright field image clearly shows the 

deposition of magnetic nanoparticles (MNPs) on the wall in the vicinity of the magnetically 

active zone. In addition to that, the inset of Fig. 3.7(c) shows the structure of the deposited 

chain-like cluster of particles. There might be a tendency to form a similar chain-like cluster 

of nanoparticles that are dispersed in the bulk fluid. Therefore, the possibilities of 

modification in the flow field can be enumerated as (a) formation of the hump with irregular 
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spikes on the surface because of clustering of MNPs, (b) chain-like clustering of the dispersed 

MNPs in the bulk fluid, (c) imbalance of the resultant forces and couples in the flow field due 

to the interaction of inertia and magnetic forces. Therefore, the formation of irregular spiked-

hump disturbs the flow field by giving rise to secondary flow, enhancing the transport of 

momentum and energy. Moreover, the dispersed cluster of MNPs can transport the energy 

efficiently in the bulk medium. Due to the interplay of inertia and magnetic forces in 3D 

space, those dispersed clusters may feel the imbalance of forces and couples during the flow. 

Random motion of the dispersed clusters can be generated as a result of the imbalance in 

forces and couples. This random motion may act as an add-on mechanism to transport of 

momentum and thermal energy, which is usually unavailable in laminar flow.   

 

Fig. 3.7 IR thermogram taken with close up IR lens for (a) B=0, (b) B=1080 G for Re=66 (c) 

Qualitative bright field visualization of ferrofluid flow in a glass capillary. 
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3.3.4 Convective heat transfer characteristics in presence of time-dependent 

magnetic field 

 

Fig. 3.8 (a) Time-averaged Nusselt number for various frequency; (b) Time-averaged Non-

dimensional wall temperature along the non-dimensional length; (c) Close-up view of Non-

dimensional wall Temperature taken by close-up IR lens, along the non-dimensional length; Fast 

Fourier transform of the outlet temperature, for the magnetic field frequency of (d) 0.1 Hz; (e) 1 Hz; 

(f) 5 Hz. 
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 In the previous section, it has been shown that the application of a constant magnetic 

field during the convective flow of ferrofluids are advantageous for the enhancement in heat 

transfer. Flow modifications, in terms of formation of hump and generation of secondary 

flow, along with the force field interaction (inertia and magnetic force), are the possible 

reasons to increase the heat transfer. An intuitive question may be posed that what will be the 

effect of the magnetic field when it is modulated with some frequencies? By doing so, the 

thermal and hydrodynamic boundary layer is continuously perturbed, which in turn, may give 

rise to different flow and thermal fields. Also, due to the transient nature of the flow, various 

involved time scales govern the evolution of the thermal and hydrodynamic flow field. The 

involved time scales are mainly the magnetic perturbation time scale  (1 𝑓⁄ ), diffusion time 

scale (𝐿𝑐
2 𝛼⁄ ), advective time scale (𝐿𝑐 𝑈𝑎𝑣⁄ ), and viscous time scale (𝐿𝑐

2 𝜐⁄ ). The time scales 

involved in the current experimental study have been listed in Table 3.2. Therefore, in this 

section, the effect of a time-dependent magnetic field, for Re = 66 and 𝐵̅ = 1080 G, on the 

convective flow of ferrofluid, will be discussed. The frequency of the square wave time-

dependent magnetic field (On/Off type) used in the present experiments are 0.1 Hz, 1 Hz, and 

5 Hz, respectively. 

Table 3.2 Experimental timescales involved in seconds. 

Time scale(s) f=0.1 Hz f=1 Hz  f=5 Hz 

Advective timescale,(𝐿𝑐 𝑈𝑎𝑣⁄ )  7.71 7.71  7.71 

Diffusion timescale, (𝐿𝑐
2 𝛼⁄ ) 430000 430000  430000 

Magnetic perturbation timescale, (1 𝑓⁄ )  10 1  0.2 

Viscous timescale, (𝐿𝑐
2 𝜐⁄ ) 84000 84000  84000 

Table 3.3 Numerical timescales involved in seconds. 

Time scale(s) f=0.5 Hz f=1 Hz f=5 HZ f=10 HZ f=15 HZ f=20 HZ 

Advective timescale 

(𝐿𝑐 𝑈𝑎𝑣⁄ ) 

1.03 1.03 1.03 1.03 1.03 1.03 

Diffusive timescale 

(𝐿𝑐
2 𝛼⁄ ) 

4970 4970 4970 4970 4970 4970 

Magnetic perturbation 

timescale, (1 𝑓⁄ )  

2 1 0.2 0.1 0.067 0.05 

Viscous timescale, 

(𝐿𝑐
2 𝜐⁄ ) 

950 950 950 950 950 950 

With this background, the results of time-dependent magnetic field experiments are 

shown in Fig. 3.8(a)-(f). Figure 3.8(a)-(c) shows the axial variation of time-averaged Nusselt 
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number, non-dimensional wall temperature, and zoomed view of non-dimensional wall 

temperature near the magnetically active zone for different frequencies of the magnetic field. 

These results are also compared with constant magnetic field cases for 𝐵̅ = 0 G and 1080 𝐺.  

It can be seen from the figure that the time-averaged Nusselt number is maximum for a 

magnetic field frequency of 0.1 𝐻𝑧 while it is a minimum for 5 𝐻𝑧. Time-averaged Nu values 

for 5 Hz is almost similar to the case of a constant magnetic field. Additionally, it can also be 

noted that 𝑁𝑢 values are always higher than that of the no magnetic field case, i.e.,  𝐵̅ = 0 G.  

 

Fig. 3.9 Average Nusselt number for various frequency 

As shown earlier, the particles have the tendency to deposit in the vicinity of the 

magnet location during the flow; now, if the magnetic field is turned off, the deposition might 

get flushed away due to the shearing action of flow inertia. Therefore, by switching the 

magnetic field On and Off continuously with some frequencies, the nanoparticles may get 

deposited during the On cycle and may get flushed away during Off-cycle depending upon 

the time scales and resultant of magnetic and inertia forces. In other words, both 

hydrodynamic and thermal boundary layers are getting renewed within the On-Off cycle. To 

gain insight into the flow dynamics, a clear understanding of the interplay between the 

involved timescales is required. Interaction of magnetic and inertia force can also be viewed 

from the corresponding time scale perspective.  

For the present study, considering 𝐿𝐶~0.28 𝑚, 𝜇~0.00106 𝑃𝑎. 𝑠, 𝛼~1.7 ×

10−7𝑚/𝑠, 𝑅𝑒~66, the advective time scale, the diffusion time scale, and the viscous time 

scale of the flow were found out to be around 7.71 𝑠, 460000 𝑠, and 74000 𝑠 respectively, 

as already mentioned in Table 3.2 appropriately. Whereas the perturbation time scale varies 
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as 10 𝑠, 1 𝑠, and 0.2 𝑠 for the magnetic field frequency of 0.1 𝐻𝑧, 1 𝐻𝑧, and 5 𝐻𝑧 

respectively. From this perspective, it can be clearly identified that among the four mentioned 

time scales in Table 3.2, only the magnetic perturbation time scale and advective time scales 

are primarily governing the flow and thermal field. If we see the physical phenomena taking 

place during the On-Off cycle, the effective flushing of deposited particles can only take place 

during the Off-cycle because the inertia force dominates the flow field. On the other hand, the 

re-development of hump starts during the On-cycle. Therefore, if the advective time scale is 

either smaller or at most equal to the time duration of the Off-cycle, then only the hump 

developed in the previous On-cycle will completely be sheared-off by the flow inertia. This 

renewal of hump formation and simultaneous mixing of the sheared-off particle in the bulk 

fluid enhances the momentum and thermal transport. From Table 3.2, it can be observed that 

in the present experiments, the time duration of Off-cycle of the magnetic perturbation time 

scale is 5 seconds for 𝑓 =  0.1 𝐻𝑧 while the advective time scale is 7.7 seconds. These two 

time scales are comparable for 𝑓 =  0.1 𝐻𝑧 as compared to the other frequencies, i.e., flow 

inertia is capable in shearing-off the deposition in large proportion at f = 0.1 Hz. Unlike, at 

higher frequency values of 1Hz and 5 Hz, the hump cannot be sheared-off during the Off-

cycle because the advective time scale is significantly higher than the magnetic perturbation 

time scale. This particular fact confirms the observation of experimental data where the time-

averaged Nusselt number is maximum for the magnetic field frequency of 0.1 𝐻𝑧 while it is 

minimum for 5 𝐻𝑧. The same phenomena are also evident in non-dimensional wall 

temperatures, as shown in Fig. 3.8(b)-(c). Just to confirm the dominating frequency in the 

flow field, Fast Fourier Transform (FFT) of the outlet fluid temperature is done and presented 

in Fig. 3.8(d)-(f). It is found that the dominating frequency of the flow field is corresponding 

to the applied magnetic field frequency.  

 

Fig. 3.10 Velocity vectors with non-dimensionalized temperature contours at (a)f = 0.5 Hz, (b) f = 10 

Hz for Re=66, m=0.3 m2-A (c) Time stamps (i-vi) of bright field visualization of ferrofluid flow under 

alternating magnetic field 
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Due to the limitations of the designed circuit, the experiments could not be performed 

for the frequency value of higher than 5 𝐻𝑧. To overcome the limitations of experimental 

methodologies and to gain insight into the flow and thermal behavior of the ferrofluid flow at 

higher magnetic field frequencies, two-dimensional numerical simulations were carried out. 

Although, three-dimensional simulations would have provided a detailed quantitative 

understanding of the flow dynamics. However, the involved computational cost of such 

complex coupled flow phenomena could be substantial. Particularly for this reason, in the 

present numerical investigation, we consider a two-dimensional flow between parallel plates 

in the presence of two-line dipoles (placed adjacent to the top and bottom wall). The adopted 

numerical strategies were highlighted appropriately in section 3.2.3. Numerical simulations 

were performed for magnetic field frequencies of 0.5 Hz, 1 Hz, 5 Hz, 10 HZ, 15 Hz, and 20 

Hz. The involved time scale for the numerical simulations can be seen in Table 3.3. It is 

mandatory to mention here that in simulations contribution of thermomagnetic convection 

has been neglected. Figure 3.9 shows the variation of the time-averaged Nusselt number for 

various frequencies of the magnetic field for both numerical simulation and present 

experimental study. The results of the numerical simulations are given in the inset of Fig. 3.9.  

A qualitatively similar pattern can be seen for both experimental and numerical studies. It can 

be observed that for fixed flow Reynolds number Re = 66 and magnetic field intensity 𝐵̅ = 

1080, a threshold frequency exists for which the time-averaged Nusselt number will be 

maximum. A typical bright field visualization of ferrofluid flow in a glass capillary tube under 

the influence of a time-dependent magnetic field has been shown in Fig 3.10 (i-vi). The 

shearing-off and downstream translation of the deposited hump can be clearly seen.  

Wall thermal footprint during the flow of ferrofluid under the influence of a time-

dependent magnetic field is shown in Fig. 3.11(a)-(c). Aggregation of the MNPs can be 

clearly noticed at the wall for all three frequencies of the magnetic field. Thermal visualization 

also reveals that overall wall temperature is lowest for 𝑓 =  0.1 𝐻𝑧 while highest for 𝑓 =

 5 𝐻𝑧 amongst the considered cases here. This result is corresponding to the data presented in 

Fig. 3.8(b), where the axial variation of the wall temperature has been shown for all three 

frequencies of the magnetic field. It is necessary to mention that because of the higher thermal 

inertia of the tube wall, the temporal response of temperature cannot be captured accurately. 

That is why no qualitative change in the thermal footprints have been found with different 

time stamps. To get the temporal temperature response, the wall thickness of the tube has to 

be further lower. This puts the limitation on data generated from the present set-up.  
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 To further understand the intriguing phenomena, the temporal variation of the line 

averaged wall temperature (i.e., Averaged in the transverse Y-direction) for various 

frequencies of the magnetic field is shown in Fig. 3.12(a)-(c). The location of the line is 

chosen in such a way that each one of them belongs to the BMF, AMF, and ATMF zone at 

their respective non-dimensional locations (𝑋∗) as 0.2635, 0.2772, and 0.2910. Figure 

3.12(a) shows the temporal variation of the line averaged temperature for magnetic field 

frequency of 0.1 𝐻𝑧. As mentioned previously, the location 𝑋 ∗= 0.2635 belongs to the BMF 

zone i.e., the upstream zone of the magnetic field, 𝑋 ∗= 0.2772 belongs to the AMF zone, 

i.e., at the centerline of the magnetic field, and 𝑋 ∗= 0.2910 belongs to the ATMF zone, i.e., 

the downstream zone of the magnetic field. Now, it can be clearly observed from the figure 

that there is a rise in wall temperature at the AMF zone because of the deposition of MNPs, 

and the mode of heat transfer from the wall to deposition is mainly conduction dominated.  

 

Fig. 3.11 IR thermogram take with close up IR lens for (a) f=0.1 Hz; (b) 1 Hz; (c) 5 Hz; for B=1080 

G,Re=66. 
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Fig. 3.12 Transverse direction averaged wall temperature at various location for (a) f=0.1 Hz; (b) 1 

Hz; (c) 5 Hz; for 𝐵̅=1080 G, Re=66. 

 In the downstream locations of the AMF zone, a significant drop in the wall 

temperature has been observed. This can be attributed to the formation of a recirculation 

bubble at the downstream location, which falls in the wake of the spiked hump. Similar 
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observations can be done for the other cases of 1 Hz and 5 Hz shown in Fig. 3.12(b)-(c), but 

the magnitude of the wall temperature is higher for these cases as compared to the frequency 

of 0.1 Hz. Thus, it can be conditionally concluded that providing intermittent perturbation to 

the flow and thermal domain of the ferrofluid under the influence of a magnetic field leads to 

enhancement in the heat transfer. At the same time, monotonically increasing the perturbation 

frequency does not lead to any heat transfer augmentation. In such a case, the role of the 

interplay among the involved timescale should be given paramount importance in order to 

gain a deep insight into the heat transfer dynamics of the flow field. 

3.4 SUMMARY 

In many mini/microscale applications, because of the geometrical constraint, the flow 

remains laminar and has limited thermal energy transport characteristics. Perturbations of the 

single-phase flow by means of an external magnetic field can be an effective strategy for 

augmentation in heat transfer. In the present study, the convective heat transfer characteristics 

of single-phase ferrofluid flow in heated stainless steel tube under the influence of constant 

and alternating magnetic field has been studied experimentally as well as numerically. The 

major conclusions of the study are as follows: 

 No augmentation of heat transfer is seen for the ferrofluid flow in the absence of a 

magnetic field compared to its carrier fluid, i.e., water. The negligible influence of the 

thermophysical properties of ferrofluid is seen on the convective heat transfer 

characteristics in the absence of a magnetic field. 

 When the constant magnetic field is applied externally to the flow field, a hump-like 

structure develops results in the generation of secondary flow. At the immediate 

downstream location, a drop in wall temperature has been observed, which leads to 

enhancement in heat transfer takes place. By the application of a constant magnetic 

field, the enhancement in the heat transfer as compared to no magnetic field case was 

found to be 23%. 

 The possible mechanism for improvement in thermal behavior can be enumerated as 

(a) formation of the hump with irregular spikes on the surface because of clustering 

of MNPs, (b) chain-like clustering of the dispersed MNP’s in the bulk fluid, (c) 

imbalance of the resultant forces and couples in the flow field due to the interaction 

of inertia and magnetic forces. 
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 When the flow field is perturbed by a time-dependent magnetic field, the 

augmentation process governed by the interplay of the involved time scale, mainly the 

advective time scale and the magnetic field perturbation time scale. For a given Re 

and 𝐵̅. There has to be a threshold frequency at which the maximum heat transfer can 

be observed. In the present study, maximum enhancement in the heat transfer was 

approximately found to be 39 % for the magnetic field frequency of 0.1 Hz.  
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Chapter 4  

EFFECT OF TIME-DEPENDENT MAGNETIC FIELD ON 

THE INTERNAL HYDRODYNAMICS OF A SESSILE 

FERROFLUID DROPLET 

In this study, the internal hydrodynamics of a ferrofluid droplet in the presence of a magnetic 

field driven ambiance is explored. A sessile ferrofluid droplet is kept on a PDMS substrate 

and subsequently perturbed by a time-dependent magnetic field. Both bright-field 

visualization and µ-PIV measurement techniques are employed for investigating the internal 

dynamics of the magnetically perturbed ferrofluid droplet. Through the bright field 

visualization, we explore the transient motion of the magnetic nanoparticles, while via µ-PIV, 

we investigate the implications of the magnetic nanoparticles motion on the convective 

features of the flow. An important finding of the magnetic nanoparticles motion as a combined 

function of the magnetic flux density and applied frequency of the magnetic field is 

highlighted, which is unique to the scenario of time-dependent magnetic perturbations. 

 

4.1 INTRODUCTION 

Exploring the internal hydrodynamics of a magnetically perturbed ferrofluid droplet 

is of critical importance from the perspectives of droplet evaporation, spreading, mixing, and 

many more (Roy et al. 2009; Ahmed et al. 2018a; Saroj and Panigrahi 2019). In this chapter, 

the internal hydrodynamics of a sessile ferrofluid droplet in the presence of a time-dependent 

magnetic field is experimentally explored. Both bright-field visualizations and µ-PIV 

measurements were employed to investigate the flow characteristics of the ferrofluid droplet 

in the presence of a magnetic field. A time-dependent magnetic field with different actuation 

frequencies was allowed to perturb the ferrofluid droplet. The magnetic field flux density was 

maintained constant at 340 G, while the frequencies were varied from 0.1 Hz to 3Hz. The 

results are presented as such; initially, we explored the motion of the magnetic nanoparticles 

in the presence of a magnetic field. In the later part of the chapter, we discuss the implication 

of the MNPs motion on the bulk liquid of the ferrofluid droplet domain via µ-PIV 

measurement technique. 
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4.2 MATERIALS AND METHODS 

4.2.1 Fabrication of hydrophobic substrate and electromagnet  

The preparation of the PDMS substrate is elaborately explained in section 2.6 of chapter 

2. For the contact angle measurements of droplets, a goniometer imaging set-up (Make: 

Acam-NSC) was used (refer to section 2.2 of chapter 2 for details). The contact angle of water 

on the PDMS coated glass slide was found to be 105 ± 0.8°, whereas for untreated surface, 

i.e., for glass slide, it was found to be 44 ± 0.6°. Similarly, the contact angle was found to be 

65°, and 34° for ferrofluid on the PDMS coated glass slide and the untreated glass slide, 

respectively. An electromagnet was kept at a distance of 1.5 mm from the droplet, as shown 

in Fig. 4.1(a)-(b). The details regarding the fabrication of the electromagnet are elaborately 

discussed in section 2.5 of chapter 2. Time-dependent magnetic field of strength 𝐵̅ = 340 G 

and actuation frequencies 𝑓 =  0.1, 0.5, 1.0, and 3 𝐻𝑧 were applied to the ferrofluid droplet. 

Figure 4.1(c) shows the evaporation of the ferrofluid droplet in the presence of no magnetic 

field up to 𝑡 = 400 s. The role of evaporation in the present study was found to be negligible, 

as can be observed from Fig. 4.1(c).  

 

Fig. 4.1 (a) Schematic of the droplet - electromagnet arrangement, (b) The fabricated electromagnet 

along with the sessile droplet on a PDMS coated substrate, and (c) Snapshots showing the rate of 

evaporation of the ferrofluid droplet in the absence of magnetic field.   

4.2.2 Bright-field imaging and µ-PIV system 

 Bright field visualizations of internal convection of the ferrofluid droplet were carried 

out using an inverted microscope (Leica: DM IL LED), as shown in Fig. 4.2. The droplet – 

electromagnet set up was kept over the stage of the inverted microscope, and the droplet was 

illuminated from below the microscope stage through a 10𝑋 objective lens (NA = 0.40) using 

a mercury lamp. Under bright-field visualizations mode, nanoparticles of ferrofluid appeared 

as black particles with a white background. To visualize the chain-like cluster of nanoparticles 

during aggregation, a higher magnification objective lens 20X (NA = 0.4) was used. 
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Similarly, during µ-PIV measurements of internal convection of ferrofluid droplet, an 

inverted microscope with a fluorescent light source was used, as shown in Fig. 4.2. Figure 4.2 

shows the schematic of the µ-PIV system. The µ-PIV system is discussed in detail in section 

2.4 of chapter 2. For the µ-PIV measurements, the ferrofluid droplet was seeded with 1 µm 

diameter fluorescent microspheres (Molecular Probes Inc.). The above seeding particle 

concentration was chosen as it provided acceptably low noise levels under the present 

illumination conditions. The droplet–electromagnet set up was kept over the stage of the 

inverted microscope, and the droplet was illuminated by a monochromatic of wavelength of 

530 nm from below the microscope stage through a 10X objective lens (NA = 0.40). The 

details regarding the capture of images and the µ-PIV methodology are discussed in detail in 

section 2.4 of chapter 2. 

 

Fig. 4.2 Schematic of the bright field imaging/µ-PIV set up 

 Similarly, the details of the preparation and characterization of the ferrofluid solution 

are sufficiently mentioned in section. 2.7 of chapter 2. In the present study, the volume 

fraction of magnetic nanoparticles in ferrofluid is maintained at 0.5%. The various 

thermophysical properties of the ferrofluid are mentioned in Table 4.1. 

 Table 4.1 Thermophysical properties of water and prepared ferrofluid  

 Density 

(Kg m-3) 

Specific heat 

(J (Kg K)-1) 

Thermal conductivity 

(W (m K)-1) 

Viscosity 

(Pa s) 

Water 995 4180 0.6±0.05 0.0009 

Ferrofluid 1022 3425 0.7±0.05 0.00106 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Magnetic flux density distribution 

 

Fig. 4.3 (a) Meshing of the computational domain of the magnetic field (b) Distribution of magnetic 

flux density (𝐵̅) around the droplet region (c) variation of magnetic flux density along the diameters 
(𝑋 − 𝑋´ and 𝑍 − 𝑍´) of the droplet and (d) validation of simulation results with measurements from 

gauss meter.  

The distribution of magnetic flux density (𝐵̅) in the droplet region was simulated using 

the COMSOL Multiphysics®. The governing equations and parameters used for the 

simulation of the magnetic field are presented in Table 4.2. A free tetrahedral mesh of 

maximum element size of 1 mm, with a total of 2.1 × 106 elements, was used in the present 

simulations, as can be seen from Fig. 4.3(a). A stationary MUMPS solver with absolute 

tolerance of 10−6 was used for simulating the magnetic field generated by the electromagnet. 

Figure 4.3(b) shows the simulated magnetic flux density distribution around the droplet. 

Along the diameter 𝑍 − 𝑍´ of the droplet, the magnetic flux density was found to be nearly 

constant, whereas a magnetic field gradient was present along the diameter 𝑋 − 𝑋´ of the 

droplet as shown in Fig. 4.3(c).  In order to validate the simulation results, the magnetic flux 

density produced by the electromagnet was measured using a gaussmeter and was compared 
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with the simulation results, as shown in Fig. 4.3(d). A good match between the two validates 

the various parameters and equations used for the simulation of the magnetic field.  

Table 4.2 Governing equations and parameters used for COMSOL simulation of the magnetic field  

 

Governing Equations 
𝜎(𝜕𝐴̅𝑚 𝜕𝑡⁄ ) + ∇ × (𝜇0

−1 ∙ 𝜇𝑟
−1 ∙ 𝐵̅) − 𝜎𝑢̅𝑐 × 𝐵̅ = 𝐽𝑒̅ 

𝐵̅ = ∇ × 𝐴̅𝑚 

𝐽𝑒̅ = (𝑁𝐼̅ 𝑎𝑐𝑜𝑖𝑙⁄ ) 

Current (𝐼) 1.5 𝐴 

Cross section area of coil (𝑎𝑐𝑜𝑖𝑙) 2.82 ×  10−5 𝑚2 

Number of turns (𝑁) 200 

Electrical conductivity of coil (𝜎) 5.96 ×  107 𝑠/𝑚 

Relative permeability of air (𝜇𝑟) 1 
 

4.3.2 Scaling analysis  

Various scaling analysis were carried out in the present work. The first scaling analysis 

was carried out for the translational motion of the ferrofluid droplet towards the electromagnet 

from the position where it was originally deposited on the PDMS coated glass slide. In the 

presence of a magnetic field, the resultant of surface tension and magnetic force acting on the 

droplet determines the translational motion of the droplet towards the electromagnet. For the 

present study above, two forces were evaluated by calculating the Weber number (𝑊𝑒𝑚 =

𝜇0|𝑀2|𝑈 𝛾⁄ 𝐴𝑠) and magnetic Bond number (𝐵𝑜𝑚 = 𝜇0|𝐻2|𝑅 𝛾⁄ ), respectively. Weber 

number was found to be 𝑊𝑒𝑚 ~ 10−3 as compared to 𝐵𝑜𝑚 ~ 0.146, indicating higher 

dominance of surface tension compared to the magnetic force resulting in a negligible shape 

change of droplet with no translational velocity towards the electromagnet. The droplet was 

therefore observed to actuate at the same position in the presence of a magnetic field where it 

was initially deposited on the PDMS coated glass slide.  

A second scaling analysis was carried out to find the amount of negative 

magnetophoresis acting on seeding particles in ferrofluid in the presence of a magnetic field 

during µ-PIV measurements. The negative magnetophoresis is usually encountered by a non-

magnetic body like seeding particles dispersed in a magnetic medium like ferrofluid in the 

presence of a magnetic field (Liang et al. 2013; Zhu et al. 2014). Zhu et al. carried out an 

analytical study on the transport of non-magnetic particles in a diluted ferrofluid in the 

presence of a magnetic field produced by a permanent magnet (Zhu et al. 2011). They reported 

that the deflection of non-magnetic particles due to negative magnetophoresis could be 

minimized with the use of diluted ferrofluids and low strength of the applied magnetic field. 

The negative magnetophoretic force (𝐹𝑚𝑝) and viscous drag force (𝐹𝑑) acting on seeding 
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particles under the present experimental conditions were calculated and the ratio between the 

two was found to be 
𝐹𝑚𝑝

𝐹𝑑
 ~ 10−7, indicating negligible deflection of seeding particles due to 

negative magnetophoresis. Therefore seeding particles were observed to follow the bulk flow 

faithfully inside the droplet in the presence of magnetic field during the µ-PIV measurements. 

4.3.3 Internal hydrodynamics of ferrofluid droplet in the absence of magnetic field 

 

Fig. 4.4 (a) Velocity field inside the ferrofluid droplet in the absence of a magnetic field, and (b) 

comparison of  𝑈∗ velocity profile along the diameter (𝑍 − 𝑍´) of the droplet with the literature.  

Before conducting experiments in the presence of a magnetic field, the internal 

convection or bulk flow present inside the ferrofluid droplet was measured in the absence of 

a magnetic field using µ-PIV measurements. Ferrofluid, in the absence of a magnetic field, 

behaves like any other nanofluid with nanoparticles freely dispersed in the carrier fluid. 

Several studies have been carried out on internal hydrodynamics of a sessile liquid droplet 

over a hydrophobic surface, where buoyancy-driven Rayleigh convection results in the 

downward motion of fluid along the interface and an upward plume-like flow at the center 

region of the droplet (Fischer 2002; Pradhan and Panigrahi 2015, 2018; Saroj and Panigrahi 

2019). Figure 4.4(a) shows the velocity field inside the ferrofluid droplet in the absence of a 

magnetic field, which shows a radial inward motion towards the center region of the droplet, 

similar to the studies discussed above. The inward motion of the fluid resulted in a plume-

like flow in the central region, which was subsequently traveled towards the contact line 

region near the air-liquid interface of the droplet. In order to validate our study, a comparison 
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of 𝑈∗-velocity profile along the diameter of the ferrofluid droplet is carried out with the 

literature, as shown in Fig. 4.4(b). A good match between the two validates the present study 

and confirms the feasibility of using the µ-PIV technique for velocity measurements of 

nanofluids like ferrofluids.  

4.3.4 Internal hydrodynamics of droplet in the presence of magnetic field 

The rate of evaporation of the ferrofluid droplet was observed to be negligible for 𝑡 < 30 

s, as discussed in section 4.2.1. This indicates that bright field visualizations and µ-PIV 

measurements of internal hydrodynamics of ferrofluid in the presence of a magnetic field can 

be conducted precisely up to time scale 𝑡 < 30 s considering negligible evaporation from the 

ferrofluid droplet. The maximum time scale corresponding to actuation frequency 𝑓 = 0.1 Hz 

of the applied magnetic field was calculated to be 𝑡 = 10 s, which was found to be less than 

the time scale for negligible evaporation, i.e., 𝑡 < 30 s. 

A. Bright field visualizations 

The ferrofluid droplet was subjected to a time-varying magnetic field of strength 𝐵̅ = 

340 G and actuation frequencies 𝑓 =  0.1, 0.5, 1, and 3 𝐻𝑧. Bright field visualizations were 

carried out for each case and are shown in Fig. 4.5, respectively. For each case, bright field 

images are shown at time intervals 𝜁 = 0+, 0.25, 0.5, 0.75, and 1, respectively, as shown in 

Fig. 4.5(a). The timestamp 𝜁 = 0+ represents the instant when the magnetic field was just ON, 

resulting in the actuation of the ferrofluid droplet in the direction of the applied magnetic 

field. During the ON cycle of the electromagnet (𝜁 = 0+ – 0.25), the magnetic nanoparticles 

(MNPs) in ferrofluid were observed to migrate through the droplet towards the magnetic zone 

near the vicinity of the electromagnet. The migration of nanoparticles resulted in a bulk 

motion of the carrier liquid towards the contact line near the vicinity of the electromagnet. In 

the presence of a magnetic field, the interparticle dipole-dipole interaction resulted in a chain-

like cluster of nanoparticles within the aggregate near the contact line, as shown in the zoomed 

view in Fig. 4.5(b) (Mendelev and Ivanov 2004). In the absence of a magnetic field, the 

random orientation of magnetic moments of nanoparticles resulting in the negligible dipolar 

attraction between the nanoparticles. However, in the presence of a magnetic field, magnetic 

moments of nanoparticles are orientated in the direction of the applied magnetic field, 

resulting in a chain-like cluster of nanoparticles, as shown in Fig. 4.5(b). During the OFF 

cycle of the electromagnet (𝜁 =  0.5, 0.75, 1), nanoparticles were observed to disintegrate 
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from the chain like clusters and were dispersed freely within the droplet, as shown in Fig. 

4.5(b). This was because of the random orientation of magnetic moments of nanoparticles in 

the absence of a magnetic field, as discussed above. Similar to the migration of nanoparticles, 

the dispersion of nanoparticles during the OFF cycle resulted in a bulk motion of ferrofluid 

in the direction opposite to the ON cycle. 

 

Fig. 4.5 (a) Bright field visualizations of the aggregation and dispersion of nanoparticles inside the 

ferrofluid droplet in the presence of magnetic field and (b) zoomed view of aggregation and dispersion 

of nanoparticles at the contact line of the droplet. 𝜁 = 𝑡/𝑇𝑀 , where 𝑇𝑀 is the time of operation of the 

electromagnet.  

In order to study the effect of actuation frequencies on the migration and dispersion 

of MNPs in the droplet, various time scales involved with the present study were evaluated, 

such as; advective time scale (𝑡𝑢), diffusion/viscous time scale (𝑡𝜈), and magnetic 
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perturbation time scale (𝑡𝑚). All the above timescales were calculated for each case of 

actuation frequency and are mentioned in Table 4.3. As the advective time scale 𝑡𝑢 was found 

to be very high and constant for all the cases; the effect of the advective time scale is not 

discussed further. Therefore, the migration, aggregation at the contact line, and then 

dispersion of nanoparticles during one complete cycle of operation of the electromagnet were 

found to depend on the balance between the viscous time scale 𝑡𝜈 and magnetic perturbation 

time scale 𝑡𝑚. During the ON cycle of magnetic field, aggregation of nanoparticles was 

observed in the droplet for a time interval 𝜁 = 0 to 0.25 as shown in Fig. 4.5(a)-(b). This is 

because, during the time interval 𝜁 = 0 to 0.5, nanoparticles experienced higher magnetic 

force compared to viscous force resulting in aggregation of nanoparticles in the droplet. The 

time interval 𝜁 = 0.5 corresponds to case when the magnetic field was just OFF. During the 

OFF cycle, i.e., from 𝜁 = 0.5 to 0.75, strong dominance of the viscous force compared to the 

magnetic force acting on nanoparticles resulted in the release/disperse of nanoparticles from 

the cluster of nanoparticles, as shown in Fig. 4.5(a)-(b). Both migration and dispersion of 

nanoparticles during the ON and OFF cycle of the magnetic field resulted in a bulk motion of 

ferrofluid in the droplet.  

Table 4.3 Calculation of various time scales in seconds 

Time scale (𝑠) Actuation frequencies  (𝑓) 

 

Advective timescale (2𝑅 𝑈𝐵=0⁄ )  

Diffusion timescale (4𝑅2 𝜐⁄ )  

Magnetic perturbation timescale (1 2𝑓⁄ )  

0.1 𝐻𝑧 0.5 𝐻𝑧 1 𝐻𝑧 5 𝐻𝑧 

300 300 300 300 

2.413 2.413 2.413 2.413 
5 1 0.5 0.166 

It can be clearly observed that as the magnetic perturbation time scale increases (with 

the decrease in actuation frequency), the amount of aggregation of nanoparticles in the droplet 

increases, as shown in Fig. 4.5. This is because, at lower actuation frequencies, the magnetic 

perturbation time scale was found to be higher as compared to viscous time scale resulting in 

the migration of more nanoparticles towards the contact line during the ON cycle. Similarly, 

during the OFF cycle in case of lower actuation frequencies, aggregated nanoparticles from 

the ON cycle experienced a higher viscous time scale resulting in either complete or partial 

dispersion of nanoparticles from clusters of aggregated nanoparticles, as shown in Fig. 4.5. A 

critical actuation frequency was observed (𝑓𝑐𝑟 = 0.5 Hz), above which no dispersion of 

nanoparticles from the aggregated nanoparticles at the contact line was observed during the 

OFF cycle of the magnetic field. This is because the magnetic perturbation time scale 𝑡𝑚 

corresponding to frequencies above the critical frequency 𝑓𝑐𝑟 results in less relaxation time 
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available for dispersion of nanoparticles from the aggregated nanoparticles during the OFF 

cycle of the magnetic field.  

B. µ-PIV measurements  

 

Fig. 4.6 Instantaneous velocity field inside the ferrofluid droplet in the presence of a magnetic field 

for different actuation frequencies.  𝜁 = 𝑡/𝑇𝑀 , where 𝑇𝑀 is the time of operation of the electromagnet.  

 Figure 4.6 represents the temporal variation of the flow field inside the ferrofluid 

droplet in the presence of a time-dependent magnetic field with actuation frequencies 𝑓 = 0.1,  

0.5, 1, and 3 Hz, respectively.  It can be clearly observed that on the activation of the magnetic 

field, a bulk motion towards the direction of the electromagnet was observed inside the 

droplet, as evident from the velocity vectors (Left → Right) as shown in Fig. 4.6. This is 
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because of the migration of nanoparticles towards the contact line near the vicinity of the 

electromagnet during the ON cycle, as discussed in the previous section. 

 

Fig. 4.7 Instantaneous vorticity and corresponding streamlines inside the ferrofluid droplet in the 

presence of a magnetic field of different actuation frequencies. 𝜁 = 𝑡/𝑇𝑀 , where 𝑇𝑀 is the time of 

operation of the electromagnet.  

Similarly, during the OFF cycle, a bulk motion was observed inside the droplet in the 

direction opposite to the ON cycle, as shown by the velocity vectors (Right → Left) in Fig. 

4.6. This bulk motion inside the droplet was resulted from dispersion of nanoparticles from 

the aggregated nanoparticles during the OFF cycle, as discussed in the previous section. For 

all the cases of actuation frequencies, the magnitude of the velocity of bulk flow inside the 

droplet was observed to decrease from time instant 𝜁 = 0+ to 𝜁 = 0.25 during the ON cycle, 

as shown in Fig. 4.6. This is because of continuous aggregation of nanoparticles at the contact 
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line from 𝜁 = 0+ – 𝜁 = 0.25, which reduces the strength of the magnetic field inside the 

droplet resulting in the lower magnetic force acting on nanoparticles at 𝜁 = 0.25. During the 

OFF cycle, the magnitude of bulk motion inside the droplet was observed to be less as 

compared to the ON cycle, as shown in Fig. 4.6. This is because of the weak dominance of 

the magnetic force over the viscous force acting on nanoparticles during the OFF cycle.  

 

Fig. 4.8 Variation of the total velocity (𝑈) along the diameters 𝑋 − 𝑋´ and 𝑍 − 𝑍´ of the ferrofluid 

droplet at different time instants in the presence of a magnetic field. 𝜁 = 𝑡/𝑇𝑀 , where 𝑇𝑀 is the time 

of operation of the electromagnet. 
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The black arrow in each velocity plot clearly indicates that two opposite bulk motion 

exist across the line of symmetry of the droplet during the ON and OFF cycle, as shown in 

Fig. 4.6. In order to quantify the strength of the circulation of the flow inside the droplet, we 

calculated the vorticity of the velocity field (𝜔𝑦) and is shown in Fig. 4.7. The corresponding 

streamlines are also superimposed on the vorticity plot, as shown in Fig. 4.7. It can be clearly 

observed that for all the cases of actuation frequencies, at 𝜁 = 0+, two opposite directed 

vorticity were generated inside the droplet due to the motion of bulk flow towards the 

electromagnet during the ON cycle. From 𝜁 = 0+ – 𝜁 = 0.25, vorticity was observed to be 

affected by the continuous aggregation of nanoparticles at the contact line, as evident from 

the streamlines, as shown in Fig. 4.7. Similarly, during the OFF cycle, the dispersion of 

nanoparticles resulted in two opposite directed vorticity inside the droplet as compared to the 

ON cycle, as shown in Fig. 4.7.  

 Figure 4.8 shows the variation of the total velocity (𝑈) along the diameter 𝑋 − 𝑋´ 

and 𝑍 − 𝑍´ of the droplet at different time instants for each case of actuation frequency, 

respectively. In order to compare the effect of magnetic field, the total velocity in the absence 

of magnetic field (𝐵̅ = 0) is also superimposed in each plot, as shown in Fig. 4.8.  It can be 

clearly observed that the magnitude of total velocity 𝑈 along the diameters 𝑋 − 𝑋´ and 𝑍 −

𝑍´ increased in the presence of magnetic field for a complete cycle (𝜁 = 0+, 0.25, 0.5,

0.75) as compared to the case of no magnetic field. This is because of the migration and 

dispersion of nanoparticles in the presence of a magnetic field, which resulted in a strong bulk 

motion inside the droplet as compared to negligible bulk motion in case of no magnetic field. 

For each case of actuation frequency, the velocity magnitude was found to decrease from time 

instant 𝜁 = 0+ to 𝜁 = 0.25 because of the continuous aggregation of nanoparticles at the 

contact line, as discussed in the previous section. During the OFF cycle (𝜁 =  0.5  –  0.75), 

the velocity magnitude was found to decrease for all the cases of actuation frequencies, as 

shown in Fig. 4.8. This is because of the dispersion of nanoparticles from the aggregated 

nanoparticles at the contact line resulting from the strong viscous force acting on 

nanoparticles during the OFF cycle. An increase in velocity magnitude was observed with an 

increase in actuation frequency, as shown in Fig. 4.8. This is because, with an increase in 

actuation frequency, the magnetic perturbation time scale was found to be lower as compared 

to viscous time scale. Lower magnetic perturbation time scale with increasing actuation 

frequency resulted in partial retention of bulk flow from the previous ON cycle of the 

magnetic field with no dispersion of nanoparticles at the contact line.  
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4.4 SUMMARY  

 The internal hydrodynamics of ferrofluid droplets plays an important role in the 

magnetic field-assisted evaporation/spreading/mixing of ferrofluid droplets. Though the 

opaqueness of ferrofluid limits the use of various velocity measurement techniques, the 

present study reports the possibility of using the µ-PIV technique to measure the velocity field 

of ferrofluid flow in the presence of a magnetic field. The present study reports the internal 

hydrodynamics of a sessile ferrofluid droplet in the presence of a time-dependent magnetic 

field of different actuation frequencies. The application of a magnetic field leads to the 

migration of nanoparticles in the direction of the magnetic field, which in turn results in 

internal convection or bulk flow inside the ferrofluid droplet. The magnitude of internal 

convection is found to be a function of strength and frequency of the applied magnetic field. 

A critical frequency of the applied magnetic field is observed above which negligible 

dispersion of nanoparticles is observed at the contact line of the droplet during the OFF cycle 

of the magnetic field. Negligible dispersion of nanoparticles at critical frequency results in 

stagnant layers of nanoparticles near the contact line, which can be explored in the future for 

the study of separation of cells or proteins using various markers/antibodies attached magnetic 

nanoparticles. As the strength of the circulation of internal convection of the droplet is 

observed to be higher in the presence of a magnetic field, such flow circulation can be 

effective for magnetically assisted mixing of reagents or fluids.    
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Chapter 5  

EFFECT OF TIME-VARYING MAGNETIC FIELD ON THE 

MIXING CHARACTERISTICS OF A SESSILE FERROFLUID 

DROPLET WITH A NON-MAGNETIC DROPLET 

As seen in the previous chapters that substantial agitations can be developed in the ferrofluid 

droplet flow field on perturbation by a time-dependent magnetic field. In this chapter, the 

implication of the enhanced convection on the ferrofluid droplet's mixing characteristics with 

another non-magnetic droplet is explored. Bright field visualization and µ-PIV measurement 

technique are employed for qualitative and quantitative understanding of the internal 

hydrodynamics of the droplet. The µ-LIF measurement technique is used for the 

quantification of the mixing index. The role of the various timescale on the overall mixing 

time between the droplets is highlighted. An important phenomenon of flow instability arising 

due to the susceptibility mismatch between the two fluids are outlined as well. 

 

5.1 INTRODUCTION 

In the previous chapter, we have explored the several facets of the internal 

hydrodynamics of a sessile ferrofluid droplet under the modulation of a magnetic field. In this 

study, we investigate the role of internal convections on the mixing characteristic of the 

droplet. Augmentation of the mixing phenomena under the influence of a magnetic field has 

been explored in the past (Roy et al. 2009; Zhu and Nguyen 2012; Hejazian et al. 2016). In 

this chapter, a new method of generating strong convection inside the ferrofluid droplet under 

the influence of a time-periodic magnetic field is investigated. The ferrofluid droplet (base 

droplet) is placed between two alternatively acting electromagnets. We show that the 

transiences in nanoparticles induce a magneto convective flow, which, in turn, promotes the 

mixing of the base droplet with the non-magnetic sister droplet being injected from the top. 

The intermittent motion of the magnetic nanoparticles under the influence of the time-

dependent magnetic actuation triggers the interfacial instabilities to a significant extent. This 

phenomenon eventually brings about sufficient agitation in the droplet's bulk liquid, leading 

to enhanced mixing. The concentration field in the droplet domain under the magnetic field's 

influence was numerically simulated for the qualitative understanding of the mixing 
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characteristics. In what follows, this chapter is divided into three sections. In the first section, 

we explore the ferrofluid droplet's internal convective characteristics in the presence of a 

magnetic field with the help of bright field visualization. In the intermediate section, 

following the µPIV measurement technique, we explore the internal hydrodynamics of the 

bulk liquid inside the droplet in the presence of a magnetic field. In the final section of this 

chapter, we explore the implication of this augmented advective force on the ferrofluid droplet 

mixing with another non-magnetic droplet.  

5.2 MATERIALS AND METHODS 

5.2.1  Substrate preparation and fluid characterization 

The preparation of the PDMS substrate is appropriately discussed in section 2.6 of 

chapter 2. The ferrofluid droplet forms a contact angle of 𝜃𝑓𝑒𝑟𝑟𝑜𝑓𝑙𝑢𝑖𝑑~65° on the PDMS 

substrate. The magnetic nanoparticles are coated with surfactant (Lauric acid) essentially to 

prevent any interparticle agglomeration in the ferrofluid solution. Note that the coated 

surfactant layer lowers the contact angle of the ferrofluid solution to the aforementioned 

value. The preparation and characterization of the ferrofluid solution are elaborately discussed 

in section 2.7 of chapter 2. 

5.2.2 Magnetic forcing actuation setup 

The fabrication of electromagnet and its time-dependent actuation is discussed 

appropriately in section 2.5 of chapter 2. We place the electromagnets at a distance of 0.2 mm 

from the periphery of the droplet. Note that the time-dependent operation ensures alternate 

actuation of the electromagnets at a predefined specific instant of time. In the present study, 

we keep the magnetic field flux density constant at 𝐵̅ = 400 𝐺, while the actuation frequency 

varies from  𝑓 = 0.3 𝐻𝑧 to 5 𝐻𝑧. In the appendix section, we have provided the distribution 

of this magnetic field generated by the electromagnet inside the droplet domain (refer 

Appendix B.1).  

5.2.3  Experimental setup and the working principle 

We show, in Fig. 5.1(a), the complete methodology of the experiments conducted in this 

study through a series of schematic depictions. We now briefly discuss the experimental 

procedure for the sake of completeness and ease in understanding. A ferrofluid droplet of 

volume 1 µ𝑙 is placed on the treated PDMS substrate using a digital microdroplet dispenser 

(Make: Tarsons). We perturb the ferrofluid droplet by a time-dependent magnetic actuation, 

originating from two axially aligned electromagnets (cf. Fig. 5.1(a)). The controlled magnetic 
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perturbations generate internal convections inside the droplet. The imposed magnetic 

actuation strength for about 40 s leads to the formation of a chain-like structure of 

nanoparticles inside the ferrofluid droplet. Following this event of chain formation, a water 

droplet containing fluorescent dye (0.05g of Rhodamine 6G in 20 ml of De-Ionized water) of 

the equal volume is injected on to the ferrofluid droplet with the help of a microdroplet 

dispenser. We use a hall probe digital gaussmeter (Make SES instruments) to measure the 

strength of the applied magnetic field. Note that we perform all experiments for base magnetic 

field strength, 𝐵̅ = 400 𝐺. Also, care has been taken during experiments to isolate the droplet 

from the convection currents of the surrounding air such that no shear-induced mixing takes 

place.  

 

Fig. 5.1 (a) Schematic representation of the working mechanism of the proposed microfluidic platform 

for rapid and efficient droplet mixing. A fluorescent water droplet is injected from top to a sessile 

ferrofluid droplet under the actuation of a time-dependent magnetic field. The sequence of operation 

of the electromagnet is shown in the top left corner of the figure. When the left magnet is in ON-state, 

the right magnet remains in OFF-state and vice versa. All the involved symbols were defined aptly on 

the top right-hand side of the figure. (b) Plots show the motion of the fluorescent seeded particles in 

the presence and absence of the magnetic field. The white-colored arrow shows the direction of the 

bulk fluid flow inside the droplet. 

Figure 5.2(a) shows the schematic of the experimental setup. As already discussed, 

the present experimental study is divided into three primary parts: the bright field 
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visualization, the µPIV (micro-particle image velocimetry) analysis, and the µLIF (micro 

laser-induced fluorescence) investigation. Also, we numerically simulate the mixing process 

in the present problem, primarily to compare the insights gained from the experimental 

observations. It is worth mentioning here that the intricate details captured from the 

simulations co-operate in explaining the experimental results for a better understanding of the 

flow physics of our interest. In the bright-field visualization, white light from the mercury 

lamp illuminates the droplet flow field. We observe the transmitted white light from the 

bottom of the substrate with the help of a 10X (magnification) objective lens having a 

numerical aperture (NA) of 0.24. In the bright-field visualization, we perceive the motion of 

the magnetic nanoparticles (MNPs) in the presence of a time-dependent magnetic field. We 

use an objective lens of higher magnification of 20X to capture the chain-like cluster1 of the 

magnetic nanoparticles. 

We perform µPIV investigation for the quantification of the internal flow 

hydrodynamics of the droplet. The details of the µPIV analysis are elaborately explained in 

chapter 2 (section 2.4) and are not mentioned here for brevity. We appeal to the µLIF 

investigation for the quantification of the underlying mixing phenomena between the base 

(ferrofluid) and sister (water) droplets. The experimental setup is similar to the µPIV 

configuration. For the present task (µLIF investigation), the ferrofluid droplet domain is 

illuminated by the fluorescent light, and the water droplet (containing fluorescent dye) is 

subsequently injected from the top with the help of a microdroplet dispenser (Make: Tarsons). 

Since the beginning of the water droplet injection, we start recording the distribution of the 

water droplet inside the ferrofluid droplet domain. The recorded images are subsequently 

converted to the grayscale format. For the elimination of noise from the captured images, we 

subtract the intensity histogram of the base reference image from all the subsequent recorded 

images for a particular experiment. Following this, we calculate the standard deviation of the 

pixel intensity in the droplet region, as given by, 

 

𝐶′ = 1 − √(1/𝑁) ∑[(𝑃 − 𝑃̅)2/𝑃̅2]

𝑁

1

 

 

(5.1) 

                                                 
1 The formation of chain-like cluster is an important event associated with the internal hydrodynamics of the 

ferrofluid drop. This feature has been elaborated in the results and discussion part of this article in greater detail.  
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Where P, is the intensity which varies from 0 to 256, while the mean pixel value (𝑃̅) is given 

by: 

 

𝑃̅ = (1/𝑁) ∑ 𝑃

𝑁

1

 (5.2) 

𝑁 represents the number of pixels. Initially, when the droplet is in the unmixed state, 𝐶′ = 𝐶0 

and at the final stage of mixing, 𝐶′ = 𝐶∞. Thus, the mixing index is normalized as  

 
𝐶̅ =

𝐶′ − 𝐶0

𝐶∞ − 𝐶0
; 1(= Mixed state) < 𝐶̅ > 0(= Unmixed state) (5.3) 

Fig. 5.2 (a) Schematic of the experimental set up along with its components. The experimental setup 

is used to conduct the bright field visualization, micro-particle image velocimetry (µPIV) analysis, 

and micro-laser induced fluorescence (µLIF) investigation in the droplet domain. All the components 

are aptly described in the text. (b) Schematic of the simulated two-dimensional computational domain. 

L and R indicate the left and right magnet, respectively. (Schematic is drawn not to scale) 

 During experiments, we ensure to maintain the temperature and the humidity inside 

the laboratory at 25 ± 0.5°C and 67 ± 1%, respectively. The calculated value of the Bond 

number (𝐵𝑜 = 𝜌𝑔𝐷ℎ
2 𝛾⁄ ) is found to be less than one. However, the magnetic bond number 

is calculated as 𝐵𝑜𝑚 = 𝜇0𝐻2𝑅/𝛾 where 𝜇0, 𝐻, 𝑅, and 𝛾 represents the magnetic permeability 

of vacuum, magnetic field intensity, radius of the droplet, and the interfacial tension, 

respectively. For the present case 𝐵𝑜𝑚 > 1, which signifies the dominance of the magnetic 

force on the droplet domain. For ensuring repeatability, we perform each experiment four 

times using the same sample. It is worth mentioning here that the maximum uncertainties 

involved in each run do not exceed 8%. 
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5.2.4 Numerical method 

We also make an effort to simulate the droplet flow field numerically, essentially to 

understand the intricate dynamics of the convective-diffusive mass transfer between the two 

droplets. We perform in this study two-dimensional (2D) numerical simulations using 

COMSOL Multiphysics®. We refer to Fig. 5.2(b), showing the schematic of the 

computational domain consisting of the sessile droplet (the base droplet), the sister droplet, 

and the two time-dependent magnets. The continuity and the Navier-Stokes equations for the 

unsteady, viscous and incompressible fluid flows are given by: 

 𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑢̅) = 0 (5.4) 

 𝜕(𝜌𝑢̅)

𝜕𝑡
+ (𝑢̅. 𝛻)𝑢̅ = −𝛻𝑃 + 𝛻{𝜂(𝛻𝑢̅ + 𝛻𝑢̅𝑇)} + 𝐹̅ (5.5) 

where 𝜌 is the density(𝑘𝑔 𝑚3⁄ ) of the fluid, 𝑢̅ is the velocity field(𝑚 𝑠⁄ ), 𝜂 is the viscosity 

of the fluid (𝑃𝑎. 𝑠), and 𝐹̅ is the volume force in (𝑁 𝑚3⁄ ). We calculate the magnetic field 

acting on the droplet flow domain by solving the Maxwell equations as given by (Griffiths 

and Inglefield 2005): 

 𝛻 ∙ 𝐵̅ = 0 (5.6) 

 𝛻 × 𝐻̅ = 0 (5.7) 

where 𝐵̅ is the magnetic flux density and 𝐻̅ is the intensity of the magnetic field. The magnetic 

flux density (𝐵̅) is given by (Griffiths and Inglefield 2005): 

 𝐵̅ = 𝜇0(𝐻̅ + 𝑀̅) (5.8) 

𝜇0 is the permeability of vacuum, 𝑀̅ is the magnetization of the flow domain. The 

magnetization (𝑀̅) is described as (Griffiths and Inglefield 2005): 

 𝑀̅ = 𝜒𝐻̅ (5.9) 

where 𝜒 is the magnetic susceptibility of the fluid. Note that 𝐹̅ in (5.5) is the force that 

comprises of the gravity force (𝐹̅𝑔), interfacial tension (𝐹̅𝑠), and the magnetic force (𝐹̅𝑚). The 

gravity force is neglected since the Bond number is less than one (< 1). The interfacial 

tension can also be ignored since the fluids are miscible. The magnetic force (𝐹̅𝑚) is calculated 

from (Strek 2008): 

 𝐹̅𝑚 = (𝑀̅ ∙ 𝛻)𝐵̅ (5.10) 
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Using 𝐵̅ = 𝛻 × 𝐴̅  in (5.10), the component of the magnetic force (𝐹̅𝑚) in 𝑋 and 𝑌 direction 

respectively, can be written as (Nouri et al. 2017),  

 
𝐹𝑚,𝑥 =

𝐶𝜒

𝜇0𝜇𝑟
2

[
𝜕𝐴𝑧

𝜕𝑦
∙

𝜕2𝐴𝑧

𝜕𝑥𝜕𝑦
+

𝜕𝐴𝑧

𝜕𝑥
∙

𝜕2𝐴𝑧

𝜕𝑥2
] (5.11a) 

 
𝐹𝑚,𝑦 =

𝐶𝜒

𝜇0𝜇𝑟
2

[
𝜕𝐴𝑧

𝜕𝑥
∙

𝜕2𝐴𝑧

𝜕𝑥𝜕𝑦
+

𝜕𝐴𝑧

𝜕𝑦
∙

𝜕2𝐴𝑧

𝜕𝑦2
] (5.11b) 

where 𝐴̅ is the magnetic vector potential (𝑊𝑏 𝑚⁄ ), 𝜇𝑟 is the relative permeability of the 

magnet. The advection-diffusion equation governing the mass transfer phenomena in the 

droplet domain (modelling framework) is given by, 

 𝜕𝐶

𝜕𝑡
+ (𝑢̅. 𝛻𝐶) = 𝛻 ∙ {𝐷𝛻𝐶} (5.12) 

where 𝐶 is the concentration of the fluid, and 𝐷 is the diffusion coefficient of the fluid (𝑚2 ⁄

𝑠). The ferrofluid is allotted a scaler concentration value of 𝐶 = 1, while the fluorescent DI-

water is allotted a scaler concentration of 𝐶 = 0. The advective-diffusion process will alter 

the density and viscosity of the mixture in a time-dependent magneto convective flow. 

Therefore, the density and viscosity of the fluid need to be represented as a function of the 

concentration flow field (Wen et al. 2011), 

 𝜌𝑚𝑖𝑥 = 𝐶𝜌𝑓 + (1 − 𝐶)𝜌𝑤 (5.13) 

 𝜂𝑚𝑖𝑥 = 𝜂𝑓𝑒𝑅(1−𝐶) (5.14) 

 Where, 𝑅 = 𝑙𝑛(𝜂𝑤 𝜂𝑓⁄ ) (5.15) 

where the subscripts 𝑚𝑖𝑥, 𝑓, and 𝑤 stand for mixture, ferrofluid, and water, respectively. 

Similarly the effective density (𝜌𝑓) and viscosity (𝜂𝑓) of ferrofluid  can be calculated as 

(Brinkman 1952), 

 𝜌𝑓 = 𝜑𝜌𝑀𝑁𝑃 + (1 − 𝜑)𝜌𝑤 
(5.16) 

 
𝜂𝑓 = 𝜂𝑤 (

1

(1 − 𝜑)2.5
) (5.17) 

𝜑 is the volume fraction of magnetic nanoparticles (MNPs) in the ferrofluid solution. Note 

that in the present work ferrofluid is treated as pure fluid, while its density and viscosity as 

calculated from eq. (5.16)-(5.17) are used in the numerical computation. The numerical 

mixing index (𝐶̅) is calculated using the following equation (Wang et al. 2008; Wen et al. 

2011), 
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𝐶̅ = 1 −
∫ ∫ |𝐶 − 𝐶𝑛∞|𝑟𝑑𝑟𝑑𝜃

2𝜋

0

𝑅

0

∫ ∫ |𝐶𝑛0 − 𝐶𝑛∞|𝑟𝑑𝑟𝑑𝜃
2𝜋

0

𝑅

0

 (5.18) 

where 𝐶𝑛0 and 𝐶𝑛∞ are the computed concentration of the droplet domain at the initial and 

final temporal instances. As such, the initial unmixed state has 𝐶̅ = 0, while the final mixed 

state has 𝐶̅ = 1 

 In the numerical simulations, the boundary and the initial conditions are as follows: 

For the momentum equation, no-slip condition is maintained at the outer boundary of the 

droplet. For the mass transport equation, no flux condition is applied at the outer boundary 

droplet; continuity in flux at the interface of the two droplets. As already mentioned before, 

the ferrofluid is allotted a scaler concentration value of 𝐶 = 1, while the fluorescent DI-water 

is allotted a scaler concentration of 𝐶 = 0.  For the magnetic field simulations, the magnetic 

insulation boundary condition (𝑛 × 𝐴̅ = 0) is applied to the surrounding air. To solve the 

complex two-way coupled non-linear governing equations as mentioned by eq. (5.4)-(5.7) 

and eq. (5.12), we have used the computational framework of COMSOL Multiphyscis®. We 

employ the in-built laminar flow, transport of diluted species, and the magnetic field interface 

to solve the coupled advection-diffusion phenomena. Also, Newton iterations are executed, 

and the MUMPS solver has been implemented for the linear algebraic system deriving from 

the finite-element formulation. The second-order backward differentiation formula has been 

used for temporal discretization. The time step strategy is such that each magnetic cycle is 

divided into 20 steps to capture all the intricate physics. Also, it is ensured that simulations 

start at a very small initial time step of 10−8𝑠. A fixed tolerance value of  10−6 is ensured for 

all the simulations. 

5.3 RESULTS AND DISCUSSION 

The ferrofluid droplet flow domain consists of a magnetic part and a non-magnetic part. 

The magnetic nanoparticles (MNPs) constitute the magnetic part, while the non-magnetic part 

comprises of the bulk carrier liquid. As already mentioned, we explore the motion of the 

MNPs by bright-field investigations, while the µ-PIV measurement technique quantifies the 

bulk flow motion. The movement of the nanoparticles under the influence of the applied 

magnetic field alters the flow dynamics inside the ferrofluid droplet domain, which in turn, 

changes the concentration field and results in better mixing. We also numerically simulate the 

magneto convective flow and its effect on the concentration field. Next, we will discuss the 
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underlying issues of the flow dynamics in the presence of a magnetic field and subsequent 

mixing in the forthcoming sections.  

5.3.1 Droplet Internal hydrodynamics 

A. Bright field visualization 

In Fig. 5.3(a)-(b), we show the movement of the MNPs when a time-dependent magnetic 

field of frequency 𝑓 = 0.3 Hz perturb the ferrofluid droplet domain. A magnetic field 

frequency of 0.3 Hz implies that the time period of the particular magnetic forcing cycle is 

3.333.. s. Note that out of the total cycle time (~3.333 s); the right magnet remains in ON 

state for 1.6666.. s, while the left magnet is in ON state for another 1.6666.. s. This process is 

repeated in the time-periodic forcing environment. Since both the electromagnets are aligned 

along the diametrical direction of the droplet, we show, in Fig. 5.3(a)-(b), the snapshots for 

the cases when the right magnet is active. Needless to say, the MNPs motion will exhibit 

similar qualitative kinetics even when the left magnet is turned on to the active state, albeit 

the direction of the MNPs motion would change. Figure 5.3(a) demonstrates the bright field 

visualization of the motion of the MNPs at various temporal instants. Note that zero ‘0’ ms 

denotes the state when the right magnet is switched ON. The MNPs, on the realization of the 

applied magnetic force, start migrating towards the active magnet (Right magnet). Precise 

observation of Fig. 5.3(a) shows that the MNPs moves in the droplet flow field following the 

formation of the cluster having a head and a long tail. The head of the cluster moves towards 

the active magnet (right magnet) upon piercing through the carrier liquid. This typical piercing 

action of the cluster (of MNPs), in turn, creates agitations inside the bulk liquid of the 

ferrofluid droplet. The course of this agitation endorses a motion in the droplet domain. Note 

that the induced motion due to this agitation is in the opposite direction of the moving MNPs 

motion (as shown by green arrows in Fig. 5.3(a)). The cluster (of MNPs) on reaching the 

vicinity of the active magnets strikes the triple contact line. Following this, it undergoes 

deformation, and in-process rearranges itself according to the prevailing magnetic force 

environment. Subsequently, the MNPs agglomerates and realigns in a chain-like formation. 

It is worth mentioning here that this chain-like cluster formation is primarily due to the 

interparticle dipole-dipole interaction existing between the MNPs in the presence of the 

magnetic field, as given by 𝐼𝑚(𝑖𝑗) = − [3
(𝑚𝑖∙𝑟𝑖𝑗)(𝑚𝑗∙𝑟𝑖𝑗)

𝑟𝑖𝑗
5 −

𝑚𝑖𝑚𝑗

𝑟𝑖𝑗
3 ], where 𝑟𝑖𝑗 = 𝑟𝑖 − 𝑟𝑗 is the 

distance between the 𝑖𝑡ℎ and 𝑗𝑡ℎ nanoparticles having magnetic moments 𝑚𝑖 and 𝑚𝑗 

respectively (Mendelev and Ivanov 2004). This chain-like cluster of the MNPs breaks down 
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as the inactive magnet (the left magnet for the present configuration) returns to its active 

phase, and the motion of the deagglomerated MNPs continues in a similar manner towards 

the active magnet (Left at the prevailing situation). This typical fashion of movement of the 

MNPs inside the droplet domain, i.e., with head and tail, is encountered only at low frequency. 

At higher frequencies, such kind of motion of the MNPs is not observed. We will discuss this 

non-intuitive behavior in the latter part of this section in greater detail. 

 

Fig. 5.3 (a) Snapshots depict the motion of the magnetic nanoparticles (MNPs) inside the ferrofluid 

droplet domain at various temporal instances when perturbed by the time-dependent magnetic field 

frequency (𝑓) of 0.3 Hz. The blue-colored arrows indicate the direction of the MNPs. The green-

colored arrows show the direction of the motion of the bulk carrier fluid. The images are recorded at 

a microscope magnification of 10X. (b) Snapshots illustrate the spatio-temporal motion of the 

migrating MNPs near the magnetically active triple contact line. The images are recorded at a higher 

microscope magnification of 20X. 

 To further understand the arrangement of the magnetic nanoparticles near the triple 

contact line area of the active magnet, we make an effort in Fig. 5.3(b) to demonstrate the 

flow field captured with a higher magnification of 20X. A closer observation of Fig. 5.3(b) 

shows that the head of the clustered MNPs undergoes deformation on striking the active triple 

contact line (at around 120ms). As a result of this deformation, we observe the re-alignment 

of the MNPs in tune with the applied magnetic force field, leading to the development of a 

chain-like cluster. Note that the individual MNP acts as a dipole in the presence of the applied 

magnetic field, which, in effect, leads to the development of the chain-like cluster formation. 

In Fig. 5.4, we show the spatio-temporal variation of the MNPs inside the droplet 

domain when perturbed by a time-dependent magnetic field of four different frequencies 𝑓 =

0.3 𝐻𝑧, 1 𝐻𝑧, 3 𝐻𝑧, 𝑎𝑛𝑑 5 𝐻𝑧  respectively. On actuation of the electromagnet, the MNPs 

migrate towards the active electromagnet following the typical cluster-like formation, as 

already explained in the preceding discussions, i.e., a head moves in the forward direction 
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followed by a long tail. However, this distinctive motion (of MNPs) in a clustered fashion is 

limited to the lower frequencies, i.e., for 𝑓 = 0.3 𝐻𝑧 and 1 𝐻𝑧. At a higher frequency of the 

magnetic field  𝑓 = 3 𝐻𝑧 and 5 𝐻𝑧,  the presence of neither the head nor the tail (of the 

MNP’s) could be traced in the domain, as can be seen from Fig. 5.4. In addition to that, a 

distinct chain-like cluster formation is also not observed at a relatively higher frequency 

(precisely 𝑓 = 5 𝐻𝑧 case). We would like to discuss another interesting observation on the 

non-dimensional time (𝜁) taken by the MNPs cluster to reach the triple contact line nearer the 

active electromagnet as follows. The non-dimensional time (𝜁) is defined as the ratio of 

instantaneous time to the time period for which an individual magnet remains at ON 

state (𝑇𝑀), specifically, 𝜁 = 𝑡 𝑇𝑀⁄ . At low frequency, the MNPs could reciprocate between 

the two magnetically active zones, as can be seen from Fig. 5.4. However, at higher 

frequencies, the MNPs are unable to reach the magnetically active zones, as observed in Fig. 

5.4. In order to figure out the underlying physical reasoning behind this observation, we look 

at the effects of the advective time scale of the MNPs and the magnetic perturbation time 

scale of the electromagnet. The advective time scale (𝑡𝑢 = 𝐷ℎ ⁄ 𝑈𝑀𝑁𝑃) refers to the time 

taken by the MNPs to travel the characteristics length, i.e., the droplet diameter, at a particular 

strength of the actuation force. While the perturbation time scale (𝑡𝑚 = 1 2𝑓 ⁄ ) implies the 

time over which an individual magnet remains in the ON stage. For the calculation of the 

advective time scale, we tracked the motion of the cluster of MNPs in presence of the 

magnetic field. The images were recorded at 300 frames per second, and the nanoparticle 

cluster was tracked with the help of ImageJ plugin Trackmate® (Schneider et al. 2012). 

Average of multiple readings ranging over numerous cycles of the applied time-dependent 

magnetic field was taken for calculation of velocity of the cluster (of MNPs). Following which 

the average velocity (𝑈𝑀𝑁𝑃) of the magnetic nanoparticles was found to be around 11mm/s. 

Based on this average velocity, the advective time scale (𝑡𝑢 = 𝐷ℎ ⁄ 𝑈𝑀𝑁𝑃) of the MNPs is 

found to be around 0.13 𝑠. On the other hand the magnetic perturbation time scale, 𝑡𝑚 =

1 2𝑓⁄   becomes 1.667 𝑠, 0.5 𝑠, 0.1667 𝑠, and 0.1 𝑠 for 0.3 𝐻𝑧, 1 𝐻𝑧, 3 𝐻𝑧, and 5 𝐻𝑧 cases, 

respectively. It is because of this imbalance between the advective and magnetic perturbation 

time scale (𝑡𝑢 < 𝑡𝑚), at lower frequencies of the magnetic field, particularly for 0.3 𝐻𝑧 and 

1 𝐻𝑧, the MNPs could reciprocate between the two magnetically active zones, as can be seen 

from Fig. 5.4, whereas for a relatively higher frequency, i.e., for 𝑓 = 5 𝐻𝑧 case, the advective 

time scale of the MNPs is higher as compared to the magnetic perturbation time scale. As a 

consequence, the MNPs could not reciprocate between the two magnetically active zones. 
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However, at the magnetic field frequency of 3 Hz, the advective time scale is almost balanced 

by the perturbation time scale (𝑡𝑢~𝑡𝑚). Quite notably, at this frequency, the MNPs travel in 

the most optimal way. This particular optimal motion of the MNPs at the magnetic field 

frequency of 3 Hz has a huge implication in the internal convections of the bulk carrier fluid 

flow, as well as its significance on subsequent mixing. We will discuss this part in the 

forthcoming sections. 

 

Fig. 5.4 Plot depicts the motion of the magnetic nanoparticles (MNPs) under the influence of magnetic 

field frequency of 0.3 Hz, 1 Hz, 3 Hz, and 5 Hz, respectively, for the various time instances of 

functioning of the electromagnet. The white colored arrows indicate the direction of the MNPs motion, 

and the red colored arrows show the direction of the bulk flow. “AB” denotes the position between 

which the MNPs reciprocate at 𝑓 = 5 𝐻𝑧. 𝜁 = 𝑡 𝑇𝑀⁄ , where 𝑡 is the instantaneous time and 𝑇𝑀 is the 

time of operation of an individual magnet.  

B. µ-PIV investigation 

We have seen in the previous section that the advective time scale (𝑡𝑢) of the MNPs 

gets almost balanced by the perturbation time scale (𝑡𝑚) of the electromagnet when the 

magnetic field frequency is maintained at  𝑓 = 3 𝐻𝑧. This balance between the two active 

time scales (precisely 𝑡𝑢 and 𝑡𝑚) signifies that the MNPs move between the two magnetically 

active regions in an optimum possible manner. It is worth mentioning here that the optimal 

movement of MNPs ensures substantial disturbances in the bulk fluid domain, as discussed 

next.  
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In Fig. 5.5, we show the variation of the velocity vectors of the bulk fluid flow inside 

the ferrofluid droplet domain obtained at different temporal instants of the magnetic actuation 

cycle with a frequency maintained at  𝑓 = 3 𝐻𝑧. As we have already observed from the bright 

field visualization, on the actuation of the electromagnets, the motion of the MNPs leads to 

the development of oppositely directed motion of the bulk carrier fluid. This typical agitation 

of the bulk flow is the consequential effect of the piercing action of the MNPs on the carrier 

fluid, as discussed before. Due to this piercing action of the MNPs, a high-pressure zone is 

created ahead of the MNPs cluster, leading to the development of low pressure behind it. 

 

Fig. 5.5 Plot depicts the bulk flow motion inside the droplet at various time of operation of the 

magnetic field, when the frequency of the magnetic field is maintained at 3Hz. The total time of 

operation of an individual magnet is divided into four parts, with each individual time-steps denoting 

an increment of 𝑇𝑀 4⁄ , where ‘𝑇𝑀’ represents the time of operation of an individual magnet, i.e., 𝑇𝑀 =
1 2𝑓⁄ . 𝐿𝑂𝑁 and 𝑅𝑂𝑁 signifies the state when the left electromagnet and the right electromagnet is 

active, respectively. The white colored arrows indicate the direction of the bulk liquid flow motion. 

 As a consequence of the spatial pressure gradient in the droplet domain, the bulk 

liquid moves from the high-pressure zone to the low-pressure zone. Following this 

phenomenon, we observe in Fig. 5.5 the bulk flow motion in the opposite direction of the 

MNPs motion. It is to be mentioned here that 𝜁 = 0+ denotes the state when the magnet is 

just switched ON, while 𝜁 = 0.25: 0.5: 0.75 represents the subsequent intermediate stages. 

Note that at 𝜁 = 0+, the MNPs realize the magnetic force and start rearranging themselves 

along the direction of the applied forcing environment. Primarily due to this rearrangement 

of the magnetic nanoparticles (MNPs), the low intensity of agitation is produced in the droplet 

flow domain at 𝜁 = 0+. Consequently, we observe low magnitude velocity at this stage, as 

witnessed in Fig. 5.5. At 𝜁 = 0.5, a relatively higher velocity is observed in the droplet 
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domain. This is because the head of the moving MNPs on striking the triple contact line of 

the magnetically active zone generates a tremendous amount of agitation in the droplet fluid 

domain. Following this impact (of the MNPs with the triple contact line at the magnetically 

active region), the MNPs rearrange themselves according to the applied magnetic force field. 

As the MNPs start rearranging themselves, the viscous force of the bulk liquid subsequently 

dissipates the generated disturbances in the carrier fluid. Primarily due to this reason, we 

observe a spontaneous drop in the ferrofluid droplet flow velocity at 𝜁 = 0.75, as can be seen 

in Fig. 5.5. Similar characteristics can be observed even when the right magnet is turned into 

an ‘On’ state, barring the fact that the fluid motion is in the opposite direction to the scenarios 

pertinent to the left magnet case. 

To obtain a clearer insight on this distinctive variation in the bulk flow velocity 

magnitude in the ferrofluid droplet domain, we depict Fig. 5.6(a). Note that Fig. 5.6(a) shows 

the variation of  𝜙, which is given as: 

 
 𝜙 =  

𝑈

𝑈0+
 (5.18) 

While 𝑈 refers to the strength of the velocity inside the droplet domain. 𝑈0+  implies the 

strength of the flow-field at  𝑡∗ = 0+. The strength of the velocity  

(𝑈)  was calculated by the root mean square of all the velocity vectors along the X-Y plane, 

and given as:  

 

𝑈 =
1

𝑁 × 𝑀
∑ √𝑢(𝑖, 𝑗)2 + 𝑣(𝑖, 𝑗)2

𝑁,𝑀

𝑖=1,𝑗=1

 

 

(5.19) 

While 𝑁 and 𝑀 refer to the number of grid points in the 𝑋 and 𝑌 directions, respectively. Note 

that 𝑢(𝑖, 𝑗) and 𝑣(𝑖, 𝑗) refers to the instantaneous 𝑋 and 𝑌 directional velocities. From the 

observation made in the context of bright field investigation, we can recall that the movement 

of MNPs towards the magnet induces fluid motion inside the droplet. However, the MNPs on 

reaching further downstream impacts the triple contact line nearer the active magnet, which 

in turn creates a bulk disturbance in the carrier liquid. This disturbance, however, decays with 

time because of the effective viscosity of the carrier fluid. Keeping these inferences in mind, 

we would like to discuss the temporal variation of 𝜙 for the magnetic field frequencies of 0.3 

Hz, 1 Hz, 3 Hz, and 5 Hz, respectively, as plotted in Fig. 5.6(a). For all the frequencies except 

for 𝑓 = 5 𝐻𝑧, 𝜙 exhibits a positive (+ve) slope initially, and on reaching its peak value, it 
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encounters a negative (-ve) slope. When the magnetic field frequency is maintained at 𝑓 =

5 𝐻𝑧, an almost constant slope is encountered. It is worth mentioning here that, although 

within the uncertainty region, a steady increase in 𝜙  for 𝑓 = 5 𝐻𝑧 is distinctly visible from 

figure 7(a).  Also, we report another important observation from Fig. 5.6(a) is that, for the 

𝑓 = 3 𝐻𝑧 case, the 𝜙 curve demonstrated maximum value. 

The positive (+ve) slope signifies the rise in the bulk flow velocity, while a negative 

(–ve) slope of 𝜙 signifies a decrease in bulk flow velocity in the droplet domain. As discussed 

before, when the electromagnet is actuated, the MNPs moves towards the magnetically active 

zone. As a consequence of these disturbances, we observe a positive (+ve) slope of 𝜙 during 

initial temporal instants of the actuation cycle in Fig. 5.6(a). Next, when the moving MNPs 

impacts the triple contact line near the active magnet region, tremendous agitation is produced 

in the droplet flow field. At this point, we observe a peak velocity in the droplet domain, as 

witnessed in Fig. 5.6(a). Once the velocity reaches a peak value, the viscous effect of the fluid 

dissipates the agitated flow velocity to the surrounding fluid. Notably, as a consequence of 

this dissipating effect, following this peak value, we observe a negative (–ve) slope of 𝜙 in 

Fig. 5.6(a). 

From the above discussion, it is clear that the viscous force acts as the suppressing 

agent for the agitation being developed in the flow field. Notably, we observed the presence 

of critical frequency (𝑓 = 3 𝐻𝑧) at which the magnetic perturbation time scale almost 

balances the advective time scale of the MNPs. Following this balance between the dominant 

time scales, the suppression rate of the agitation intensity is largely reduced. As a result, we 

observe augmented flow velocity throughout the magnetic cycle for 𝑓 = 3 𝐻𝑧 case, which is 

supported by 𝜙 > 1 in Fig. 5.6(a). Conversely, for the cases of 𝑓 = 0.3 𝐻𝑧 and 𝑓 = 1 𝐻𝑧, the 

magnetic perturbation time scale becomes more significant than the advective time scale. 

Because of the dominating effect of the perturbation time scale, the disturbances initiated in 

the domain almost diminishes at the end of the magnetic field cycle. Consequently, we 

observe in Fig. 5.6(a) the value of 𝜙 lower than one (𝜙 < 1) towards the end of the magnetic 

field cycle. When the magnetic field frequency (𝑓) is maintained at 5Hz, the advective time 

scale (𝑡𝑢) becomes higher than the perturbation time scale. Important to mention here that, 

because of this difference in involved time scales, the MNPs cannot fully impact both the 

triple contact line of the droplet at the magnetically active region. This temporal effect leads 

to a reduction in spatial dispersion of the MNPs in the flow domain. Thus, at this frequency, 
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the motion of the MNPs is highly localized, as seen in Fig. 5.4. Notably, as a consequence of 

this phenomenon, we encounter a constant slope for the 5 Hz case in Fig. 5.6(a).  

In Fig. 5.6(b), we show the variation of  𝜙𝑚 in the droplet domain for a particular 

cycle of operation of the magnetic field. For the sake of completeness, we here define 𝜙𝑚 as 

given by, 

 

𝜙𝑚 =
∫ 𝜙(𝑡)𝑑𝑡

𝑡+𝑇

𝑡

𝑇
 (5.20) 

 

Fig. 5.6 (a) Plot illustrates the temporal variation of 𝜙 for various magnetic field frequencies. The 

black-colored arrow identifies the critical frequency of the applied magnetic field at which maximum 

disturbances are produced in the droplet domain. (b) The bar graph depicts the variation of 𝜙𝑚 for the 

various magnetic field frequencies. 

As discussed before, when the magnetic field frequency is maintained at 3 Hz, the 

advective time scale almost balances the magnetic perturbation time scale. Thus, this 

frequency (𝑓 = 3𝐻𝑧) serves as the critical frequency (𝑓𝑐𝑟) at which maximum agitation and 

minimum dissipation of the fluid velocity takes place in the droplet flow field. Primarily 

because of this reason, we encounter a high value of 𝜙𝑚, as can be seen from Fig. 5.6(b). 

Whereas for lower frequencies (particularly, for 𝑓 = 0.3 𝐻𝑧 and 𝑓 = 1 𝐻𝑧), since the 

perturbation time scale is very large as compared to the advective time scale (𝑡𝑢 < 𝑡𝑚), the 

disturbances created in the flow domain by the moving MNPs get dissipated well in the field. 

As a result of this, we observe lower values of 𝜙𝑚 in Fig. 5.6(b). From the ongoing discussion, 

it may be inferred that, for frequencies higher than critical frequencies, i.e., 𝑡𝑢 > 𝑡𝑚, the 

motion of MNPs are highly localized, thereby creating localized agitations in the bulk liquid 

domain. Due to this limited disturbance, a lower value of  𝜙𝑚  is encountered at this frequency 

(cf. Fig. 5.6(b)). 
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Fig. 5.7 Plot depicts the temporal variation of the vorticity contours for the various magnetic field 

frequency of 0.3 𝐻𝑧, 1 𝐻𝑧, 3 𝐻𝑧, and 5 𝐻𝑧, respectively. The red-colored arrows indicate the 

streamlines of the flow. The plot shows the vorticity flow field when the right magnet is in ON state. 

In order to gain further insights into the underlying flow dynamics, we undertake an 

effort to predict the circulation produced inside the droplet flow field. In doing so, we 

calculate the  vorticity (𝜔𝑧) of the velocity field as, 

 𝜔𝑧 = ∇ × 𝑢̅ (5.21) 

In Fig. 5.7, we show the variation vorticity contours in the ferrofluid droplet flow field 

under the influence of various magnetic field frequencies. Two oppositely directed vortices 

are clearly observed for all the investigating cases. Quite intuitively, the magnitude of 

vorticity is maximum for the 3 𝐻𝑧 case in comparison to all other cases under consideration. 

This behavior is in agreement with our previously made observation on the development of 

maximum augmentation in velocity (cf. Fig. 5.6) in the droplet flow field at 𝑓 = 3 𝐻𝑧. 
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5.3.2 Droplet mixing characteristics 

A. Experimental insights 

 

Fig. 5.8 Fluorescein distribution inside the droplet flow field at various time instances of the mixing 

processes for the magnetic field applied frequency of 0.3 Hz, 1 Hz, 3 Hz, and 5 Hz, respectively. 𝑇̅ 

represents the non-dimensionalized mixing time and is given as 𝑇̅ = 𝑡 𝑇0⁄  where, 𝑡 is the instantaneous 

time and 𝑇0 is the total time of mixing between the two droplets in the absence of a magnetic field. 

From the discussion made in the preceding section, it is apparent that the manipulation 

of internal convections inside the ferrofluid droplet is possible by careful maneuvering of the 

MNPs movement. In this section, we explore the role of these convections on the underlying 

mass transfer between two droplets. The procedure adopted for the mixing process is already 

described in the materials and methods section.  

In the absence of any external force, mixing between two droplets occurs solely due 

to molecular diffusion. However, the influence of a magnetic field in the paradigm of mixing 

dynamics at the microfluidic scale leads to a completely different scenario (Zhu and Nguyen 

2012; Hejazian et al. 2016). Quite notably, the mixing dynamics gets further amplified in the 

presence of a time-dependent magnetic field. The amplification is primarily due to the 

substantial agitation produced in the droplet flow domain under the influence of a time-

dependent magnetic field. The time-periodic magnetic actuation leads to interfacial 

instability, which, in turn, enhances subsequent mixing following an augmented agitation in 
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the droplet flow field. Note that the intensity of this agitation is directly related to the 

frequency of the applied magnetic field, attributed primarily to its considerable effect on the 

interfacial instability. Because of this frequency modulated agitation, the underlying mixing 

between two droplets enhances.  

 

Fig. 5.9 Representative distribution of the fluorescence intensity at 𝑇̅ = 0.14 for the magnetic field 

frequency of (a) 𝑓 = 0.3 𝐻𝑧 (b) 𝑓 = 1 𝐻𝑧  (c) 𝑓 = 3 𝐻𝑧 (d) 𝑓 = 5 𝐻𝑧. The color bar shows the pixel 

intensity ranging from 0 to 255. 

In Fig. 5.8, we show the distribution of the fluorescein intensity in the flow domain of 

the mixed droplet at different temporal instants. Important to mention here that a fully mixed 

state will have a uniform intensity distribution throughout the droplet flow field. Note that 𝑇̅ 

represents the non-dimensional mixing time and is defined as 𝑇̅ = 𝑡 𝑇0⁄ , where 𝑡 is the 

instantaneous time and 𝑇0 is the total time of mixing between the two droplets in the absence 

of the magnetic field. In the presence of a magnetic field, the susceptibility mismatch between 

the two fluid leads to the development of flow instability. As a result of this instability and its 
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subsequent effect on bulk flow agitation, the overall mixing time between the two droplets is 

reduced substantially. From Fig. 5.8, we can see that the inhomogeneity in the fluorescence 

distribution gradually reduces over time. A closer observation of Fig. 5.8 is suggestive of a 

better mixing for 𝑓 = 3𝐻𝑧 case, as realized by a uniform fluorescein field in the domain even 

at earlier temporal instants 𝑇̅ = 0.05 and 0.14. Since the severe agitation in the flow field 

leads to an enhancement in mixing, this observation (fluorescein field for 𝑓 = 3 𝐻𝑧) is in 

support with our argument of augmented flow velocity (which is the effect of severe agitation) 

for 𝑓 = 3𝐻𝑧 as discussed before. Thus, it can be argued that the mixing phenomena taking 

place inside the droplet flow field are a strong function of the frequency of the applied 

magnetic field. To further ascertain the mixing phenomena occurring between two droplets 

(precisely, between two fluids) in Fig. 5.8, we plot the distribution of the fluorescence 

intensity at 𝑇̅ = 0.14 in Fig. 5.9.  We can clearly visualize from Fig. 5.9(c) an almost uniform 

fluorescein distribution inside the droplet flow field when the magnetic field frequency is 

maintained at 𝑓 = 3𝐻𝑧. Whereas substantial inhomogeneity exists in the droplet domain for 

the cases of  𝑓 = 0.3 𝐻𝑧, 1 𝐻𝑧, 𝑎𝑛𝑑 5 𝐻𝑧. 

 

Fig. 5.10 Plot depicts the temporal variation of the mixing index (𝐶̅) of the droplet flow field for the 

magnetic field applied frequency of 0.3Hz, 1Hz, 3Hz, and 5Hz, respectively. The insets depict the 

Fast Fourier Transform of the mixing index for all the cases under consideration. The black color 

dotted circle highlights the peak of the Fast Fourier Transform curve. The blue color circle identifies 

the mixing index (𝐶̅) at  𝑇̅ = 0.25. 
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It is established by now that the perturbation frequency (𝑓) of the magnetic field plays 

a dominant role in the magnetofluidic mixing of the microdroplet. In Fig. 5.10, we show the 

variation of the mixing index (𝐶̅) versus the non-dimensionalized mixing time, 𝑇̅(= 𝑡 𝑇0⁄ ) 

for all the cases under consideration. The plot in Fig. 5.10 shows that for  𝑇̅ = 0.25, the 

mixing index (𝐶̅) varies as 0.62, 0.94, 0.99, and 0.58 (highlighted by encircled points) for the 

magnetic field actuation frequencies of 0.3 Hz, 1 Hz, 3 Hz, and 5 Hz, respectively. This 

particular insight signifies that rapid mixing is possible when the magnetic field frequency (𝑓) 

is maintained at 3 Hz.  The inset of Fig. 5.10 shows the Fast Fourier Transform (FFT) of the 

mixing index data. These FFT values justify that the applied magnetic field frequency is the 

dominant perturbing force acting on the droplet domain.  

 

Fig. 5.11 Plots depict the experimental variation of the overall mixing time between the two droplets 

for the various perturbing magnetic field frequency(𝑓). The black color hollow circle (Ο) indicates 

the experimental droplet mixing time at a particular frequency. The critical frequency is identified by 

the dotted red color circle. Regime-I indicates the zone in which mixing time is inversely related to 

magnetic field frequency. Regime-II indicates the zone in which the droplet mixing time is directly 

related to frequency of the magnetic field. The inset shows the velocity distribution inside the 

ferrofluid droplet domain for all the magnetic field perturbing frequencies. 

In the preceding discussion, we have identified the presence of a critical frequency at 

which the time of the complete mixing process of the two droplets is minimum. Thus, the 

interactive role of the involved time scales viz., the advective, perturbation, and diffusive time 

scales on the mixing process is non-trivial as apparent from the ongoing discussion. We have 

previously seen that the advective and perturbation time scales are almost equal for 𝑓 = 3 𝐻𝑧 
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case. Intuitively, the minimum time for complete mixing in the present scenario should be for 

𝑓 = 3 𝐻𝑧 case. In Fig. 5.11, we show the variation of the overall non-dimensionalized mixing 

time (𝑇̅) between the two droplets for the various frequencies of the perturbing magnetic field. 

The curve in Fig. 5.11 exhibits an initial negative (-ve) slope, and after reaching a critical 

value, it encounters a positive slope (+ve). As such, the curve in Fig. 5.11 can be divided into 

regime I and regime II, respectively. In regime-I, with an increase in the frequency of the 

perturbing magnetic field, the overall mixing time between the two droplets reduces. While 

in regime-II, an increase in frequency of the magnetic field from the critical one, increases 

the mixing time between the droplets. The critical frequency is encountered at the transition 

point from regime 1 to regime 2. At the critical frequency (𝑓𝑐𝑟), the flow encounters minimum 

mixing time. This minimum mixing time is primarily due to the aggravated agitations the 

droplet domain experiences at the critical frequency (cf. inset of Fig. 5.11).  

B. Numerical perspectives 

 
Fig. 5.12 Plot benchmarks the experimentally calculated mixing index with that of the numerically 

calculated mixing index, in the absence of an external magnetic field. 𝑇∗ = 𝑡 𝑇0⁄ , where 𝑇0 is the total 

time of mixing of the droplet. The inset shows the snapshots of the temporal evolution of the 

concentration flow field of the droplet. 

In the present work, we have used bright field visualization, µPIV, and µLIF to 

comprehensively explore the droplet mixing characteristics. However, the adopted 

experimental methodologies have limitations in observing the instabilities in the 

concentration flow field of the droplet. In addition to that, the designed circuit of the 

electromagnet has its restrictions at very high magnetic field frequencies. Primarily because 
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of these reasons, numerical simulations are conducted in COMSOL Multiphysics® to explore 

the concentration field of the mixed droplet at higher frequencies. Also, we took advantage 

of simulations to have a qualitative understanding of the instabilities occurring in the droplet 

domain. In Fig. 5.12, we compare the simulated results of the mixing index (𝐶̅) with our 

experimental data in absence of any external magnetic forcing. A good match between the 

experimentally observed and numerically calculated mixing index justifies the reliability of 

our experiments. The inset of Fig. 5.12 shows the instantaneous numerical and experimental 

evolution of the droplet concentration field. The present numerical modelling framework, 

albeit 2D, is benchmarked with the experimental data and can be used as a tool to extract 

detailed insight in the droplet mixing physics.  

We have discussed about the flow instability of two fluids (miscible) and argued its effect 

on the underlying mixing in the preceding section. It is worth mentioning here that the 

instability is induced in the droplet flow domain due to the magnetic susceptibility mismatch 

between the two fluids. These disparities in the effective magnetization ensure an increase in 

the overall interfacial area leading to the development of “finger-like” fronts, as can be 

observed from Fig. 5.13(a). Note that the “finger-like” fronts appearing at the interface are 

an indicative measure of the flow instability. We show in Fig. 5.13(a) the temporal evolution 

of the concentration field for various perturbing frequencies.  Although the prime aim of the 

present endeavor is not to critically analyze the instability picture, yet we have discussed the 

“finger-like” fronts being developed at the interface during magnetic perturbation for a 

broader understanding of the mixing dynamics in the present scenario.  

It is worth mentioning here that the instability picture, as discussed above, is not the 

numerical artifact; instead, the appearance of the “finger-like” structures is the consequence 

of the mismatch of the magnetic susceptibility of two fluids. With the alteration in the 

frequency of the magnetic field, the distinctive spatial variation of the concentration flow 

domain is apparent. A closer inspection of Fig. 5.13(a) reveals that the numerical results 

showing the uniform distribution of the concentration field for 𝑓 = 3𝐻𝑧 are in coherence with 

the experimental observations, as demonstrated in Fig. 5.8. Moreover, at higher magnetic 

field frequencies, the droplet domain attains an almost constant behavior. This constant 

behavior is primarily due to the fact that at a higher perturbing frequency, the magnetic 

perturbation time scale is very low as compared to the advective time scale of the flow, i.e., 

𝑡𝑚 ≪ 𝑡𝑈. Consequently, under the application of very high magnetic field frequencies, any 

perturbation could not be fully propagated, and the droplet domain behaves as if it is acted 
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upon by two magnets under steady operations. Figure 5.13(b) shows the numerical and 

experimental evolution of the concentration flow field at the critical frequency of 3Hz. 

Consistency in the concentration flow field between the experimental and numerical results, 

as observed in Fig. 5.13(b), justifying the reliability of the modeling framework developed in 

this analysis. 

 

Fig. 5.13 (a) Concentration distribution inside the droplet flow field at various temporal instances of 

the droplet mixing process for the magnetic field applied frequency of 

0.3 𝐻𝑧, 1 𝐻𝑧, 3 𝐻𝑧, 5 𝐻𝑧, 10 𝐻𝑧 and 20 𝐻𝑧 respectively. The black and white-colored arrow identify 

the finger-like front developed in the droplet domain due to the magnetization differences between the 

two fluids. (b) Plots depict the temporal evolution of the experimental and numerical variation of the 

concentration flow field when the magnetic field frequency is maintained at 3𝐻𝑧. 

5.4 SUMMARY 

In the present study, the mixing dynamics of a ferrofluid droplet with a non-magnetic 

droplet under the influence of a time-dependent magnetic field have been investigated. The 

intermittent motion of magnetic nanoparticles (MNPs) under the external forcing induces a 

magneto convective flow inside the ferrofluid droplet. By performing the bright field 

visualizations, we obtain the qualitative understanding of the MNP’s motion inside the 
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ferrofluid droplet, while µPIV investigation is carried out for quantification of the bulk flow 

dynamics inside the domain. As observed, the flow convection inside the ferrofluid droplet 

gets augmented in the presence of a time-dependent magnetic field. The flow dynamics inside 

the ferrofluid droplet is numerically simulated, specifically to explore the existence of 

interfacial instability, which initiates the mixing in the present problem. A mismatch of the 

magnetic susceptibility of two fluids, together with the viscosity contrast, triggers the mixing 

in the convective mixing regime.  A critical frequency is observed at which the internal 

convection inside the droplet is amplified in the presence of a magnetic field. At this critical 

frequency, the advective time scale of the flow is balanced by the magnetic perturbation time 

scale. This balance ensures optimal reciprocation of the MNPs in between the two 

magnetically active zones. At a lower frequency, the residence time of the MNPs at a 

particular magnetically active zone increases, ensuring that the agitated energy of the bulk 

flow is dissipated by the viscous energy of the flow. While at a higher frequency, the MNPs 

are unable to reach the magnetically active zone, thereby restricting the agitation developed 

in the bulk flow to a particular limit. Since the agitation developed in the droplet domain is 

maximum at the critical frequency, the time of complete mixing between the two droplets 

becomes minimum at this frequency. The critical frequency obtained from the experimental 

observations is in good agreement with the numerical result. At the critical frequency, the 

overall mixing time between the two droplets is reduced by almost 80% when compared with 

the base case, i.e., no applied magnetic field.  The proposed technique may enable numerous 

biomicrofluidic and Lab-on-a-CD based applications towards achieving efficient mixing in a 

less invasive way. 
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Chapter 6  

EFFECT OF TIME-DEPENDENT MAGNETIC FIELD ON 

THE EVAPORATION DYNAMICS OF A SESSILE 

FERROFLUID DROPLET 

The previous investigations have shown that tailoring the magnetic nanoparticles motion is 

possible with a time-dependent magnetic field. In this chapter, we investigate the role of the 

magnetic nanoparticles' transient motion on the evaporation kinetics of the ferrofluid droplet. 

Bright field visualization and µ-PIV measurement technique are employed for qualitative and 

quantitative understanding of the droplet's internal hydrodynamics. The evolution of the 

droplet morphology in the presence of a magnetic field is captured using a CMOS camera. 

The role of the various timescale on the overall lifetime of the sessile ferrofluid droplet is 

highlighted. The characteristics stages that the ferrofluid droplet encounters while 

evaporating in the presence of a time-dependent magnetic field are outlined as well. 

 

6.1 INTRODUCTION 

Although the role of a steady magnetic field on the evaporation kinetics of a ferrofluid 

droplet is known (Jadav et al. 2017; Saroj and Panigrahi 2019). In this chapter, we 

experimentally investigate the evolution of the ferrofluid droplet in a controlled atmosphere 

when perturbed by a time-dependent magnetic field with various frequencies. Modulation of 

the evaporation dynamics by careful maneuvering of the magnetic particle migration is 

highlighted. At first, the droplet's external characteristics under the influence of a time-

dependent magnetic field, as manifested by the change in its height, contact angle, and 

diameter, are explored. A significant deviation of the evaporation characteristics of the 

magnetically perturbed ferrofluid droplet from the no magnet case (when no magnetic field 

perturbs the droplet domain) is highlighted as well. The time-dependent nature of the 

magnetic field stretches the contact line region, thereby increasing the overall evaporative 

surface area of the droplet (Fig. 6.1(a)). To explore the underlying physical issues of these 

characteristics, the internal hydrodynamics of the droplet is investigated both qualitatively 

and quantitatively, using bright-field visualization and µPIV measurement, respectively.  
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Fig. 6.1 (a) Schematic showing the particle migration in the ferrofluid droplet and the subsequent 

motion of the contact line after a time instance of 𝑡 + ∆𝑡, in the presence of two alternatively 

perturbing electromagnets. ‘L’ and ‘R’ denote the left and right electromagnet, respectively. (b) 

Schematic illustrates the forces acting on a magnetic nanoparticle (MNP) at the contact line. 

𝐹𝑒𝑝𝑠, 𝐹𝑣𝑝𝑠, 𝐹𝑔, 𝐹𝑠, 𝑎𝑛𝑑 𝐹𝑀 denotes the electrostatic, Vandaar-waals, gravity, surface tension, and 

magnetic force, respectively. 𝑓 denotes the friction factor. The left zoomed-in figure shows the 

deformation near the three-phase contact line on the soft substrate due to the balance between the 

liquid surface tension force (𝐹𝑠) and the substrate yield force. 𝜎 denotes the substrate yield stress, A

denotes the area of the three-phase contact line. The right zoomed-in figure shows the deformation 

near the three-phase contact line on the rigid substrate.  

6.2 MATERIALS AND METHODS 

6.2.1 Surface preparation and fluid characterization 

 
Fig. 6.2 Plot shows the static contact angle of (a) water and (b) ferrofluid droplets on the treated PDMS 

substrate. The volume of the sessile droplet is around 1.5µl.  

The preparation of the substrate is discussed in detail in section 2.6 of chapter 2. In Fig. 

6.2, the hydrophobic behavior of the treated substrate is demonstrated, where deionized water 

forms a static equilibrium contact angle of  𝜃𝑤𝑎𝑡𝑒𝑟 = 105°. However, the prepared ferrofluid 

solution forms a contact angle of 𝜃𝑓𝑒𝑟𝑟𝑜𝑓𝑙𝑢𝑖𝑑 = 65°. This reduction in contact angle is 

primarily since the magnetic nanoparticles in the ferrofluid solution are coated with surfactant 

(lauric acid) to avoid agglomeration (Rosensweig 1984; Odenbach 2002). The treated 

substrate, in which, the ratio of the oligomer and the curing agent was 10:1, has the modulus 

of elasticity (𝐸) of around 1.5MPa (Lopes and Bonaccurso 2012, 2013; Dey et al. 2015). The 

stiffness of the prepared substrate can be quantified by a softness parameter  𝛾 𝐸𝑅⁄ , where 𝑅 
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is the macroscopic length scale and 𝛾 is the surface tension of the liquid with air (Marchand 

et al. 2012; Lubbers et al. 2014). For 𝐸 = 1.5 𝑀𝑃𝑎, the softness parameter for the prepared 

PDMS substrate was found to be 𝑂[𝛾 𝐸𝑅⁄ ]~10−6. This low value of softness parameter 

ensures the substrate behaves as an “apparently rigid substrate”, as such no wetting ridge 

formation is observed in the present work (Marchand et al. 2012; Lubbers et al. 2014). The 

preparation and characterization of the ferrofluid solution are elaborately discussed in section 

2.7 of chapter 2. 

6.2.2 Electromagnet assembly 

 We fabricate two electromagnets (L and R) for intermittent perturbation of the droplet 

domain. The fabrication and operation of the electromagnet are clearly explained in section 

2.5 of chapter 2. Note that the electromagnets are kept at a distance of around 2.5 mm from 

the droplet’s center. The electromagnet is activated by supplying current from a DC power 

source (Make: Aplab). For generating time-dependent magnetic fields, we have developed an 

in-house digital circuit to supply pulsed current to the electromagnet. The arrangement is 

made such that when ‘L’ is in “ON” state, ‘R’ remains in the “OFF” state, thereby ensuring 

that only one electromagnet remains in the “ON” state at a particular instant of time. Note 

that, in the present study, a magnetic field of strength 𝐵̅ = 640 G and actuation frequencies 

𝑓 = 0.5, 1.0, and 3Hz is applied to the ferrofluid droplet. The magnetic field is measured at 

the surface of the electromagnet facing the droplet by a Gaussmeter (Make: SES Instruments). 

The droplet-electromagnet assembly is covered with a glass lid to minimize the effects of 

convection of surrounding air on the evaporation kinetics and internal convection. While 

performing experiments, the electromagnets are actuated once the droplet reaches its static 

contact angle.  

6.2.3 Experimental procedure and droplet visualization. 

 In this study, we explore the implications of the magnetic field induced convections 

on the internal as well as external hydrodynamics of the ferrofluid droplet. The internal 

hydrodynamics is investigated with the help of a µPIV set-up, while the external 

hydrodynamic features of the ferrofluid droplet are quantified by the changes in the contact 

angle, diameter, and height of the droplet. The Goniometer (Make: ACAM-NSC) is used to 

measure the contact angle. The details of the goniometer are mentioned appropriately in 

section 2.2 of chapter 2. Note that the set-up consists of a droplet-dispensing module, a white 

LED light, a diffuser, and a CMOS camera. A sessile droplet of volume 1.5µl is dispensed 

into the treated substrate with the help of the droplet-dispensing module (speed range: 0.038-
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16µl/s). The white LED, together with the diffuser, is used to illuminate the droplet volume. 

The images are captured with a CMOS camera, having an image resolution of 744 x 480 

pixels2. The acquired images are post-processed in ImageJ (Schneider et al. 2012), and an in-

house code is developed to decipher the information from the processed images. To mention, 

from these processed images, we calculate the following parameters, such as the change in 

diameter, height, and contact line velocity of the droplet (see section 2.2 of chapter 2 for more 

detail).  

 

Fig. 6.3 Schematic representation of the µPIV experimental set-up, used for quantifying the internal 

flow hydrodynamics of the ferrofluid droplet. The components used in the experiments have been 

shown in several schematics, and their functions have been well defined in the text. 

 We measure the velocity field inside the droplet by µPIV techniques. The μ-PIV 

system, as schematically shown in Fig. 6.3, consists of three main components, viz, (i) an 

inverted microscope (Make: Leica, DM IL LED), (ii) a fluorescent light source (Make: Leica), 

and (iii) a CCD camera (Make: Leica). The ferrofluid droplet is seeded with 1μm diameter 

fluorescent microspheres (Make: Molecular Probes Inc.).  The fluorescent particles ensure 

acceptable low noise levels under the present illumination conditions. The details of the µ-

PIV investigations are explained elaborately in section 2.4 of chapter 2. 

 The mass loss of the droplet due to evaporation is measured with the help of a 

weighing balance (Make: AND-GR202) having a minimum resolution of 0.01mg.  The 

temperature and the humidity inside the laboratory are maintained at 25 ± 0.5°𝐶 and 67 ±

1%, respectively. The Bond number (𝐵𝑜 = ∆𝜌𝑔𝐷ℎ
2 𝛾⁄ ) is less than one, where 𝜌, 𝑔, 𝐷, 𝛾 
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represents the density, acceleration due to gravity, diameter, and surface tension, respectively. 

The magnetic bond number is calculated as 𝐵𝑜𝑚 = 𝜇0𝐻2𝐷ℎ 𝛾⁄ , where 𝜇0, 𝐻0 represent the 

permeability of free space and magnetic field strength(A/m), respectively. For the present 

case 𝐵𝑜𝑚 ≫ 1, signifying the dominance of magnetic force over the surface tension force. 

Each experiment is repeated four times for the repeatability. The maximum uncertainties 

involved in each run does not exceed 8%. 

6.3  RESULTS AND DISCUSSION 

In this section, we first elucidate the evaporation characteristics of the ferrofluid droplet, 

when perturbed by the time-dependent magnetic field. We investigate the changes in the 

droplet diameter, height, contact angle for the various frequencies of the perturbing magnetic 

field, as considered in this study. Further, we explore the internal hydrodynamics of the 

droplet, and in doing so, we focus on the motion of the magnetic nanoparticles (MNPs) and 

the bulk flow behaviour. 

6.3.1 Evaporation characteristics of the ferrofluid droplet  

To study the evaporation behaviour of the droplet, we have quantified the temporal 

change in the contact angle, diameter, and height of the droplet.  Also, the variation of the 

droplet volume with time is calculated as one of the essential characteristics of the droplet 

evaporation kinetics. The contact angle (𝜃∗), height (𝐻∗), and diameter (𝐷∗) of the droplet 

are non-dimensionalized with their initial droplet contact angle, diameter, and height, 

respectively as 𝜃∗ = 𝜃 𝜃0⁄ ,  𝐻∗ = 𝐻 𝐻0, 𝐷∗ = 𝐷 𝐷0⁄⁄   where the subscript ‘0’ indicates the 

initial value. In Fig. 6.4(a), we show the dynamical changes in the contact angle (both left and 

right contact angle) when two electromagnets perturb the droplet domain alternatively. As 

seen in Fig. 6.4(a), whenever the left electromagnet is in the ON stage, the left contact angle 

(𝜃𝐿) attains a higher value as compared to the right contact angle and vice-versa. This 

observation can be attributed to the magnetic forcing driven movement of the MNPs inside 

the droplet. The migration of the MNPs towards the active magnet increases the surface 

energy of the liquid-air interface (near the active magnet). The increased surface energy 

results in a higher contact angle of the liquid-air interface nearer the active magnet zone. 

Important to mention, this increase in the contact angle of the liquid-air interface at the active 

magnet zone further leads to a decrease in the contact angle of the liquid-air interface that is 

maintained at the nearby end of the inactive magnet zone. The snapshots in the inset of Fig. 

6.4(a) shows the droplet morphology at particular time instants. The presented snapshots 

support our argument of increased contact angle at the contact line of the active magnet and 
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vice versa. Note that a spontaneous reduction in the magnitude of the contact angle can also 

be observed as time proceeds. This reduction in the contact angle is primarily due to the 

prevailing mode of evaporation (precisely DCVR mode of evaporation) wherein the mass of 

the droplet is getting lost. In the forthcoming discussion, we investigate the existing modes of 

evaporation exhibited by the droplet in the presence of a time-dependent magnetic field in 

greater detail. 

 

Fig. 6.4  (a) Plot shows the variation of the contact angle (𝜃𝐿, 𝜃𝑅) when the left magnet and right 

magnet is switched On alternatively, for f=0.5Hz, B=640G (b) Plot depicts the variation of non-

dimensional contact angle (𝜃∗) for the various investigating cases. The inset figure illustrates the 

stages of evaporation of a ferrofluid droplet in the absence of a magnetic field. (c) The plot shows the 

temporal variation of the droplet diameter(𝐷∗) as it evaporates. (d) The plot illustrates the change in 

height (𝐻∗) of the droplet throughout its evaporation life-time. The 𝑡∗ is the non-dimensionalized time 

and is given by 𝑡∗ = 𝑡 𝑡𝐸⁄ , where 𝑡𝐸  is the total life-time of the droplet. 

 Figure 6.4(b) shows the changes in the contact angle when the frequency of the 

perturbing magnetic field is varied. In the absence of a magnetic field, the ferrofluid droplet 

evaporates following three distinct modes (cf. Fig. 6.4(b)-inset), viz, the constant contact 

radius mode (CCR), the constant contact angle mode (CCA), and the late-stage mixed mode. 
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At the initial stage, it evaporates in constant contact radius mode (CCR). In the CCR mode, a 

sharp drop in contact angle takes place while the triple contact line of the droplet remains 

pinned. With this spontaneous decrease in the contact angle of the droplet, a stage arrives 

where the de-pinning force (𝐹𝑑𝑒𝑝𝑖𝑛𝑛𝑖𝑛𝑔, the force responsible for depinning the triple contact 

line) becomes higher than the intrinsic energy barrier (
𝜕𝑈

𝜕𝑟
). Note that this energy barrier tends 

to pin the interface of the triple contact line (Orejon et al. 2011). Primarily due to this 

depinning force 𝐹𝑑𝑒𝑝𝑖𝑛𝑛𝑖𝑛𝑔 >
𝜕𝑈

𝜕𝑟
, the triple contact line recedes, and the evaporation process 

continues following constant contact angle mode (CCA). In the CCA mode of evaporation, 

the contact angle remains almost constant while the contact radius decreases. In the final stage 

of evaporation (Mixed-mode), the contact line recedes as well as the contact angle decreases. 

Also, to check the correctness of experimental methods, the change in contact angle (𝜃) for 

the base case (No magnet case) is validated with the theoretical results of  Hu and Wu (Hu 

and Wu 2016). A reasonable agreement can be observed between the two results, except for 

the late stage of evaporation. This discrepancy is mainly because the theoretical modeling 

framework of  Hu and Wu (Hu and Wu 2016) didn’t account for the late mixed stage of 

evaporation in the underlying analysis. The modes of evaporation get altered when the time-

dependent magnetic field perturbs the droplet domain, as can be seen from Fig. 6.4(b). The 

contact angle of the droplet in the presence of a time-dependent magnetic field decreases in 

three typical stages. In the initial stage of evaporation, the slope of the contact angle is high, 

followed by the mid-stage, where the slope decreases. In the late stage of evaporation, a sharp 

decrease in contact angle can be observed.  In the subsequent discussion, we will see that 

these characteristic variations of the contact angle of the ferrofluid droplet in the presence of 

a time-dependent magnetic field are due to the presence of new modes of evaporation 

altogether.  

 We show in Fig. 6.4(c), the temporal variation of the droplet diameter (𝐷∗) as it 

evaporates. Having a closer look at Fig. 6.4(c), the observations made are as follows: in the 

absence of a magnetic field, the contact line remains pinned (CCR mode) for about 20% of 

the total evaporation time, and then a spontaneous decrease in diameter (CCA mode) takes 

place. However, in the presence of a magnetic field, the diameter of the droplet increases at 

the initial temporal instants attains a peak value, and finally decreases with time. To mention, 

this observation holds true for all the perturbing frequencies considered in this study. This 

observation agrees with our proposition that the droplet evaporation kinetics in the presence 

of a time-dependent magnetic field does not follow any CCR or CCA modes, since at no stage 
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of evaporation, as shown in Fig. 6.4(a)-(d), neither the diameter nor the contact angle of the 

droplet remains constant. Quite remarkably, we have recognized these new modes of 

evaporation kinetics through the present experimental investigations and termed them as 

DCVR (Decreasing contact angle and variable radius), DCDR (Decreasing contact angle and 

decreasing radius), and late mixed modes. Notably, the new modes of droplet evaporation in 

the presence of a time-dependent magnetic field are in sharp contrast to the established modes, 

as observed in the absence of a magnetic field. In the DCVR mode of evaporation, the contact 

angle decreases, while the diameter of the droplet encounters a rise and fall pattern. The 

duration of evaporation in this particular zone is calculated until the diameter of the droplet 

reduces to 𝐷∗ = 1. As seen in Fig. 6.4(c), the diameter of the droplet increases at the initial 

temporal instants of this mode. This is primarily because of the interplay of the forcing factors 

under the modulation of magnetic field. To be precise, the applied force barrier (i.e., the 

magnetic force, 𝐹𝑀) is greater than the combined strength of de-pinning (𝐹𝑑𝑒𝑝𝑖𝑛𝑛𝑖𝑛𝑔) and 

pinning (𝐹𝑝𝑖𝑛𝑛𝑖𝑛𝑔) forces. The pinning force (𝐹𝑝𝑖𝑛𝑛𝑖𝑛𝑔) is the algebraic sum of electrostatic 

force (𝐹𝑒𝑝𝑠), Van der Waals force (𝐹𝑣𝑎𝑝) and the gravity force (𝐹𝑔) (cf. Fig. 6.1b, for the 

involved forces near the contact line). The de-pinning force (𝐹𝑑𝑒𝑝𝑖𝑛𝑛𝑖𝑛𝑔) is given by 

𝛾 sin 𝜃0𝛿𝜃, where 𝛾 is the surface tension of the fluid (Orejon et al. 2011). Note that  𝛿𝜃 

=(𝜃0 − 𝜃(𝑡)) and 𝜃(𝑡) is the instantaneous contact angle.  As the droplet evaporates, 𝜃(𝑡) 

decreases continuously, leading to an enhancement of the de-pinning force (𝐹𝑑𝑒𝑝𝑖𝑛𝑛𝑖𝑛𝑔).  

 

Fig. 6.5 Snapshots depicts the temporal evolution of the evaporating ferrofluid droplet for the various 

cases under investigation. All the respective modes of evaporation at that particular temporal instant 

are highlighted. The 𝑡∗ is the non-dimensionalized time and is given by  𝑡∗ = 𝑡 𝑡𝐸⁄ , where 𝑡𝐸  is the 

total lifetime of the droplet. 

 Therefore, in the subsequent stages of evaporation, the de-pinning force (𝐹𝑑𝑒𝑝𝑖𝑛𝑛𝑖𝑛𝑔) 

becomes greater than the combined strength of the pinning (𝐹𝑝𝑖𝑛𝑛𝑖𝑛𝑔) and applied magnetic 

(𝐹𝑀) forces. At this stage, the triple contact line will start receding following this enhanced 
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de-pinning force (𝐹𝑑𝑒𝑝𝑖𝑛𝑛𝑖𝑛𝑔) and results in the decrease of the droplet diameter. As the 

droplet diameter becomes 𝐷∗ = 1, we observe a spontaneous decrease in height, diameter, 

and contact angle of the droplet with an almost constant slope, as witnessed in Fig. 6.4. In this 

zone, the droplet evaporates following the DCDR mode. The late mixed mode of evaporation 

follows this mode. 

 In Fig. 6.4(d), we show the temporal variation of the height of the droplet. A 

spontaneous decrease in the height of the droplet can be easily observed for all the cases under 

consideration as time grows. Thus, we can conclude that the DCVR mode of evaporation 

kinetics ensures the stretching of the diameter of the droplet during initial temporal instants. 

Important to mention, this stretching further implies an increase in the triple contact line area. 

This fact, in particular, has tremendous implications on the overall life-time of the droplet, as 

discussed in greater detail in one of the succeeding sections. Note that the duration of the 

DCVR mode of evaporation is dependent on the frequency of the perturbing electromagnet 

and is seen to follow the order 𝑡1 𝐻𝑧 > 𝑡0.5 𝐻𝑧 > 𝑡3 𝐻𝑧 , as witnessed in Fig. 6.4(c).  Snapshots 

showing the image of the evaporating droplet obtained at different temporal instants are 

shown in Fig. 6.5. The instantaneous evolution of the droplet wetting characteristics is directly 

related to the frequency of the perturbing magnetic field, as can be seen in Fig. 6.5. As already 

observed, the duration of the DCVR mode of evaporation is maximum for the 1Hz case as 

compared to all the other involved cases. 

 

Fig. 6.6 Plot illustrates the change of the non-dimensionalized volume (𝑉∗) of the ferrofluid droplet 

for all the investigating cases under consideration. The inset figure is an enlarged view of the dotted 

red circled area. (𝑉∗) is the non-dimensionalized volume and is given by 𝑉 𝑉0⁄ . 
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Fig. 6.7 Plots depicts the variation of the non-dimensional volume (𝑉∗) for the non-dimensional time 

(t*) along with the respective fitted curve for (a) No magnetic field applied, (b) 𝐵̅=640 G, f=0.5 Hz, 

(c) 𝐵̅=640 G, f=1 Hz, (d) 𝐵̅=640 G, f=3 Hz. The droplet evaporates following the equation: 𝑡∗ = 1 −
𝑉∗𝑎

, where ‘a’ is the constant. 

 In Fig. 6.6, we show the evolution characteristics of the droplet being perturbed by the 

time-dependent magnetic field. It can be observed from Fig. 6.6 that, under the influence of 

the magnetic field, the droplet is evaporating at almost half the time it evaporates in the 

absence of a magnetic field. Note that when the magnetic field frequency is maintained at f = 

1 Hz, the droplet takes minimum time to evaporate, while the droplet takes maximum time to 

evaporate at f = 3 Hz, as shown in the inset of Fig. 6.6. Important to mention, there is a change 

in the curve characteristics between the “No magnet” case and in the presence of time-

dependent magnet cases. It is important to mention in this context here that a droplet in the 

absence of magnetic forcing evaporates following stick-slip mode ensuing the 2/3rd power 

law (𝑡∗ = 1 − 𝑉∗𝑎, 𝑎~ 2 3⁄ ) (Nguyen and Nguyen 2012, 2014; Xu et al. 2013; Stauber et al. 

2014).  In Fig. 6.7, we show the temporal variation of droplet volume along with the fitted 

curve for all the cases under consideration. It can be seen from Fig. 6.7 that, in the absence of 
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magnet, the droplet evaporates following the 2/3rd power law. However, when a time-

dependent magnetic field perturbs the droplet domain, the value of a~1 and this particular 

value of ‘a’ is suggestive of the fact that the droplet evolution characteristics get linearized in 

the presence of the magnetic field. Also, the value of constant ‘a’ varies in the order                   

𝑎1 𝐻𝑧 > 𝑎0.5 𝐻𝑧 > 𝑎3 𝐻𝑧, as can be seen from Fig. 6.7(a)-(d). Notably, this inference is in clear 

support with the previous observation on droplet life-time, i.e., the droplet life-time is 

minimum for the 1 Hz case. From the observations made in the above figures (Fig. (6.4)-

(6.6)), an interesting unaddressed question emerges as to What is the role of the frequency of 

the perturbing magnetic field on the droplet evaporation kinetics? In the succeeding sections, 

we observe the internal hydrodynamics of the ferrofluid droplet in the presence of a time-

dependent magnetic field to gain insights into the mechanism of the evaporation kinetics. 

Precisely the internal hydrodynamical features of the droplet will address the above issue as 

discussed next. 

6.3.2 Internal hydrodynamics in the presence of the magnetic field 

 In this section, we explore the effect of time-dependent magnetic field on the internal 

hydrodynamics of the ferrofluid droplet. We perform out this particular analysis to understand 

the behaviour of the MNPs and the bulk flow of the droplet on its evaporation kinetics. In Fig. 

6.8, we show the motion of the MNPs, when disturbed by various frequencies of the magnetic 

field (precisely 0.5 Hz, 1Hz, and 3Hz). The whole cycle of operation of an individual 

electromagnet is divided into four equal parts, where ‘𝑇𝑀’ represents the time period of 

operation of the magnetic field. The snapshots showing the image at different temporal 

instants are given accordingly. We can see that, on switching the magnet to the ON state, the 

MNPs migrate towards the active magnet. Note that the MNPs, on reaching the magnetically 

active zone, arrange themselves in chain like-cluster formation. This formation is the resultant 

effect of the interparticle dipole-dipole interaction between the MNPs in the presence of the 

active electromagnet, as given by 𝐼𝑚(𝑖𝑗) = − [3
(𝑚𝑖∙𝑟𝑖𝑗)(𝑚𝑗∙𝑟𝑖𝑗)

𝑟𝑖𝑗
5 −

𝑚𝑖𝑚𝑗

𝑟𝑖𝑗
3 ], where 𝑟𝑖𝑗 = 𝑟𝑖 − 𝑟𝑗  is 

the distance between the 𝑖𝑡ℎ and 𝑗𝑡ℎ nanoparticles having magnetic moments 𝑚𝑖 and 𝑚𝑗 

respectively (Mendelev and Ivanov 2004). The formed cluster breaks down once the magnetic 

force is applied from the other end (In this study, two magnets, placed diametrically opposite 

to each other, are used to energize the droplet). Note that at high frequency (Precisely 3 Hz), 

due to the low time-duration of the perturbation, the MNPs do not possess sufficient time to 

move from one side of the magnetically active zone to the other side. As a result of this low 

perturbation time, the motion of MNPs is localized in the region AA’ (cf. Fig. 6.8(a)).  
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Furthermore, in Fig. 6.8(b), we show the zoomed-in view of the MNPs motion at the 

vicinity of the contact line of the active magnet (Left magnet). It can be clearly observed that 

the MNPs agglomerates in a chained-cluster formation for the f=0.5Hz case. While for the 

f=3 Hz case, no cluster formation takes place due to the inability of the MNPs to reach the 

contact line. The motion of the MNPs is tracked manually with the help of an ImageJ plugin 

“Manual tracking” (Schneider et al. 2012), following which the average velocity of the MNP 

(𝑈𝑝) was found to be of the order of 4300 𝜇𝑚/𝑠. 

 

Fig. 6.8 (a) Bright field visualization of the droplet at various times of operation of the magnetic field, 

when the frequencies of the electromagnets are varied from f=0.5Hz, 1Hz, and 3Hz, respectively. The 

blue colored arrows show the direction of motion of the MNPs. ’ 𝑇𝑀’ denotes the time period of 

operation of an individual electromagnet. AA’ denotes the zone in which the MNPs reciprocates at 

higher frequencies (precisely 3Hz). 𝜁 denotes the intermediate timestamps of the operation of the 

magnetic field. (b) Zoomed-in view at the contact line region, when the left magnet is active at 𝜁 = 0. 

Images are acquired at 20X magnification. 
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 As explained in the previous section, when the magnet is switched ON, the MNPs 

being magnetic in nature, pierces the bulk fluid of the droplet and rushes towards the active 

magnet following the XX’ line of symmetry (cf. Fig. 6.8(a)). During the motion, the cluster 

of the MNPs pierces the carrier fluid. This piercing action generates a high-pressure zone 

ahead of the magnetic nanoparticles, whereas a low-pressure zone is maintained behind the 

moving MNPs. As a result of this pressure difference in the droplet domain, the bulk fluid 

motion is generated in the opposite direction to the motion of the moving MNPs. As such, the 

ferrofluid droplet domain on being perturbed by the magnetic field experiences two typical 

motions- one shown by the MNPs, while the other is that of the bulk flow.  In the previous 

paragraph, we have observed the movement of the MNPs via bright field visualization 

technique. The bulk flow motion is quantified by µPIV measurement. Figure 6.9 shows the 

variation of the velocity vectors of the bulk flow in the droplet domain obtained at different 

temporal instants of the functioning of the time-dependent electromagnet for (precisely, when 

f=0.5Hz and 3Hz) at 𝜁 =0, 0.25, 0.5, and 0.75. As already mentioned, 𝜁 = 𝑡 𝑇𝑀⁄ , where  𝑇𝑀 

refers to the time for which a particular electromagnet remains active. It is clearly observed 

from Fig. 6.9 that as the left magnet is switched ON, the bulk flow rushes towards the right 

magnet and vice-versa. The direction of the bulk flow motion changes only when the inactive 

magnet returns to its active phase (equivalently, the direction of the bulk flow motion remains 

constant throughout the operation of a particular magnet). To mention 𝜁 = 0 denotes the state 

when the magnet is just switched ON, while, 𝜁 = 0.5, and 𝜁 = 0.75 signifies the subsequent 

intermediate stages. Note that 𝜁 = 0 is the stage when the nanoparticles realize the magnetic 

force and start to rearrange themselves along the direction of the applied force. Primarily due 

to this rearrangement, the low magnitude of velocity is initiated in the droplet flow field. 

At 𝜁 = 0.25 the MNPs move towards the magnetically active zone with its peak velocity. 

While at 𝜁 = 0.5 and 𝜁 = 0.75 a spontaneous drop in the flow velocities can be seen for all 

the case barring 𝑓 = 3𝐻𝑧 case. In Fig. 6.10, we show the strength of the flow velocity being 

developed inside the droplet for all the investigating cases. The strength of the velocity is 

calculated by the root mean square (U) of all the velocity vectors along the X-Y plane 

 

𝑈 =
1

𝑁 × 𝑀
∑ √𝑢(𝑖, 𝑗)2 + 𝑣(𝑖, 𝑗)2

𝑁,𝑀

𝑖=1,𝑗=1

 

 

(6.1) 

Where N and M represent the number of grid points in X and Y direction, respectively. The 

depicted figure (Fig. 6.10) reiterates the already stated fact that, when the magnet is switched 

ON, the bulk flow velocity increases, and on reaching its peak value, a decrease in the velocity 
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of the bulk flow takes place. Note that the decline in velocity takes place for f=0.5 Hz and f=1 

Hz case only. However, for the f=3 Hz case, no considerable decrease in velocity is observed. 

This typical behavior of the droplet flow field can be perceived once we delve deep into the 

role of the involved timescales in the droplet flow domain, namely the advective timescale 

𝑡𝑢 = 𝐷ℎ 𝑈𝑝⁄ , the perturbation time scale  𝑡𝑚 = 1 2𝑓⁄  and the diffusion time scale                                      

𝑡𝑣 = 𝐷ℎ
2 𝜗⁄  . The advective timescale refers to the timescale of motion of the MNPs towards 

the magnet. The perturbation time scale refers to the time period for which an individual 

magnet perturbs the droplet flow domain. While the diffusion time scale exists due to the 

effective viscosity of the bulk flow. The diffusion time scale is the same for all the 

investigating cases and is around 4s, while the advective timescale (𝑡𝑢)  is of the order of ~ 

0.4 s. The perturbation time scale is 1s, 0.5 s, and 0.16 s for 0.5 Hz, 1 Hz, and 3 Hz cases, 

respectively. Since the diffusion time scale is larger than the other two time scales, the overall 

dynamics of the droplet flow field are governed by the balance between the perturbation and 

advective time scales. 

 

Fig. 6.9 Temporal evolution of the instantaneous velocity vectors inside the droplet flow field obtained 

at various times of operation of the electromagnet. The frequencies of the magnetic field are 

maintained between f=0.5 Hz and 3 Hz, respectively. The total time of operation of an individual 

magnet is divided into four parts, with each individual time-steps denoting an increment of  𝑇𝑀 4⁄ , 

where ‘𝑇𝑀’ represents the time of operation of an individual magnet, i.e. 𝑇𝑀 = 1 2𝑓⁄ . The flow field 

is observed at  50 𝜇𝑚 from the substrate. Black colored arrows indicate the motion of the bulk flow. 

 As already observed from the preceding paragraphs that whenever the magnet is 

switched ON, the MNPs migrates towards the active magnet and, in turn, creates disturbances 

in the bulk flow. Furthermore, when the moving MNPs impact the contact line nearby the 

active magnet, a large disturbance is created in the bulk flow, resulting in its peak velocity. 

However, after impacting the contact line, the MNPs starts arranging itself in a chain-like 

cluster formation under the influence of the applied magnetic field. As a consequence, the 

viscous forces of the liquid dampens out the created disturbances. Primarily, for this reason, 

TH-2425_156103017



105 

 

we find a reduction in the overall velocity for 0.5 Hz and 1 Hz case once the peak velocities 

are reached. To mention, specific for these frequencies, advective timescale (𝑡𝑢) is 

comparable with perturbation timescale  (𝑡𝑚) . Needleless to mention here that the decrease 

in velocity is more for 0.5 Hz case as compared to the 1 Hz case since the advective time scale 

almost balances the perturbation time scale for the 1 Hz case. However, for the 3 Hz case, the 

perturbation time scale (𝑡𝑚) is very small when compared to the advective time scale. 

Primarily due to this fact, the MNPs for this particular case (f=3 Hz) always stay in a mobile 

state. As such, the viscous force of the liquid is always less in comparison to the advective 

force of the MNPs. Thus, no decay in velocity is encountered for this case as witnessed in 

Fig. 6.10.  

 
Fig. 6.10 Plot illustrates the variation of the strength of the velocity (𝑈) inside the droplet domain at 

various time instant of operation of the magnetic field. ‘𝑇𝑀’ represents the time of operation of each 

individual magnet. Note that 𝜁 represents the temporal instant of the functioning magnetic field. 

6.3.3 Internal dynamics of the evaporating droplet 

In this section, we explore the internal dynamics of the droplet domain throughout its 

evaporation process. Here the flow field of the droplet is represented at various temporal 

instants of its life-time (precisely 𝑡∗ = 0, 𝑡∗ = 0.25, 𝑡∗ = 0.5, 𝑡∗ = 0.75). In Fig. 6.11(a), we 

show the velocity vectors inside the droplet domain for all the investigating cases. In the 

absence of a magnetic field, the fluid flow inside the droplet domain is directed inward. While, 

in the presence of the magnetic field, the fluid is directed away from the active magnet as 

already mentioned in the preceding section (cf. Fig. 6.11(b), for the direction of the bulk flow, 

where a schematic representation of the bulk flow motion is shown). The inward flow motion 

signifies an upwards plume type flow, which is in stark contrast to the capillary flow, as was  
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Fig. 6.11 (a) Velocity vectors inside the droplet at various times of the evaporation process, when the 

frequencies of the magnetic field are maintained between f=0.5 Hz, 1 Hz, and 3 Hz. The plot depicts 

the droplet domain only when the left magnet is in ON state. Black colored arrows show the overall 

direction of the bulk flow. The total time of evaporation of the individual droplet is divided into 4-

time steps with each time steps representing an increment of 𝑇𝐸 4⁄ , where 𝑇𝐸 is the total time of 

evaporation of an individual droplet. (b) Schematic illustrates the bulk flow motion inside the droplet 

during its evaporation process, both in the absence and presence of the magnetic field. 

suggested by Deegan et al (2000). It may be mentioned here that the non-uniform evaporation 

induces a temperature gradient in the droplet flow field, and resulting in a Marangoni 

convection in the bulk flow (Ristenpart et al. 2007). The motion of the bulk flow depends on 

the ratio of the thermal conductivities of the substrate (𝑘𝑠) and the fluid (𝑘𝑓). It is worth 
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adding here that, for 𝑘𝑠 𝑘𝑓 < 1.45⁄ , the Marangoni convection dominates the evaporation 

process. In the present investigation  𝑘𝑠 𝑘𝑓 = 0.5⁄ , and primarily due to this value of 𝑘𝑠 𝑘𝑓⁄ , 

an inward-directed flow is encountered in the droplet domain. However, a different 

perspective can be obtained when the magnetic field perturbs the droplet, as can be observed 

from Fig. 6.11(a). Note that 𝑡∗ = 0 denotes the state when the magnet is just switched ON, 

and a very low velocity is encountered here. For  𝑡∗ = 0.25, the peak velocities are 

encountered while at 𝑡∗ = 0.5, and  𝑡∗ = 0.75 a decreases in velocities can be seen for all the 

frequencies. 

 
Fig. 6.12  Plot illustrates the variation of the strength of the velocity of the droplet domain at various 

time instant of the evaporation process. The total time of evaporation of the individual droplet is 

divided into four time-steps with each individual time-steps representing an increment of 𝑇𝐸 4⁄ , where 

𝑇𝐸 is the total time of evaporation of an individual droplet. The velocity shown is the area-averaged 

mean velocity of the bulk flow inside the droplet domain. The inset shows the mean velocity variation 

in the droplet domain in the absence of a magnetic field.  

Figure 6.12 depicts the variation of the strength of the bulk flow velocity (𝑈) inside 

the droplet domain for cases under consideration. The inset shows the velocity variation when 

no magnetic field perturbs the domain. As can be seen from Fig. 6.12 the bulk flow velocity 

in the droplet domain under the influence of the magnetic field becomes two orders higher 

than that of the no magnet case (precisely the “base” case). Also, in accordance with the 

previous discussion, we can see that the mean bulk flow velocity reaches its peak value at 

𝑡∗ = 0.25, after which a clear decrease is observed for 𝑡∗ = 0.5, and 𝑡∗ = 0.75. We attribute 

the initial increase in bulk flow velocity to an increase in the volume fraction of the MNPs. 

With the evaporation of the liquid carrier phase, the volume fraction of the MNPs in the fluid 

increases. This increased volume fraction of the MNPs ensures substantial disturbances in the 
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bulk fluid domain (when placed under the magnetic field). However, with further evaporation, 

as the receding contact angle of the droplet is reached, the contact line gets depinned, and it 

recedes. This receding of the contact line ensures that the distance between the triple contact 

line and the magnet increases. Notably, this increase in the distance reduces the amount of 

disturbances created on the bulk flow, thereby reducing its velocity. In addition to that, at a 

higher volume fraction of nanoparticles, the resistance offered by the substrate wall to the 

flow becomes significant. It is mainly because of these two reasons; we see a decrease in the 

mean velocity for  𝑡∗ = 0.5 and 𝑡∗ = 0.75 in Fig. (6.11)-(6.12). 

6.3.4 Contact line dynamics of the evaporating droplet 

In one of the preceding sections, we have shown that the ferrofluid droplet under the 

influence of two time-dependent electromagnets evaporates in three stages mainly: the DCVR 

mode, the DCDR mode, and the late mixed mode. These stages ensure dissimilarity in the 

motion of the contact line. Accordingly, we here attempt to calculate the triple contact line 

velocity as given by: 

 
𝑈𝑐𝑙 =

𝐷(𝑡) − 𝐷(0)

∆𝑡
 (6.2) 

 

Fig. 6.13 Plot depicts the temporal evolution of the velocity of the contact line under the influence of 

the magnetic field, when the frequency varies from f=0.5 Hz, f=1 Hz, and f=3 Hz, respectively. The 

magnetic field flux density is kept constant at 𝐵̅ = 640 𝐺. The inset on the left-hand side shows the 

snapshots of the evaporating droplet for “no magnet” and f=3 Hz case. The inset on the right-hand 

side shows the zoomed view of the area under the red colour dotted ellipse. The dotted light blue 

straight line indicates the zero line.  
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 Figure 6.13 shows the temporal variation of the velocity of the triple contact line (𝑈𝑐𝑙). 

Note that in the absence of a magnetic field, the triple contact line remains pinned until 20% 

of the total evaporation time. Due to this extended pinning, the mean velocity of the triple 

contact line remains almost zero. However, under the influence of the time-periodic magnetic 

field, the diameter of the droplet increases at the earlier temporal instant, leading to the 

positive velocity of the triple contact line. To mention, the initial rise in the triple contact line 

velocity is directly dependent on the frequency of the magnetic field. The maximum initial 

velocity is encountered when the frequency of the magnetic field is maintained at f=3 Hz, 

while the rise in velocity is minimum when f=0.5 Hz. Therefore, it can be concluded that the 

spontaneity of the perturbation process dominates the initial increase in the triple contact line 

velocity. The zero line in the inset of Fig. 6.13 indicates the point where the instantaneous 

diameter of the droplet is equal to the initial diameter of the droplet. Therefore, the temporal 

instant at which the 𝑈𝑐𝑙 intersect the zero line can be taken as the time till which the droplet 

undergoes evaporation in the DCVR mode. In the present investigation, the DCVR zone 

duration is about 47%, 53 %, and around 45% for f=0.5 Hz, f=1 Hz, and f=3 Hz cases, 

respectively. The increased period of the DCVR zone ensures a high triple contact line area, 

thereby making sure of the fast evaporation of the droplet. 

6.3.5 Mechanism of evaporation 

Although it is established by now that the decrease in the droplet life-time is due to the 

increase in the effective evaporative surface area, specifically the triple contact line area, we 

here make an effort to figure out the underlying issues in greater detail. As such, we would 

like to address an important question in this context, i.e., why the duration of DCVR zone is 

more for the f=1 Hz compared to the other two cases, i.e., f=0.5 Hz and f=3 Hz?  To mention, 

the problem at hand is a time-dependent problem. Thus, the intricate physics can only be 

understood once we exploit the role of the individual times scales involved with the 

underlying phenomena. We have seen in the bright field visualization section that on the 

actuation of the magnetic field, the MNPs migrate towards the magnet and arrange themselves 

in a chain-like cluster formation. The impact of this chain-like cluster formation is responsible 

for the movement of the triple contact line towards the magnet. This phenomenon eventually 

increases the triple contact line area. Pertaining to the 1 Hz case, where the advective time 

scale is balanced by the perturbation time scale, the receding of the triple contact line is 

delayed to the maximum possible extent. For this particular case, it may be the situation that 

even if the receding contact angle of a liquid-air interface is reached, the MNPs arrive there 
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(the liquid-air interface) beforehand (Since, 𝑡𝑈~𝑡𝑀) and derails the receding of the triple 

contact line. This prevention of the receding motion of the contact line, in turn, extends the 

duration of the DCVR zone for this particular case (When f=1 Hz). However, for the 0.5 Hz 

case (Where, 𝑡𝑈 < 𝑡𝑀 ), the MNPs move towards the magnet and reside there for 1 s, and 

during this time interval (1 s), the other contact line starts receding when the receding contact 

angle of the droplet is reached (since the surface tension force will always try to recede the 

contact line). For the 3 Hz case, however, the MNPs do not possess sufficient time to reach 

at both the contact line effectively, since the perturbation time scale is very small as compared 

to the pertinent advective time scale. It is because of this reason we encounter the least 

duration for the DCVR for the 3 Hz case. 

6.4 SUMMARY 

 In the present study, we have demonstrated that the evaporation time of the ferrofluid 

droplet can be effectively reduced in a controlled manner using the time-dependent magnetic 

field. To understand the internal hydrodynamic features qualitatively, we have conducted a 

bright field visualization of the droplet domain, while the µPIV analysis has been carried out 

for the quantitative description of the underlying hydrodynamics. To summarize, we have 

observed distinct evaporation characteristics of the ferrofluid droplet under the perturbation 

of the magnetic field. We have unveiled that the magnetic field induced forcing alters the 

droplet evaporation mechanism non-trivially as realized by the presence of the new modes of 

evaporation viz., the DCVR, DCDR, and late mixed stage. We have graphically shown these 

new modes of evaporation and aptly demonstrated the flow physics involved with the 

underlying kinetics.  In the DCVR zone, which is the first as well as the crucial mode of 

evaporation in the present scenario, although the temporal variation of the droplet height and 

the contact angle decreases (shows similarity with the CCR mode of the unperturbed case), 

the diameter of the droplet shows a rise and fall pattern. Under the influence of the magnetic 

field, the contact line gets stretched (de-pinning), thereby increasing the triple contact line 

area. This increased contact line area enhances the evaporation rate and results in a reduction 

in the overall life-time of the droplet. Also, we have identified a critical frequency of the 

applied magnetic field strength for which the droplet encounters a minimum life-time. At the 

critical frequency, the advective time scale of the magnetic nanoparticles gets balanced by the 

perturbation time scale of the magnetic field. This balance of time scale is suggestive of the 

optimum motion of the MNPs between the two magnetically active zones (precisely the 

contact line regions). As such, this optimal motion of MNPs prevents the receding of the 
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contact line to the maximum extent (beyond a point, the de-pinning forces dominate the 

perturbation force, and the contact line recedes), leading to an escalation of the DCVR mode 

of evaporation.  We believe that the inferences of the present analysis, which provide an 

effective way for the controllability in the droplet evaporation kinetics by tuning the motion 

of the MNPs, may be crucial to a host of applications requiring a greater degree of control in 

the life-time of a droplet.  
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Chapter 7  

CONCLUSION AND SCOPE FOR FURTHER WORK 

In this final chapter, the important conclusions drawn from the studies executed as a part of 

this Thesis are summarized. This is followed by discussions on the application potential of 

the study and the  possible further extensions of the present work. 

 

7.1 SUMMARY AND OUTLOOK 

In order to support the rapid growth of ferrofluid-based applications, fundamental insights are 

required to discern the physics governing the ferrofluid transport phenomena in the presence 

of a magnetic field. The present thesis addresses some fundamental issues related to the 

transport process of ferrofluid flow under the modulation of a magnetic field. In the purview 

of this general theme, the major topics that are addressed in the present dissertation as follows: 

 Thermohydrodynamics of the ferrofluid flow in a heated channel in the presence of a 

steady and time-varying magnetic field. 

 Effect of frequency of the time-dependent magnetic field on the internal 

hydrodynamics of a sessile ferrofluid droplet.   

 Mixing of a sessile ferrofluid droplet with another non-magnetic droplet in a time-

dependent magnetic forcing environment.  

 Evaporation characteristics of a sessile ferrofluid droplet in a magnetic field driven 

environment. 

The concluding remarks are categorized into the four above mentioned major topics, and the 

key findings of the present investigation are summarized in the subsequent subsections. 

7.1.1 Thermohydrodynamics of ferrofluid in the presence of magnetic field 

The convective heat transfer characteristics of ferrofluid flow in a heated stainless steel 

tube in the presence of both steady and time-dependent magnetic fields are explored via 

experimental and numerical investigations. Infrared thermography is carried out for 

quantification of the thermal characteristics of the flow field, while the bright field 

visualization technique is employed for a qualitative understanding of the hydrodynamic 

TH-2425_156103017



114 

 

features of the ferrofluid flow. Numerical simulations are conducted to gain insights into the 

ferrofluid flow's intricate dynamics in the magnetic field’s presence. The governing equations 

for the problem considered in the present study are the continuity, momentum, energy, and 

Maxwell equations. Augmentation in the thermal characteristics of the ferrofluid flow in the 

presence of a steady magnet is observed (around 23 % when compared to the base case, i.e., 

no applied magnetic field). It has been clearly illustrated that a hump-like structure develops 

in the magnetically active zone on the actuation of the steady electromagnet. Due to the 

development of hump-like structure, a recirculation zone is primarily created at the immediate 

downstream location, leading to the development of secondary flow. It has also been shown 

that when a time-dependent magnetic field perturbs the ferrofluid domain, substantial 

enhancement in the thermal characteristics of the flow field occurs (around 39 % compared 

to the base case). On the application of a time-dependent magnetic field, the heat transfer 

augmentation process is governed by the balance between the dominant time scales, mainly 

the advective and perturbation time scales. The study finally establishes the mechanism of 

augmentation in heat transfer as follows: (a) formation of the hump with irregular spikes on 

the surface because of clustering of MNPs (b) chain-like clustering of the dispersed MNPs in 

the bulk fluid, (c) imbalance of the resultant forces and couples in the flow field due to the 

interaction of inertia and magnetic forces. 

7.1.2 Internal hydrodynamics of ferrofluid under the modulations of a magnetic 

field 

A systematic experimental investigation is carried out to explore the internal 

hydrodynamics of a sessile ferrofluid droplet in the presence of a time-dependent magnetic 

field. The motion of the magnetic nanoparticles is observed by the bright field visualization, 

whereas the µ-PIV measurement technique is used for quantification of the bulk liquid flow. 

The primary focus of the study has been to assess the role of frequency of the magnetic field 

on the hydrodynamics (such as velocity, vorticity) inside the ferrofluid droplet. It has been 

clearly illustrated that on the actuation of an electromagnet, the magnetic nanoparticles 

migrate towards the direction of the applied magnetic field, which in turn, generates internal 

convection inside the ferrofluid droplet. Alterations of the flow field velocity, in effect, is 

achieved by careful maneuvering of the applied frequency of the magnetic field. The presence 

of a critical frequency (𝑓 = 0.5 𝐻𝑧) is observed beyond which negligible dispersion of the 

magnetic nanoparticles at the magnetically active zone takes place. The negligible dispersion 

of nanoparticles at critical frequency leads to the development of stagnant layers of 

nanoparticles near the contact line. This phenomena may have an impact on the study of 
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separation of cells or proteins using various markers/antibodies, tagged with magnetic 

nanoparticles.  

7.1.3 Mixing characteristics of the ferrofluid droplet in a magnetic field-driven 

environment 

The mixing characteristics of a sessile ferrofluid droplet with a non-magnetic droplet 

under the modulation of a time-dependent magnetic field are thoroughly explored. Bright field 

visualization and µPIV measurement technique are used for qualitative and quantitative 

understanding of the flow parameters. The µLIF measurement technique is employed for 

quantification of the underlying mixing phenomena between the two fluids. Enhancement in 

the flow convections inside the ferrofluid droplet is observed in the presence of a time-

dependent magnetic field. In addition, flow instabilities also get triggered due to the 

susceptibility mismatch between the two fluids. Numerical simulations are conducted for the 

understanding of the initiation of instability inside the droplet.  The results revealed that the 

enhanced flow convections on getting coupled with the flow instabilities substantially reduce 

the mixing time between the two fluid droplets. A critical frequency of the applied magnetic 

field is observed at which the droplets exhibit minimum mixing time (around 80% less time 

compared to the base case, i.e., when no magnetic field is applied). The critical frequency is 

the resultant effect of the advective and perturbation timescales. The results of this study 

demonstrate an efficient way of mixing between two droplets. The proposed study may find 

relevance in numerous biomicrofluidic and Lab-on-a-CD based applications where fast 

mixing between reagents are required.  

7.1.4 Evaporation kinetics of the ferrofluid droplet as modulated by the magnetic 

field 

The implications of the transient motion of magnetic nanoparticles in the presence of 

a time-varying magnetic field on the evaporation dynamics of the sessile ferrofluid droplet is 

investigated experimentally. The time-dependent motion of the magnetic nanoparticles inside 

the ferrofluid droplet non-trivially maneuvers the pinning/depinning dynamics of the triple 

contact line, which in turn enhances the evaporative mass transfer. The overall lifetime of the 

droplet is significantly reduced under the influence of a time-dependent magnetic field. On 

perturbation by a time-dependent magnetic field, the lifetime of the ferrofluid droplet reduces 

drastically and becomes almost halves, compared to the base case, i.e., no applied magnetic 

field. Results demonstrate the presence of new modes of evaporation viz., the decreasing 

contact angle and varying radius mode (DCVR), the decreasing contact angle and decreasing 
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radius mode (DCDR), and the late mixed mode. Under the influence of the magnetic field, 

the contact line gets stretched (de-pinning), thereby increasing the triple contact line area. 

This increased contact line area enhances the evaporation rate and reduces the overall lifetime 

of the droplet. The presence of a threshold frequency is observed at which the ferrofluid 

droplet exhibits a minimum lifetime. The inferences drawn from the present analysis may 

provide an effective way for the controllability of the droplet's overall lifetime. 

7.2 APPLICATION POTENTIAL OF THE STUDY 

 The inferences drawn from the present thesis can be extrapolated in many real-time 

engineering applications such as electronic cooling, mixing of fluids, evaporation of droplets, 

and many more. While designing an electronic cooling mechanism, ferrofluid may be used 

under the modulation of the time-varying magnetic field for achieving effective heat transfer. 

Similarly, mixing between fluids, which predominantly occurs via molecular diffusion, can 

be substantially augmented under a magnetic field driven environment. This is of particular 

importance to biological sampling applications where rapid and efficient mixing is of prime 

significance. Also, the evaporation kinetics of the ferrofluid droplet is substantially enhanced 

in a magnetic field ambiance. The transient motion of the magnetic nanoparticles under 

modulation of a time-dependent magnetic field alters the pinning and depinning dynamics of 

the triple contact line, thereby amending the droplet's evaporation kinetics considerably. This 

inference may be of critical importance to applications requiring controlled evaporation 

dynamics and deposition patterns, for example, printing industries. 

7.3 SCOPE FOR FURTHER WORK 

In the present study, the transport phenomena of ferrofluid in the presence of a magnetic 

field are explored both experimentally and numerically. More analysis is required to explore 

the suitability of ferrofluid in a variety of microfluidic related applications. The following are 

the recommendations for future investigations: 

 In this study, during the numerical investigations, ferrofluid is treated as a single-

phase fluid. To have a detailed understanding of the orientation and arrangement 

of the magnetic nanoparticles in the presence of a magnetic field, ferrofluid must 

be treated as a two-phase fluid, i.e., comprising of solid nanoparticles and liquid 

carrier phase. 
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 The deposition pattern of the ferrofluid droplet in the presence of a time-

dependent magnetic field can be explored. The transient motion of the magnetic 

nanoparticles may suppress the formation of a coffee ring pattern. 

 In this study, the evaporation of the ferrofluid droplet in the presence of two 

alternatively working electromagnet is explored. The morphological evolution of 

the droplet in the presence of a rotating magnetic field may be an interesting 

problem. In the presence of a rotating magnetic field, the magnetic nanoparticles 

will form closed linked chains that may non-trivially affect the contact line's 

pinning/depinning dynamics. 
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Appendix A 

INSTRUMENTATION 

A.1. DETAILS OF IR CAMERA 

Table A.1. Details of infrared camera. 

Detector type Uncooled microbolometer 

Dynamic range 16 bit 

Resolution 640 × 480 

Optional temperature range Up to 2000°C 

Operational temperature range -15°C to 50°C 

Storage temperature range -40°C to 70°C 

Weight 0.92 kg 

NETD (Noise equivalent temperature 

difference) 

<30 ms 

Frame rate (full window) 50 Hz 

Maximum frame rate (at minimum window) 200 Hz (640×120) 

Spectral range 7.5 – 14.0 µm 

Time constant <8 ms 

Power 12/24 VDC, 24 W Absolute Max 

Command and control USB, Gigabit Ethernet, RS-232 

Data Gigabit Ethernet - Digital 

Camera Link - Digital 

Composite (BNC) - Analog Grayscale 

Video (NTSC or PAL) 

 

A.2. UNCERTAINTY IN TEMPERATURE READINGS 

In the present investigation the single sample analysis as proposed by Moffat (1988) are 

applied to the experimental data’s. Considering a general case, let R be the result and it is a 

function of ‘n’ independent variables, Xi such that, 

 𝑅 = 𝑅(𝑋1, 𝑋2, 𝑋3, 𝑋4, … … … … 𝑋𝑛) (A.1) 

𝑋𝑖 is the measured variable of the experiments. Then the existing uncertainties in the 

experimental results can be expressed as  
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𝑈𝑅 = {∑ (𝑈𝑋𝑖

𝜕𝑅

𝜕𝑋𝑖
)

2𝑖=𝑛

𝑖=1

}

1
2⁄

 
(A.2) 

𝑈𝑋𝑖
 is the uncertainty of the measured quantity 𝑋𝑖 and each term in the Eq. (A.2) represents 

the contribution in uncertainties on the overall results by each measured variable. 

 The heat power supplied to the system is calculated by measuring the electrical power 

delivered to the system as given by 

 𝑄̇ = 𝑉 ∙ 𝐼 (A.3) 

 𝛿𝑄̇

𝑄̇
= {(

𝛿𝑉

𝑉
)

2

+ (
𝛿𝐼

𝐼
)

2

}

1
2⁄

 (A.4) 

The heat transfer coefficient (ℎ) is calculated as 

 ℎ = 𝑞′′ (𝑇𝑤 − 𝑇𝑓)⁄  (A.5) 

The Nusselt number (𝑁𝑢) is calculated as 

 𝑁𝑢 = ℎ ∙ 𝐷ℎ 𝑘𝑓⁄  (A.6) 

Therefore, the uncertainty in the heat transfer coefficient is given by 

 
𝛿ℎ

ℎ
= {(

𝛿∆𝑇

∆𝑇
)

2

+ (
𝛿𝑞′′

𝑞′′
)

2

}

1
2⁄

 
(A.7) 

Where ∆𝑇 = 𝑇𝑤 − 𝑇𝑓 and 𝛿(∆𝑇) = {(𝛿𝑇𝑤)2 + (𝛿𝑇𝑓)
2

}
1 2⁄

 

A.3. UNCERTAINTY IN VELOCITY READINGS 

Errors in µPIV measurement may occur due to several reasons such as density 

difference between the seeded tracer particles and the fluid, Brownian motion of the particles. 

The density difference between the seeded particles and the bulk liquid, may cause settling of 

the tracer particles. Consequentially the tracer particles may incur a settling velocity as given 

by 𝑈𝑔 = 𝑑𝑝
2(𝜌𝑝 − 𝜌)𝑔 18𝜇⁄ , where  𝜌 is the density of the liquid, 𝜌𝑝 is the density of the 

tracer particles, 𝑑𝑝 is the diameter of the seeded particles (Pitzer et al. 1984). In the present 
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investigations the settling velocity of the seeded particles was found to be ~10−8, and is 

therefore ignored. While the errors due to Brownian motion of the seeded particles can be 

reduced by averaging the results over several measurements. In this study, the µPIV 

experiments were repeated four times and the mean of these values were taken as the final 

result. For the present investigation the maximum uncertainty was found to be around 8%. 

A.4. THERMOCOUPLE CALIBRATION 

 

Fig. A.1 Calibration curve for thermocouples. 
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Appendix B  

MAGNETIC FIELD DISTRIBUTION 

B.1. THREE DIMENSIONAL MAGNETIC FIELD DISTRIBUTION 

The governing equation describing the distribution of the magnetic field is based on the 

Ampere’s law, which for a static case can be written as (Griffiths and Inglefield 2005): 

 𝛻 × 𝐻̅ = 𝐽 ̅ (B.1) 

where 𝐻̅ is the magnetic field intensity, 𝐽 ̅is the current density which is given by (Griffiths 

and Inglefield 2005), 

 𝐽 ̅ = 𝜎(𝑢̅𝑐 × 𝐵̅) + 𝐽𝑒̅ (B.2) 

𝑢̅𝑐 is the velocity of the conductor and 𝐽𝑒̅ is the externally generated current density. This 

externally generated current density is given by  𝐽𝑒̅ = (𝑁𝐼 ̅ 𝑎𝑐𝑜𝑖𝑙⁄ ), where 𝑁 is the number of 

turns, 𝐼 ̅is the supplied current and 𝑎𝑐𝑜𝑖𝑙 is the cross-sectional area of the wire. Now, using 

magnetic scaler potential 𝐴̅𝑚, the magnetic field flux can be written as 

 𝐵̅ = ∇ × 𝐴̅𝑚 (B.3) 

Employing the constitutive relationship 𝐵̅ = 𝜇0(𝐻̅ + 𝑀̅); where 𝑀̅ is the magnetization, the 

Ampere’s law can be rewritten as 

 𝜎(𝜕𝐴̅𝑚 𝜕𝑡⁄ ) + ∇ × (𝜇0
−1 ∙ 𝜇𝑟

−1 ∙ 𝐵̅) − 𝜎𝑢̅𝑐 × 𝐵̅ = 𝐽𝑒̅ (B.4) 

Note that 𝜇0 and 𝜇𝑟 in equation (B.4) are the permeability of the vacuum and the relative 

permeability, respectively. While solving the aforementioned equations, we use the tangential 

component of the magnetic potential (𝐧 × 𝐴̅𝑚 = 0) is zero at the boundary of the domain. 

The governing equations are solved in the finite element framework of COMSOL 

Multiphysics®. The parametric values considered for the present computations are as follows: 

𝐼 ̅ = 1.2𝐴, 𝑎𝑐𝑜𝑖𝑙 = 2.82 × 10−5𝑚2, 𝜇0 = 1.257 × 10−6 𝐻 𝑚⁄  (Henry/meter), 𝜇𝑟 = 1. Figure  

B.1 shows the magnetic field distribution in the ferrofluid droplet domain according to the 

experimental framework used in Chapter 5. Similarly Fig. B.2. shows the magnetic field 

distribution in the sessile ferrofluid droplet domain in accordance with the experimental 

arrangement as mentioned in Chapter 6.  
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Fig. B.1. (a) Plot shows the distribution of magnetic flux density (𝐵̅) around the droplet region. The 

black circle denotes the ferrofluid droplet. 𝑋 − 𝑋′ and 𝑌 − 𝑌′ indicates the symmetric lines inside the 

ferrofluid droplet domain. (b) Plot depicts the variation of magnetic flux density (𝐵̅) along the 𝑋 − 𝑋′ 
line of symmetry of the droplet. The blue-marked region denotes the droplet flow field area. The 

position 𝑋 = 0, 𝑌 = 0 signifies the center of the droplet. The schematic in the inset denotes the 

electromagnet and the droplet assembly along with the line of symmetry. 𝐵∗ = 𝐵̅ 𝐵̅0⁄ , where 𝐵̅0 is the 

magnetic field flux density at the electromagnet surface. 𝑋∗ = 𝑋 𝐷⁄ , where  𝐷 is the diameter of the 

ferrofluid droplet. 

 

Fig. B.2. (a) The plot shows the distribution of magnetic flux density(𝐵̅) around the droplet region. 

The red circle denotes the ferrofluid droplet. 𝑋 − 𝑋′ and 𝑌 − 𝑌′ indicates the symmetric lines inside 

the ferrofluid droplet domain. (b) Plot depicts the variation of magnetic flux density (𝐵̅) along the 

𝑋 − 𝑋′ line of symmetry of the droplet. The yellow marked region denotes the droplet flow field. The 

inset shows the magnetic flux density variation along the 𝑌 − 𝑌′. The position 𝑋 = 0, 𝑌 = 0 signifies 

the center of the droplet.  
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