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ABSTRACT  

Microfluidics has recently gained research attention for its high-end thermal 

applications, including micro heat exchangers, Lab on a Chip, micro reactors, and 

MEMS. It has been proven that the addition of suitable nanoparticles to a fluid can 

enhance the heat transfer efficiency in microchannels, both in single phase and 

liquid-liquid two-phase flow. In general, slug flow is said to be the most efficient in 

heat transfer. However, the investigation performed on liquid-liquid slug flow with 

added nanoparticles was found to be very limited. Hence, this study numerically 

investigates the heat transfer characteristics in microchannels with liquid-liquid two-

phase fluid flow (water and light mineral oil) with added nano particles (Al2O3). 

The VOF method and phase field equations were solved using ANSYS Fluent and 

COMSOL Multiphysics to capture two-phase flow interfaces. Adaptive mesh 

refinement techniques were employed to reduce computational power while 

maintaining sharp interfaces between fluid phases. The Eulerian mixture model was 

used to solve the cases containing nanoparticles. Numerical results were validated 

against published experimental data reported by [1] and [2].  

Simulations were conducted for a 3000 micron long microchannel with a diameter of 

100 microns for fluid velocity, ranging from 0.1 m/s to 0.5 m/s. First, 1 kW/cm2 of 

heat flux is introduced to the channel wall after 1000 microns to mimic the microchip 

heat generation, also allowing flow to be developed.  

Results have shown that using nanoparticles in either phase significantly increases 

heat transmission. This can be amplified even more when used in the secondary 

phase, by 58 percent compared with liquid-liquid two phase slug flow. This was 

accomplished with a nanoparticle fraction of 0.05 v/v in the secondary fluid phase. 

The addition of nanoparticles to the primary fluid increased heat transfer by 34%. The 

findings of this study can be used to improve MEMS and micro-to-macro systems that 

move heat.  
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CHAPTER 01 

1 HEAT TRANSFER IN MICROCHANNELS WITH SLUG 

FLOW OF LIQUID-LIQUID USING NANOPARTICLES 

Microfluidic technology has advanced significantly in the last several years. The flow 

of fluid through microchannels is referred to as microfluidics. A microfluidic device 

can be identified by its dimensions, at least one of which is less than 1 mm in length. 

Microchannels are used in heat exchangers, LoCs (Lab on a Chip), MEMS (Micro 

Electromechanical Systems) and micro reactors. They can also be seen in biomedical 

applications and molecular biology due to their reagent volume requirements, low cost, 

and disposability [3], [4].  

The overall amount of heat transferred by heat exchangers is mostly influenced by the 

surface area of the cooling micro heat exchanger or macro channels. Microchannels, 

as a result of their high surface area to volume ratio, are being used in heat exchangers 

to boost heat transfer rates [5]. 

Tuckerman and Pease pioneered the concept of heat removal in electronic cooling 

through the use of liquid flow in microchannels [6]. When a microchannel was 

integrated into a heat sink, the heat removal rate recorded in the study was 0.79 

kW/cm2 [7]. Heat sinks with embedded channels in the presence of fluid flow are used 

to cool electronic devices, and this method of total heat removal has previously been 

proven and well established as an effective method of total heat removal. Heat sinks 

with embedded channels in the presence of fluid flow are used to cool electronic 

devices, and this method of total heat removal has previously been proven and well 

established as an effective method of total heat removal [8]–[11]. The system's primary 

disadvantage is the pressure loss across the channel. For the one-square-centimetre 

chip, the pressure drop was greater than two bars [7]. 

With the current development rate of microchips, including MCUs (Micro Controller 

Units) and microprocessors, they produce approximately 1 kW/cm2 of heat flux [12]. 

To address this issue, new solutions are needed with better performance. 
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Due to the ability to increase the thermal conductivity of liquids with added 

nanoparticles, nanofluids have become the best choice for these instances of cooling 

requirements. To classify a nanofluid, particles with a low concentration or density 

(1.0 vol percent) and colloidal dispersion nanoparticles with a single dimension 

between 1–100 nm must be present in the base fluid. This name was first suggested by 

Choi in 1995 [13]. These nanofluids have been demonstrated to be capable of being 

used in heat transfer devices with the potential for improved heat transfer [14]. 

However, there is a lack of research that makes it hard for them to be used in the field 

of heat transfer. 

Almost every researcher in the field has studied and investigated the heat transfer 

properties, flow patterns, and properties of numerous nanofluids composed of base 

fluid materials and various nano substances. Adu-Nada et al. studied the heat transfer 

capabilities of a nanofluid consisting of CuO, EG, and water in a heated enclosure. 

Due to the dispersion of the aluminium nanoparticles in water, the dynamic viscosity 

and friction factor increased. The results of the above study were obtained using the 

finite-volume method [13]. 

There are numerous research gaps in this area, particularly with regard to industrial 

solutions. Thus, the goal of this research is to close the gap and develop an efficient 

technique for heat removal by the use of liquid-liquid slug flow in microchannels 

containing nanoparticles, which will help to close the heat transfer gap. 

1.1 Numerical investigations of microfluidics and nanofluids 

Scientists and researchers are increasingly performing numerical analysis on 

nanofluids due to the high cost of experimental setups. Additionally, the equipment 

necessary for conducting nanofluid experiments is frequently excessively expensive. 

Scientists and researchers are increasingly performing numerical analysis on 

nanofluids due to the high cost of experimental setups. Additionally, the equipment 

necessary for conducting nanofluid experiments is frequently prohibitively expensive 

[15]. Scientists and researchers are increasingly performing numerical analysis on 

nanofluids due to the high cost of experimental setups. Additionally, the equipment 
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necessary for conducting nanofluid experiments is frequently extremely expensive 

[16]–[20]. 

Earlier CFD experiments frequently employed a single-phase approach, which 

necessitates the use of a stable nanofluid with homogeneous and uniform properties. 

However, several tests conducted over the last decade indicate that the assumption that 

"nanofluid is stable and homogeneous" is incorrect in some cases [21]. More precisely, 

if proper dispersion and stabilization treatments are not used after nanofluid 

preparation (or production), nanoparticle sedimentation may be detected within a short 

time period [21]. Because the volume fraction / concentration of the nanoparticle 

sedimentation layer has increased, the nanofluid characteristics are no longer uniform 

throughout the fluid region. As a result, numerical models of nanofluid flow and heat 

transfer qualities may produce results that are in disagreement with one another. 

It is possible that contradicting results will be obtained from numerical models of 

nanofluid flow and heat transfer properties. This study will bridge the divide by 

conducting numerical simulations to investigate the feasibility of using nanofluid with 

immiscible liquid-liquid slug flow in the microdomain. 

1.2 Aim and significance of this study 

Accordingly, the purpose of this research is to evaluate whether or not it is possible to 

include nanofluid into two-phase slug flow in microchannels by applying relevant 

CFD techniques such as phase-field modelling, level setting, and volume of fluid 

modelling. Solvers that are used in the study are based on the Eulerian-Eulerian 

framework that supports treating nanoparticles as a separate phase. The use of a 

nanofluid as one of the phases in a two-phase slug flow is also intended to improve the 

overall heat transfer performance of the system. The following are the primary 

objectives of this study, which will help to attain the overall goal of the investigation: 

• Investigate the influence of flow parameters on the heat transfer coefficient in 

circular microchannels, including void fraction, slug length, and slug velocity. 

• Analyse the flow of liquid-liquid slugs in the presence of nanoparticles and 

nanofluids. 
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• Perform CFD analysis to determine the pressure drop compared to liquid slug 

flow without nanoparticles and liquid-liquid slug flow with nanoparticles. 

1.3 Thesis outline 

This thesis's primary content can be summarized as follows: 

Chapter 01: This chapter discusses the introduction and relevance of the study. Also, 

the research gap and objectives are presented. 

Chapter 02: Literature was looked at to find out what the main research gap was and 

what the current methods were for doing CFD simulations on nanofluids and two-

phase slug flow.  

Chapter 03: The purpose of this chapter is to examine the possibilities of improving 

heat transmission in microchannels by employing two-phase liquid-liquid slug flow. 

The studies were carried out using CFD simulations combined with conjugate heat 

transfer using level set and VOF (volume of fluid) methods. 

Chapter 04: In this chapter, nanoparticles were introduced to immersible liquid-liquid 

slug flow to investigate the ability of further enhancement of heat transfer in 

microchannels. Here, nanoparticles were introduced separately to both the base fluid 

and the secondary fluid to capture the effect of the nanoparticles. 

Chapter 05: A comprehensive analysis of results were done to present and verify the 

hypothesis of the research. It is discussed in this chapter how different parameters such 

as contact angle, velocity ratio, volume fraction of two-phase and volume fraction of 

nanoparticles can have an impact on total heat transfer in microchannels. This chapter 

is divided into two sections. 

Chapter 06: research and illustrate the conclusions that are presented. Also, further 

developments and recommendations are given.   



5 

 

CHAPTER 02 

2 A REVIEW: MICROCHANNEL HEAT TRANSFER AND 

NANOFLUIDS 

2.1 Why microfluidics? 

Microfluidics is the study of fluid flow in microchannels. Microfluidics is described 

as "the science and engineering of systems in which the fluid behaviour dramatically 

deviates from traditional flow theory due to the system's short length scale. "The 

relationship between the length and volume scales is depicted in Figure 2.1. 

 

 

Figure 2-1: Size characteristics of microfluidic devices (Adapted from [22]) 

The primary advantage of microfluidics is that it takes into account and exploits 

scaling laws and continuum breakdown to account for newly immersed effects and to 

achieve higher performance. Additionally, microfluidics theories differ from those of 

convectional fluid mechanics, as molecular effects such as slip flow become more 

significant at the small scale. These behaviours are demonstrated through the use of 

microfluidics devices that manipulate a microscopic amount of fluid [22]. In 

microfluidics, the critical issue is the microscopic amount of fluid. 

Microfluidics is the study of devices with a single dimension on a microscale. 

Typically, the cross-section diameter is less than 1 mm, which is why they are referred 
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to as microchannels. A microfluidics system is identified by its Knudsen number. The 

Knudsen number is a scalar quantity that can be calculated using equation 2.1. This 

equation can be used to determine if a flow is continuous or discontinuous. 

𝐾𝑛 =  
𝜆

𝐿
 2.1 

Where, the mean free path of a molecule is denoted by 𝜆 and 𝐿 are the characteristics 

channel dimension. According to the theories, if 𝐾𝑛 is less than 10-3, the flow is 

considered to be continuum. 

2.1.1 Single phase flow in microchannels 

Apart from microscale fluids, conventional and macroscopic fluids are treated as a 

continuum due to the high molecular density. The Knudsen equation can be used to 

verify the continuum. Even if the molecules are packed closely together within the 

fluid in a microchannel, a continuous flow will occur. All physical quantities, 

including velocity, density, and pressure, are assumed to be defined uniformly 

throughout the domain space and to vary continuously within the flow [22]. 

 

Figure 2-2: Continuum assumption in fluids illustrated by thought experiment for measuring density 

[23]. 

As illustrated in Figure 2-2, a fluid can be thought of as a continuum if a constant value 

for a flow property is obtained at the smallest volume considered. In continuum fluid 
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mechanics, the point value is the smallest continuum volume. As an example, consider 

a 10 µm diameter channel. It contains nearly 30,000 water molecules with its span 

(where 𝜆 = 0.31 𝑛𝑚). This number of molecules is sufficient enough to consider it a 

continuum since the Knudsen number is less than 10-3 [22]. Figure 2-3 shows the 

molecular packing arrangement of a gas and a liquid.  

 

Figure 2-3:Sketches of (a) a gas, such as N2, at standard conditions, and (b) a liquid, such as H2O 

[24]. 

Because these liquids, such as water, have a continuous behaviour, the three 

fundamental conservation laws can be used to model thermodynamic fluid problems. 

It is the three fundamental conservation laws of mass conservation, momentum 

conservation, and energy conservation that govern our universe. PDEs (Partial 

Differential Equations) can be used to illustrate the following fundamental laws: 

Conservation of Mass  

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0 2.2 

Conservation of Momentum  

𝜕

𝜕𝑡
(𝜌𝑢𝑖) +  

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗𝑢𝑖) =  𝜌𝐹𝑖 −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
𝜏𝑗𝑖 

2.3 

 

Conservation of Energy  

𝜕

𝜕𝑡
(𝜌𝑒) +  

𝜕

𝜕𝑥𝑗

(𝜌𝑢𝑖𝑒) =  −𝑝
𝜕𝑢𝑖

𝜕𝑥𝑖
+ 𝜏𝑗𝑖

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑖
𝑞𝑖 

2.4 

 

Where repeated indices in a single term denote a summation in accordance with 

accepted index notation practice (Einstein summation convention). In these equations 
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𝜌 is the local density, 𝑢𝑖 represents the flow velocity, 𝑒 is the internal energy, 𝑝 is the 

pressure, 𝜏 is the stress tensor, 𝐹 is body force, and 𝑞 is the heat flux [22]. 

Microchannel flows exhibit laminar flow characteristics due to their short 

characteristic length. The following equation 2.5 can be used to determine the entry 

length of a circular-shaped pipe with laminar flow [3]. 

𝐿𝑒𝑛𝑡𝑟𝑦 = 0.05. 𝑅𝑒. 𝐷 2.5 

where 𝐷 denotes the hydraulic diameter of the circular-shaped pipe and 𝑅𝑒 denotes 

the Reynolds number, which is a dimensionless quantity that describes the relative 

effect of inertial and viscous forces. 

Equation 2.6 produces a fully developed velocity profile in a circular pipe with laminar 

flow. 

𝑈(𝑟) =  
2𝑄

𝜋𝑅2
(1 − 

𝑟2

𝑅2
) 2.6 

in here, 𝑅 is the radius of the circular shaped channel, 𝑄 is the flow rate, and 𝑟 is the 

local radius. The maximum velocity is observed near the channel's centre, where r = 

0.  

Also, the pressure-drop across the pipe where a laminar flow exists is given in equation 

2.7. 

∆𝑃 =  
32𝜇𝐿𝑈𝑎𝑣𝑔

𝐷2
 2.7 

the diameter of a circular channel is denoted by D and 

𝑈𝑎𝑣𝑔 =  Q/πR2 

 

2.8 

𝑈𝑎𝑣𝑔 is the average fluid flow velocity. 

Mathematical expressions are illustrated in figures 2-4. The layer contacting the pipe 

wall, according to the theories, has zero velocity and obeys Newton's law of viscosity. 
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Figure 2-4: In a circular channel with laminar flow, the formation of a velocity boundary layer 

(Adapted from [5]) 

2.2 Nanofluids 

Nanofluids are a type of fluid (often referred to as liquids) that consists of nanometre 

(nm) sized solid materials. Nanometre-sized materials are usually based on 

nanoparticles, nanotubes, nanofibers, nanorods, nanowires, nanosheets, or nanosized 

droplets [25]. Typically, nanofluids are thought of as two-phase systems, with one 

phase being a liquid (referred to as the base fluid) and the other being a solid composed 

of nanoparticles. 

In general, metal oxides (such as alumina, zirconia, silica, and titania) are used as 

nanoparticles, as are oxide ceramics (such as Al2O3, CuO), chemically stable metals 

(such as Au, Cu), various forms of carbon (such as graphite, carbon nanotubes, 

graphene and fullerene, diamond), and metal carbides such as SiC. Base fluids can be 

made of oil, carbon-based liquids (such as glycols), water, refrigerants, polymeric 

solutions, bio fluids, greases, and other communal fluids [15], [25], [26]. 

2.2.1 Advantages of nanofluids 

The most critical parameters in a nanofluid are the particle size and concentration of 

the nanoparticle. Because of the size of the particles, physical parameters like as 

viscosity and thermal conductivity are affected. The size of the particles is critical 

when it comes to clogging. In microchannels, large particles can cause severe problems 

D 
R 
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such as clogging, a short settle time, and a large pressure drop [27]. On the other hand, 

large particles can be abrasive due to their high momentum and rapid movement. 

It has been found that particle size and the concentration of particles directly influence 

the pH value and viscosity of the nanofluid [28]. Zhao Jia-fei [28] et al. have conducted 

an experiment based on de-ionized water with different sizes of nanoparticles and 

changing the concentration of the nanoparticles. It has been demonstrated that the 

volume fraction of nanoparticles has a considerable impact on the relative viscosity 

(𝜇r). It was evident that relative viscosity also depends on the diameter of the 

nanoparticle. According to Zhao Jia-fei et al., the experimental data for relative 

viscosity vs volume fraction presented in Figure 2-5 were collected through a series of 

experiments. Figure 2-6 depicts the relationship between relative viscosity and particle 

diameter in a fluid. 

 

Figure 2-5:Relative viscosity of nanofluids measured experimentally and simulated as a function of 

volume fraction (Adapted from [28]). 
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Figure 2-6:The relationship between the relative viscosity of a nanofluid and the diameter of a 

nanoparticle (adapted from [28]) 

According to the Figure 2-5, it is noticed that relative viscosity is growing with the 

increasing volume fraction. The key cause for this result is extent of 𝑑𝑎/ 𝑑. Where 𝑑 

means individual nanoparticle diameter and 𝑑𝑎 is the diameter of the aggregate [28]. 

With these results, an equation for relative viscosity according to Krieger equation can 

be written as: 

µ𝑟 = 1 + [𝜂](
𝑑𝑎

𝑑
)3−𝑑𝑓𝛷 2.9 

where, µ𝑟, 𝜂, 𝑑𝑎, 𝑑, 𝑑𝑓, and  𝛷 are relative viscosity, intrinsic viscosity, diameter of 

the aggregate, nanoparticle diameters, fractal dimension of the aggregates and 

nanoparticle volume fractions, respectively.  

On the other hand, due to the dispersion of nanoparticles, small nanoparticles can flow 

freely through microchannels. The advantages of suspending nanoparticles in a 

primary or derived fluid are as follows: [15], [26] 

• It is conceivable to improve the heat capacity and surface area of a nanofluid. 
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• The fluid's effective thermal conductivity can be increased. 

• The surface of the flow passage, the base fluids, and the collisions and 

interactions of the particles can all be enhanced. 

• Particle clogging is minimized 

Due to the aforementioned reasons, nanofluids are far superior to conventional heat 

transfer fluids when designing heat transfer fluids. 

2.3 Heat transfer in microchannels  

Over the last few decades, there have been many studies on heat transfer within 

microchannels. There are several reasons for this, including the growth of electronic 

technology and its industry mentioned previously [15]. Heat transfer is a term that 

refers to the quantity of energy that can be transported in the form of heat from one 

system to another or between surrounding. This is primarily owing to the temperature 

difference between the two systems, as well as the outside temperature environment. 

Heat transmission occurs in three primary modes: conduction, convection, and 

radiation [29]. 

When heat is transferred through a circular microchannel, a thermal entry length is 

developed as the heat enters as a result of the formation of a thermal boundary layer. 

This occurs when a cold fluid is introduced into a relatively warm microchannel, or 

vice versa [30]. This thermal entrance length (𝐿𝑡ℎ) can be expressed as follows (2.10):  

𝐿𝑡ℎ = 0.05𝑅𝑒𝑃𝑟𝐷 2.10 

𝑃𝑟 denotes the Prandtl number, a two-dimensional variable that quantifies the relative 

effect of momentum diffusivity. The Prandtl number can be expressed as follows: 

𝑃𝑟 =
µ𝑐𝑝

𝑘
 2.11 

Where, µ, 𝑐𝑝 and 𝑘 denote the viscosity, specific heat capacity, and thermal 

conductivity of the fluid. To identify a thermally fully developed flow, non-

dimensional temperatures must remain constant. It can be shown as below: 



13 

 

𝑇ŵ − 𝑇(𝑟)

𝑇ŵ − 𝑇𝑚
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 2.12 

here, 𝑇ŵ, 𝑇(𝑟), and 𝑇𝑚 denote the wall temperature, fluid temperature at r, and aggregate 

average temperature of the fluid, respectively.  The evolution of a thermal boundary 

layer along a microchannel is depicted in Figure 2-7. 

 

Figure 2-7:The formation of a thermal boundary layer in a circular duct (Adapted from [5]) 

The conventional fluids used for heat transfer have poor heat conduction compared 

with metals, except liquid metals [30]. As an example, water conducts heat 

approximately three orders of magnitude slower than copper. As a result, the world 

requires a new, improved method of conducting heat from fluid-based systems. Today, 

the best option, given current technology, will be to transfer heat between systems via 

nanofluids. 

2.3.1 Heat capacity of liquids 

Liquid-phase heat capacity is an essential parameter for heat exchangers. Considering 

the heat capacity of the working fluid is essential when sizing and rating heat 

exchangers in general, as well as when completing energy equilibrium design 

calculations, is essential [31]. The achieved relationship for the heat capacity of a 

liquid can be articulated in a polynomial of the form which is shown in equation (2.13). 

D 

R 
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𝐶𝑝𝑠 = 𝐴1 + 𝐴2𝑇 + 𝐴3𝑇2 + 𝐴4𝑇3 2.13 

here, 𝐶𝑝𝑠 is heat capacity of saturated liquid. Where, 𝐴1, 𝐴2, 𝐴3 and 𝐴4 are the 

correlation constants for a specific chemical compound and 𝑇 is the temperature. 

Figure 2-8 shows the heat capacity variation with its temperature [31]. This plot shape 

might be different with different liquids due to the chemical composition.  

 

Figure 2-8: Ethylbenzene's (C6H5C2H5) heat capacity against temperature (Adapted from [31]) 

2.3.2 Thermal conductivity of liquids 

Organic substances' thermal conductivity and temperature can be correlated 

mathematically. [31], [32]. This can be expressed as follows: 

𝑙𝑜𝑔10𝑘𝑙𝑖𝑞 = 𝐵1 + 𝐵2 (1 −
𝑇

𝐵3
)

2
7⁄

 2.14 

where, 𝑘𝑙𝑖𝑞, 𝐵1, 𝐵2, 𝐵3 and 𝑇 are thermal conductivity of liquid, the regression 

coefficients for chemical compound and temperature. Figure 2-9 and figure 2-10 show 

the thermal conductivity of liquid benzene and water changes with temperatures, 

respectively. 



15 

 

 

Figure 2-9:Thermal conductivity of benzene (C6H6) (Adapted from [31]) 

 

Figure 2-10: Thermal conductivity of water (H2O) (Adapted from [31]) 
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2.3.3 Thermal conductivity of nanofluids 

Nanofluids have significantly improved thermal conductivity when compared to 

conventional liquids. Nanofluids have a thermal conductivity that is significantly 

greater than that of their underlying liquid. Based on the nanoparticles which are used 

in the nanofluid, it can be categorized into three main groups [26].  

• Nanofluid with ceramic particles 

• Nanofluid with pure metallic particles 

• Nanofluid with CNTs (Carbon nanotubes) 

With different proportions of these nanoparticles, different types of nanofluids can be 

formed with different properties. More details will be discussed in the latter part of 

this chapter. 

2.4 Heat transfer in a single-phase flow 

Heat transfer in a single-phase channel has generated considerable interest. As a result, 

research is conducted utilizing methodologies that have been established in the 

literature. Single-phase research is also being undertaken on microfluidic channels, as 

previously stated, owing to the high surface area to volume ratio of these channels. 

Hetsroni et al. [33] conducted a numerical and experimental study to compare total 

heat transfer in microchannels in 2005. As a result of the strong principle of 

superposition of hydrodynamic and thermal effects, heat transfer occurs in 

microchannels. Theoretical models were used to correct several hypotheses related to 

heat transfer mechanisms in this study. As a matter of fact, the effect of Reynolds 

number, axial conduction, energy dissipation, and heat loss on the surrounding 

environment has been determined. The two models were built on the traditional 

Navier-Stokes equation and the full Navier-Stokes equation with energy equation. In 

2011, Ebadian [34] published a review of excessive heat removal technologies. Results 

has divided heat flux into three sections according to the review. Heat flux in the range 

of 100 - 1000 W/cm2 has classified as High Heat Flux (HHF), range of 103 - 104 W/cm2 

as Ultra high heat flux (UHF) and heat flux which is more than 104 W/cm2 as Extreme 

high heat flux (EHF). Based on his review, the most successful HHF removal 

technology is heat pipe. The effect of heat removal in HHF removal using 
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microchannels, spray, jet impingement, piezoelectric effect, and enhanced surfaces 

was examined. Maximum heat flux removal achieved in the last few decades was 

found during the survey. Outcomes of the survey has demonstrated in Figure 2-11. 

 

Figure 2-11: Maximum heat fluxes reported over the years (adapted from [34]) 

Edabian has also made reference to the Bond number's significance (Bod). The bond 

number is used to study the surface tension-gravitational effect ratio. This is critical 

when dealing with phase changing situations in heat transfer. The Bond number has 

the following correlation, as shown in equation (2.15). 

𝐵𝑜𝑑 =
𝑔(𝜌𝑙 − 𝜌𝑣)𝐷ℎ

2

𝜎
=

1

𝐶𝑜2
 2.15 

here, 𝑔, 𝜌𝑙, 𝜌𝑣, 𝐷ℎ
2, σ and 𝐶𝑜 represent gravitational acceleration, liquid density, vapor 

density, hydraulic diameter, surface tension, and confinement number, respectively. In 

1997, Kew and Cornwell [35] established the confinement number. Confinement 

number is critical when liquids are boiling in narrow passages. Capillary flow, flooding 

in vertical up flow, and heat transfer in restricted areas all require consideration of a 

variety of conditions. The following equation (2.16) expresses the concept of 

confinement number. 
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𝐶𝑜 =  

[𝜎
(𝑔(𝜌𝑙 − 𝜌𝑣))⁄ ]

1
2

𝐷ℎ
 

2.16 

Heat exchangers are critical to developing scaling when working in extreme 

temperatures. Scaling occurs when a minimal film coats the entire surface of a heat 

exchanger [36], [37]. In 2002, Karabelas [36] did an experiment to identify key issues 

regarding scale formation in tubular heat exchangers. Karabelas discussed the 

propagation flow chart in his study to help understand the scale formation based on 

the formation's physics. 

 

Figure 2-12: Physical processes occurring in the pipe flow of supersaturated (adapted from [38]) 

Scale 

Formation 
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For scaling, several physical factors are involved. In Karabelas study, the effect of 

supersaturation, the effect of flow velocity, the effect of temperature, and the effect of 

particles on scale formation are included in his modelling, shown in figure 2-12. In 

2006, Morini [37], did a study to model scaling in adiabatic and diabatic 

microchannels. Adiabatic means there is no heat transfer through the microchannel 

wall [38], [39] whereas diabatic indicates that heat is transferred through the 

microchannel wall. With respect to convection studies, the Nusselt number is an 

important parameter with respect to convective heat transfer studies. Morini argued 

that the Nusselt number is dependent on the Reynolds number even when the flow is 

laminar, and the entrance effect is paired with viscous dissipation. When applied to a 

single fluid layer, the Nusselt number represents the ratio of convectional to 

conductional heat transmission [29]. The Nusselt number can be represented by 

Equation (2.17). 

𝑁𝑢 = 𝑀𝑅𝑒𝐿
𝑛1𝑃𝑟𝑛2                             [29] 2.17 

where, 𝑀, 𝑛1and 𝑛2 are constant depends on the geometry of the channel, constant 

exponent component and 𝑃𝑟 is Prandtl number. Morini, has obtained a Nusselt number 

equation based on his experimental results which is shown in equation (2.18) 

𝑁𝑢 =  
𝑞

𝑘𝑇ℎ
∗(𝑇̅𝑤 − 𝑇̅𝑏)L𝑐 

 2.18 

where, the heat removed by the working fluid is denoted by 𝑞, 𝑇ℎ
∗ is the non-

dimensional heated perimeter of the microchannel, L𝑐 is the length of the microchannel 

and 𝑘 denotes the fluid's thermal conductivity. 

In 2006, Celata et al. [40] mentioned in the study investigational results for scaling in 

single-phase laminar flow at a microscale under uniform heat flux. The experiment 

was conducted with four different diameters: 528 µm, 325 µm, 259 µm, and 120 µm. 

The largest of the above clearly demonstrated the best heat transfer performance of 

thermally rising flow where the Nusselt number increased in comparison to the fully 

developed point marked closer to the inlet. Table 2-1 details the experimental 

parameters and conditions.  
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Table 2-1: Celata’s Experimental conditions [40] 

Di 

(µm) 

Do(µm) eDi(µm) Lc(mm) LHT(mm) Re Gz M*x106 K*(%) 

528 859 3.9 79.0 36.8 50-

2775 

9-

233 

3-70 0.001-

0.1 

325 909 4.7 79.5 37.6 274-

2304 

10-

117 

8-95 0.03-1.2 

259 951 4.4 82.1 36.4 105-

2576 

3.5-

103 

12-330 0.06-1.4 

120 804 2.4 65.4 35.4 279-

3138 

6-58 17-170 0.1-10 

50 363 1.3 66.0 34.2 114-

1450 

1-13 32-428 0.6-35 

where, K* is geometry dependent constants and Di and Do are internal diameter and 

outer diameter, respectively. eDi is absolute error of the parameter Di, Lc is the 

microchannel’s length, LHT is heated length of the microchannel while Gz denotes 

Graetz number and M is a dimensionless quantity initiated by the author.  

Rosa [41] et al. summarized the overall relationships between fluid dynamics models 

in 2009. The results of his study are depicted in Figure 2-13. 
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Figure 2-13:General relationships of models in fluid dynamics (adapted from [41]) 

Rosa concluded his study by providing detailed conclusions on the entrance effect, 

temperatures dependent on rarefaction (reduction in density), properties, 

compressibility effect, coupled heat effect between solids and fluids, viscous heating 

of fluids, surface roughness, and EDL (Electric Double Layer) effect. 

Rosa asserts that the entry effect on heat transport is proportional to the Nusselt 

number. This is due to the thermal entry length, which typically accounts for a 

significant portion of the microchannel's total length. Temperature-dependent 

properties such as viscosity must be considered due to the microchannel's two different 

temperatures at the inlet and outlet. Rarefaction (reduction in density) occurs in 

conjunction with the compressible effect only in gas flow. In the case of commercial 

micro heat sinks, conductive heat transfer must be considered in addition to the solid 

channel to account for the three-dimensional effect. Viscous heating has an effect on 

the flow's Nusselt number. With a constant wall temperature in a heated microchannel, 

the Nusselt number tends to increase in the flow and tends to decrease with a constant 
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wall heat flux. Surface roughness has an effect on the Nusselt number depending on 

the cross-sectional geometry, increasing or decreasing it within the limits of 

experimental uncertainty. EDL effects can be applied to a segment of the 

microchannel's hydraulic diameter. 

In 2017, Zhai et al. [42] used single and laminar convection to explore convective heat 

transfer in micro-channel heat sinks. To begin, this research developed a fabricated 

model to estimate the flow and heat transfer rates in microchannel heat sinks using a 

computer simulation. Following that, experimental and numerical studies were 

conducted to verify the theoretical analysis's accuracy. The findings indicate that 

convective thermal resistance plays a significant role in microchannel heat sink 

efficiency and performance. Thus, to improve heat transfer, convection thermal 

resistance should be reduced. The lowermost wall of the microchannel heat sink has a 

uniform temperature field due to the uniform flow distribution. 

2.5 Nanofluids in microchannels 

As previously stated, nanofluids are fluids that contain nanoparticles within their base 

fluid. Due to the high conductivity of the particles in a nanofluid, the bulk fluid's 

thermal conductivity has increased [43]. The Maxwell and Hamilton-Crosser findings 

appear to appropriately describe the thermal conductivity behaviour. By introducing 

nanoparticles to the system, it experienced an increment in the overall thermal 

conductivity with its Reynolds number. Jung et al. [44] conducted an experiment in 

2009 on Al2O3 nanofluid with a 170 nm microchannel diameter and determined that 

the Nusselt number rises with respect to Reynolds number. These findings deviate 

from conventional analysis, while also providing a new avenue for future research. 

Bowers et al. [43] observed that as the temperature of the nanofluid, silica and alumina, 

decreases, the viscosity of the nanofluid increases. Additionally, nanofluids exhibited 

nearly Newtonian rheological behaviour over a broad shear rate range.  In 2016, 

Manay and Sahin [45] conducted a study in 2016 on the heat transmission and pressure 

loss of nanofluids in a microchannel. They did their study with titanium oxide (TiO2) 

within the range of volume fraction from 0.25 % to 2.0 % with a microchannel whose 

diameter is equal to 200 µm. The insights of his study are that the nanosized TiO2 
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nanoparticles provide a lower surface temperature than the based fluid (water). Due to 

the increasing thermal resistance caused by particle deposition, the surface temperature 

decreased as the particle volume fraction increased up to 0.015 percent but increased 

after reaching 1.50 percent. The second observation was that all nanofluids had a 

higher Nusselt number value than the based fluid. As the solid fraction increased, the 

thermal conductivity of the fluid increased, resulting in an increase in heat transfer. 

When volume concentrations exceed 1.5 percent (v/v), the improvement in heat 

transfer ceases and the volume concentration begins to decrease. When the particle 

concentration is 1.5 percent (v/v), the Nusselt number is always greater than when the 

particle concentration is 2.0 percent (v/v). The increment of the viscosity effect was 

dominant when volume concentration was higher than 1.5% (v/v), where viscosity had 

dominated the thermal conductivity. When nanofluid was used as the coolant instead 

of pure water, the thermal resistance of the fluid was reduced. The surface temperature 

significantly decreased up to a mass flow rate of 10 kg/h with a Reynolds number of 

200 for both pure water and nanofluids. Thermal resistance decreased significantly at 

the same mass flow rate. 

The heat transfer characteristics of a laminar nanofluid developing in a circular tube 

were investigated quantitatively by Tahir and Mital [46], who carried out their research 

in 2012. Using it as a response variable, they evaluated the influence of the heat 

transfer coefficient along the duct axis on particle diameter, Reynolds number, and 

volume percent. Using three separate factorial methodologies, they ran 27 simulations 

and conducted multiple regression analyses in order to develop a forecast equation that 

can account for the effect of these tri-variables on the mean heat transfer coefficient. 

Changes in the tri-independent variables, according to their numerical analysis, 

appeared to account for nearly all of the variation in the heat transfer coefficient. The 

Reynolds number was the most important variable, exerting the greatest influence on 

the average heat transfer coefficient, whereas the volume fraction had the least 

significant influence. According to the findings of the study, the coefficient of heat 

transfer rises linearly with the fluid's volume proportion and Reynolds number. 

However, when particle size grows, it eventually exhibits a non-linear parabolic fall, 

which is not as dramatic as it appears. Furthermore, there is only a weak association 
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between the three self-governing variables and their effect on the average heat transfer 

coefficient (see Figure 2-14). Figure 2-14 depicts the percentage increase in the 

lengthwise heat transfer coefficient down the axis of the channel for various size and 

volume fraction combinations when the Reynolds number is equal to 750. For 

example, Figure 2-15 illustrates the proportional decrease in surface temperature along 

the channel axis for various diameter and volume fraction combinations at 750 

Reynolds number, whereas Figure 2-16 represents the increase in nanofluid heat 

transfer coefficient along the channel axis for several Reynolds numbers, with the 

largest increase occurring for 100 nm particle diameter and 4 percent volume fraction 

at 750 Reynolds number, respectively. 

 

Figure 2-14:Increase in heat transfer coefficient along tube axis as a function of diameter and volume 

fraction at 750 Reynolds number [46]. 
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Figure 2-15: At 750 Reynolds number, reduced surface temperature along the tube axis by a 

percentage [46]. 

 

Figure 2-16: Increase in heat transfer coefficient of nanofluid down tube axis for several Reynolds 

numbers and 100 nm particles with 4 percent volume fraction [46]. 
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2.6 Wall temperature  

Heat transport in microchannels is also temperature dependent. There are two types of 

wall temperatures described in the literature. Combined with the constant wall heat 

flux, the bulk mean temperature of the fluid and channel wall temperatures rise linearly 

in the entirely formed region of the channel under the persistent heat flow. The 

boundary conditions for a constant wall heat flux are depicted in Figure 2-17. Tin, Tout, 

Twi, Two, Tm, ΔT are the inlet and outlet temperatures, the temperature of the inside and 

outside channel walls, the temperature of the bulk fluid, and the temperature difference 

between the inner and outside channel walls. [5]. 

 

Figure 2-17:Variation in the temperature of the channel wall and the bulk fluid in channels with a 

constant wall heat flux boundary condition (adapted from [5]) 

The second type of wall temperature is constant wall surface temperature, which 

indicates that under constant wall temperature heating, the difference between the 
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inside wall temperature (Twi) of the channel and the fluid's bulk temperature (Tm) 

diminishes exponentially. This behaviour is illustrated in figure 2-18 [5]. 

 

Figure 2-18: Variation of the temperature of the channel walls and the bulk mean fluid temperature at 

constant temperature condition of the wall's boundary [5]. 

Khan et al. [47] simulated the flow and temperature fields, as well as heat transfer, in 

a microchannel heat exchanger using a computer. They investigated the movement of 

flow and fields of temperature, along with the movement of heat through a 

microchannel heat exchanger. Hydrogen was the most efficient fluid in every way. It 

required less pumping work, had a more homogeneous flow distribution, and had low 

channel temperature rises. 
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In 2006, Renksizbulut et al. [48], examined slip-flow and heat transmission in 

rectangular microchannels with constant wall temperature. As a result, the effect of 

rarefaction (reduction in density) has been observed to develop three-dimensional 

laminar flow where it has constant property in rectangular microchannels where the 

Knudsen number is less than 0.1. Due to the existence of strong gradients close to the 

entrance of the channel, the region's slip velocity and temperature jump are significant. 

However, slip velocities in the corner regions were rationalized because the flow 

develops across the channel axis due to the low velocity gradient. While rarefaction 

(reduction in density) features have a small effect on entry lengths, they demonstrate 

an extraordinarily nonlinear relationship with channel aspect ratios throughout a large 

range of Reynolds numbers. 

Recreation (reduction in density) of thermal micro-flow using the lattice Boltzmann 

technique with a Langmuir slip model has conducted by Chen and Tian [49] in 2010 

to investigate the physical picture and the application of Langmuir slip model. 

Implementing the Langmuir slip model for the lattice Boltzmann method to detect 

velocity slip and temperature increment in micro-flows with a temperature change has 

been discussed in this study.  

2.7 Flows with two phases and heat transfer 

Two-phase heat transmission can be broadly divided into two types: latent (boiling) 

and sensible (non-boiling) two-phase heat transfer. Latent two-phase heat transfer is 

the most common type. Pool boiling, which occurs when a heating surface is immersed 

in a pool of initially relatively stable liquid, and flow boiling, which occurs when a 

heating surface is immersed in a flowing stream of fluid, with the heating surface 

possibly being a channel wall that confines the flow, are the two categories of heat 

transfer during boiling. Pool boiling is the most prevalent form of heat transmission in 

boiling [50].  

Non-boiling two-phase heat transfer occurs when two phases of matter exist within the 

channel; generally, one phase is a based liquid, most commonly water. The secondary 

phase can be a stable gas or another liquid that does not mix with the primary phase. 

The focus of this review is on non-boiling two-phase heat transfer. 
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Figure 2-19: Vertical rising flow patterns in a tube 

 

Figure 2-20: Horizontal and slightly upward inclined flow patterns in a tube 
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In 2010, Ghajar and Tang [51] have done a study on the importance of non-boiling 

two-phase flow for industrial applications involving heat transfer through pipes. 

According to their study, a low velocity is required to achieve the required high heat 

transfer rate. Vertical pipes were used to investigate turbulent gas-liquid flow using a 

variety of different flow patterns and fluid combinations. During the investigation of 

non-boiling two-phase flow heat transfer in pipes, the vacancy percentage has received 

substantial consideration. Same author Ghajar [52] explained the distinction between 

vertical upward two phase flow and horizontal two phase flow in 2005. 

2.7.1 Heat transfer via two-phase liquid-liquid flow 

In microchannels, liquid-liquid two-phase flows give much superior fluid flow and 

heat transfer properties than single phase fluid flows. There are a number of heat 

transfer and pressure drop relationships for two-phase gas-liquid flow, but few for two-

phase liquid-liquid flow. 

In 2010, Janes et al. [53] has done a study on liquid-liquid two-phase and heat transfer 

in gas-liquid plug flow system. The study experimented with water-air, oil-air, and oil-

water mixtures and obtained single-phase oil and single-phase water as a benchmark. 

They discovered that the flows behave almost identically to Taylor flows.  

To measure the influence of friction on two-phase liquid-liquid flow, the experiment 

that is most applicable is employed. To enable visualization of the flow Lim et al. [54] 

conducted a research on the heat transfer characteristics and flow visualisation of gas–

liquid two-phase flow in a microchannel subjected to a continuous heat flux at the wall 

in 2013. A link between the Nusselt number and the axial position, as well as a 

correlation between the Nusselt number and the void %, have been established as a 

result of these studies. 

2.7.2 Pressure-drop in two-phase liquid-liquid flow 

Pressure-drop across a microchannel is critical in determining the amount of energy 

required for pumping, parasitic energy loss, and flow stability. Most of all the heat 

transfer within the channel is affected by the pressure drop. This variable should be 



31 

 

explored using a variety of methodologies, including experimental, empirical, and 

semi-analytical.  

 

Figure 2-21: Enhancement of two-phase heat transfer at various void fractions [54] 
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Figure 2-22: Nusselt number comparison between single-phase and two-phase flow in a 300 µm 

diameter duct with varying water flow rates [54] 

Numerous methods for estimating the pressure drop in a Taylor flow have been 

devised. Syringe pumps are frequently used in microchannel networks due to their 

simplicity. 

Pressure-drop in a circular channel basically occurred because of the fluid friction. 

According to Ladosz and Rohr [55], microchannel fluid friction can be used to operate 

small volume droplets such as amalgamation, splitting, and phase separation. In 1949, 

Lockhart and Martinelli [56] devised a model to examine pressure drop efficiency in 

gas liquid two-phase flow. have developed a model to investigate efficient pressure 

drop in two-phase gas liquid flow. The non-dimensional pressure drops and frictional 

pressure gradients between the liquid and gas phases as they travel through the pipe 

ratio are the essential aspects to this relationship. The disadvantage of this correlation 

was that it was based heavily on investigational data and only sporadically on physical 

modelling. In 1975, Taitel and Dukler [57] demonstrated in 1975 that the hold up and 

non-dimensional pressure drop for stratified flow are only functions of the ratio of the 
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liquid's frictional pressure gradient to that of the gas when they each phase flow 

through the pipe at constant friction ratio.  

Ladosz and Rohr [55] researched and developed a pressure drop model for liquid-

liquid slug flow in rectangular microchannels. They mentioned that in microchannels, 

laminar flows govern and are classified by its parabolic velocity profiles. Additionally, 

multiphase flow interfaces disrupt this velocity profile, resulting in additional pressure 

losses due to the pressure drop across the interface. The resulting regime's velocity 

profile is depicted in Figure 2-23. 

 

Figure 2-23: A circular channel with a radius of r2 and a droplet with a radius of r1.  

The pressure-drop in a microchannel due to volume changes can be written as follows: 

∆𝑃 =  ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙 + ∆𝑃𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 2.19 

Pressure drop is made of three separate components in liquid–liquid slug flows: 

frictional losses in the continuous phase, dispersed phase, and interfacial. This can be 

expressed in the following manner: 

∆𝑃 =  ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙,𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 + ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑙,𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑒𝑑 + ∆𝑃𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 2.20 

In 2009, Walsh et al. [58] mentioned a mathematical expression to find the pressure 

drop due to the bulb or the slug which is shown in equation (2.21) 

∆𝑃𝑏𝑢𝑙𝑏 = 7.16(3𝐶𝑎)
2

3⁄
𝜎𝑖

𝐷
 2.21 

where, 𝜎𝑖  denotes the interfacial tension between two given fluids, D denotes the 

diameter, and Ca denotes the Capillary Number. This study established the scaling in 

a model aimed at predicting the pressure drop in a droplet or slug segmented flow as a 
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function of the ratio of the single-phase length to the channel diameter and the ratio of 

the Capillary number to the Reynolds number, thereby demonstrating the deficiencies 

of Bretherton's theory.  

Jovanovic et al. [59] demonstrated the results of drop in pressure for various two-phase 

fluid flows and compared them to theoretical and experimental variances in 2011.The 

sizes of the discrete phase particles were determined to be dependent on the organic to 

aqueous flow ratio, viscosity, velocity, and slug capillary diameter.  

Figure 2-24 shows the theoretical model pressure drop with respect to slug velocity. 

Illustrated models are moving film (MF) and stagnant film (SF),  Kashid et al. [60] 

model and Salim et al. [61] model in the instance of the Water - Toluene (W-T) flow 

in a 248 µm channel diameter. The aids of the discrete and continuous phase frictional 

pressure-drop and the boundary pressure drop to the total slug flow, pressure drop at 

an organic to aqueous volumetric fraction (O/A) fraction in the case of a Water - 

Toluene (W-T) flow in a capillary with a diameter of 248 3µm are shown in Figure 2-

25. The pressure-drop as a function of slug velocity is illustrated in Figure 2-26 for 

water-toluene (W-T) and ethylene glycol/water-toluene (EG-T) slug flows in 248 µm 

and 498 µm passageways, respectively, using the stationary film model (solid line).  
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Figure 2-24: Shows the theoretical model pressure drop with respect to slug velocity. Illustrated 

models are stagnant film, moving film, Kashid el at. [60] model and Salim et al. [61] model on the 

case of the water-toluene (W-T) flow in a 248 µm capillary [59]. 

 

Figure 2-25: Contributions of the dispersed and continuous phase frictional pressure drops, as well 

as the interface pressure drop, to the total slug flow pressure drop when the organic to aqueous 

volumetric ratio (O/A) in an instance of water-toluene (W-T) flow in the 248 µm capillary[59]. 
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Figure 2-26: The stagnant film model was used to calculate the water-toluene (W-T) and ethylene 

glycol/water-toluene (EG-T) slug flow pressure drop in the 248 µm and 498 µm capillaries as a 

function of slug velocity at an O/A ratio of 1 (solid line)[59] 

 

Figure 2-27: The water-toluene (W-T) and ethylene glycol/water-toluene (EG-T) slug flow pressure 

drop in the 248 µm and 498 µm capillaries was compared to the measured slug flow pressure drop 

using the stagnant film (SF) model [59]. 
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The figure 2-27 compares the water-toluene (W-T) and ethylene glycol/water-toluene 

(EG-T) slug flow pressure drop in capillaries with diameters of 248 µm and 498 µm, 

respectively, as predicted by the stationary film model and as measured. 

2.8 Bubble velocity and film thickness 

In two-phase flow in a microchannel, as previously mentioned, several research gaps 

must be filled. In addition, the heat transfer processes related with the transition from 

sliding slug to Taylor flow are understudied and under experimented. Even the 

experiments are based on the two-phase movement of gas and liquid. Fairbrother and 

Stubbs published The Hydrodynamics of Slug Flow in 1935 [30]. Numerical analysis 

of the two-phase slug flow was performed using the parameters included in this 

research. Salim et al. [61] performed an experiment on the pressure drop, flow patterns, 

and wall wetting abilities of oil-water flow in microchannels. As a result of the 

experiment, distinct flow patterns were observed in different microchannels that were 

initially saturated with water. They began by dipping the quartz and glass 

microchannels in oil. The thickness of the coating has a noticeable effect on the slug 

and bubble velocities. The following equation creates a link between the thickness of 

the film and the velocities of the slug and bubble. 

Us

UB
= 1 − m 2.22 

The overall heat transmission in the two-phase slug flow is controlled by this slug 

length. He et al. [62] discovered the total heat transfer is mainly controlled by the slug 

length and the fraction of the wall taken by the slug by using a numerical investigation. 

In 2007, Urbant et al. [63] numerically examined how the size of a water droplet in a 

microchannel can affect enhancement of heat transfer in mineral oil. This resulted in 

improved heat transfer efficiency and a higher Nusselt Number value.   

2.9 Two-phase nanofluidic heat transfer in microchannels (slug flow) 

Two-phase nanofluidic heat transfer entails the formation of a two-phase flow by two 

non-mixing liquids, one or both of which contain nanoparticles. The use of nanofluid 

in a two-phase system is believed to improve the system's total heat transfer. However, 

it has been demonstrated that the use of nanoparticles in conventional fluids and single-
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phase flow systems significantly improves overall heat transfer in the system, as 

discussed in this chapter. Adham et al. [64] discussed a variety of microchannel heat 

sink-related topics. They noted that additional research is necessary to examine various 

aspects of these heat sinks, including nanofluids and microchannel shapes. 

 Cheng and Xia [65] stated in 2018 that two-phase flow utilizing nanofluids 

significantly improves heat transfer. However, the fundamentals of boiling heat 

transfer and critical heat transfer (CHF) singularities in nanofluids remain unknown. 

Cheng and Xia concluded by stating that physical properties should be investigated in 

order to create a consistent database and general prediction approaches along with 

models. The effect of heat transfer parameters such as size and type on the 

development of nucleate heat transfer should also be investigated. Additionally, the 

underlying theories for these shifts should be identified. To assess the potential 

benefits of nanofluids, macroscale channel studies on their two-phase flow, heat 

transfer, and CHF should be conducted. 

Sabaghan et al. [66] conducted a study on the effect of longitudinal vortex generators 

on nanofluid flow and heat transfer in a microchannel: Two-phase numerical 

recreation and developed an inclusive simulation process capable of estimating the 

effect of longitudinal vortex generators (LVGs) within a microchannel (rectangular 

shaped) on various nanofluids including TiO2/water, TiO2/transformer oil, and 

TiO2/EG-W. (Ethylene Glycol and Water). When compared to ordinary 

microchannels, these LVGs have a considerable impact on heat transport. In Figure 2-

28, results of the experiment are illustrated. The temperature and velocity effects on 

LVG enhanced microchannels subjected to increased heat transfer are shown in Figure 

2-29. 

Numerous researchers have conducted studies on boiling heat transfer with the use of 

nanofluid to increase the heat transfer capacity. Kamel et al. [67] says the valuation of 

the point heat transfer coefficient (HTC) with the existence of nanofluids is 

compulsory for understanding the three-dimensional differences of the temperature 

along the channel flow. 
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Figure 2-28: Comparison of convective heat transfer coefficient friction factor between the LVG-

enhanced microchannel and the plain channel [66]. 

 

Figure 2-29: The LVG-enhanced microchannel's velocity (a) and temperature (b) contours [66]. 

Nanofluids have the potential to improve or deteriorate pool boiling temperatures (HT 

and CHF), depending on the material, size, and concentration of the nanofluids. 

Additionally, the material, shape, alignment, and coarseness (roughness) of the heated 

surface, the wetting agent, base fluid, process pressure, and heat flux are all considered. 

It is convinced that nanofluids can significantly improve pool boiling, HT, and CHF 

when a proper balance of these influences is engineered to meet specific requirements 

[68].  
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2.10 Summary 

Experimental and computational studies of two-phase flow in microchannels, 

including their hydrodynamics, hydrokinetics, and heat transfer characteristics, are 

reviewed in this chapter. It was demonstrated that two-phase flow has a significantly 

greater capacity for heat transfer than conventional single-phase flow. Two-phase 

flow, on the other hand, has a much higher Nusselt number than single phase flow. 

When it comes to two-phase flows, the literature indicates that non-mixing two-phase 

slug flows have a significant heat transfer advantage over gas-liquid two-phase flows. 

The primary disadvantage of two-phase slug flow is the significant pressure drop. This 

requires a significant amount of pumping power to achieve the desired slug flow. 

Therefore, the analysis of pressure drop in two-phase liquid-liquid flow will attract a 

great deal of interest from scientists whose connections are necessary for the creation 

of microfluidic schemes. It has been experimentally established that the pressure drop 

in a slug flow rises as slug velocity increases, hence enhancing heat transfer inside the 

channel [5], [30].  

Despite the fact that a few theoretical models have been developed to account for the 

link between heat transmission and hydrodynamic constraints, there are significant 

differences of over 500 percent between the Nusselt number relationship and the 

findings. To better comprehend the interaction between heat transport and other 

characteristics, it is essential to build novel theoretical representations. 

Another way to improve heat transfer is to use nanofluids. Comprehensive reviews on 

the use of nanofluids in heat transfer applications are included in this chapter. A 

nanofluid's relative viscosity increases with volume fraction and heat transfer. While 

researchers frequently use nanofluid in a microchannel as a single phase, very few 

studies on two-phase liquid-liquid slug flow are available in the literature.  

It is clear that, more research needs to be conducted to find the actual behaviour of a 

nanofluid in a liquid- liquid two-phase system. This research gap needs to address due 

to its efficiency in heat transfer.   
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CHAPTER 03 

3 NUMERICAL ANALYSIS ON CIRCULAR MICROCHANNEL 

Methods for conducting numerical fluid flow assessments in microchannels are 

described in this chapter. It discusses the study's simulation procedure. 

3.1 Problem Formulation and solution procedure 

In this study, two-dimensional axisymmetric approximations were employed, to model 

circular cross-sectional channels leading to reduce the computational power 

requirement. Because the circular cross section of the microchannels is geometrically 

similar, it is even more convenient to use two-dimensional space rather than the 

computationally expensive three-dimensional space. 

3.1.1 Interface tracking in two – phase liquid – liquid Flow 

Numerous methods exist for tracking interfaces, one of which makes use of the 

Eulerian interface framework. When implemented, each of these methods has a 

number of advantages and disadvantages. Volume of fluid, forward-facing tracking, 

phase field, and level set approaches are the most used and reliable today. 

In 1981, Hirt and Nichols [69] pioneered the volume of fluid method for implicitly 

tracking interfaces via a volume fraction function. Using a volume percentage between 

zero and one, the average amount of one of the fluids in each cell is calculated. A cell 

with a transitional volume fraction, on the other hand, will have a value in the middle. 

The primary advantage of this method is that it allows for fully mass conserved 

calculations, whereas it requires a special method to study convection in a 

discontinuous volume fraction field.  

The level set algorithm was introduced in 1987 by Osher and Sethian [70]. This 

method is applicable to image processing, inverse problems, crystal growth, and 

modelling multi-phase flows. This method is novel in that it allows for the embedding 

of the interface in a higher dimensional function. 
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The phase field method is the next method that can be used for interface tacking. This 

has a wide range of engineering applications. For instance, environmental engineering, 

petroleum engineering, and chemical engineering all employ the phase field method 

when dealing with multiphase flows. The primary advantage of this method is that it 

does not require any prior assumptions about the interface's shape [71]. Phase Field 

method use Navier Stokes, continuity and Cahn Hilliard equations which were solved 

together to determine the phase interface [72].  

In this present work, two methods were used to track the interface of two phases. First, 

the Phase Field method was used to visualize the two-phase slug flow. Then the 

Volume of Fluid method was used to obtain a refined edge between the two interfaces.  

3.1.2 Governing Equations 

By solving the governing equations, the mass-momentum-energy conservation rules 

were derived. Different solving models have different representations of these 

governing equations according to their method of solving the model. Governing 

equations are expressed in different formats based on the method used for interface 

tracking. 

• Phase Field Method 

Mass Conservation [73]: 

𝜕

𝜕𝑡
(𝜖𝑝𝑟𝜌𝑟) + ∇. (𝜌𝑟𝑣𝑟) = 𝑞𝑟 −  𝜌𝑟𝛼𝑟

𝜕𝜖𝑣𝑜𝑙

𝜕𝑡
 3.1 

where 𝜌𝑟 , 𝑞𝑟 , 𝜖𝑝𝑟 and 𝛼𝑟 are the density of the fluid, source term, porosity, and Biot 

Coefficient in the reservoir domain, respectively.  

Darcy’s Velocity in Ω𝑟(𝑡) [73]: 

𝑣𝑟 = −
𝐾𝑟

𝜇𝑟
(∇𝑝 +  𝜌𝑟𝑔) 3.2 

where 𝐾𝑟 and 𝜇𝑟 are the permeability and fluid viscosity of Ω𝑟(𝑡) respectively.  
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Pressure Equation 𝑝 [73]: 

𝜌𝑆
𝜕𝑝

𝜕𝑡
− ∇.

𝜌𝐾

𝜇
(∇𝑝 + 𝜌𝑔) = 𝑞𝑚 − 𝜌𝛼𝑋𝑟

𝜕𝜖𝑣𝑜𝑙

𝜕𝑡
 3.3 

• Volume of Fluid method 

Continuity Equation: [74] 

𝜕𝜌

𝜕𝑡
+ ∇. 𝑈 = 0 3.4 

Momentum Equation: [74] 

𝜌 (
𝜕𝑈

𝜕𝑡
+ (𝑈. ∇)𝑈) = −∇𝑝 + ∇. (𝜇(∇𝑈 + ∇𝑈𝑇)) + 𝐹 3.5 

Energy Equation: [74] 

𝜕(𝜌𝐸)

𝜕𝑡
+ ∇. (𝑈(𝜌𝐸 + 𝑝)) = ∇. (𝑘∇𝑇) 3.6 

Volume Fraction Equation: [74] 

𝜕(∅)

𝜕𝑡
+ ∇. (∅𝑈𝑠) = 0 3.7 

*Note: Definitions of the notations are mentioned in the list of abbreviations. 

The velocity U is treated as mass averaged variable, according to 𝑈 =

 [∅𝜌𝑠𝑈𝑠 + (1 − ∅)𝜌𝑝𝑈𝑝]/𝜌𝑝. The subscript 𝑠 and 𝑝 denote secondary and primary 

phase and 𝜌𝑝 is the density of mixture. 

3.2 Methodology  

Initially, fluid flow and heat transport were numerically modelled in COMSOL 

Multiphysics using the solver. To capture the interface in these simulations, level set 

equations are solved. The model was then simulated using ANSYS Fluent in chapter 

04. In ANSYS, the interface was captured using the VOF method. Unlike COMSOL 

Multiphysics, ANSYS Fluent enables users to create multiphase domains with more 
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than two phases. This enables the numerical model to treat nanoparticles as a distinct 

phase. 

3.2.1 Problem Setup 

A two-phase slug flow with different hydrodynamic characteristics was used to 

investigate flow growth and early heat transfer. After selecting the numerical model, 

the geometry was approximated using an axisymmetric approximation. 

 COMSOL Multiphysics was used to investigate the shape of the droplet by varying 

the contact angle of the microchannel's wetted wall. This technique was also used to 

investigate droplet shape and formation, as well as slug length, by varying the 

velocities of the two phases at the cross junction. Boundary conditions and numerical 

model is presented in figure 3-1. 

 

Figure 3-1:Schematic diagram of two-phase flow model with Cross-Junction (One half has mirrored 

via axisymmetric line) 

An interior diameter of 100 micrometres and a length of 3600 micrometres comprise 

the geometrical model. This model is composed of two major sections. The first is a 

cross-shaped junction that was used to investigate the effect of inlet velocity on slug 

length. With a 3600-micrometer length microchannel, as shown in Figure 3-1, the 

heated segment can have a hydrodynamically produced flow. To improve 

representation in Figure 3-1, the geometry was mirrored along the axisymmetric line. 

The primary and secondary fluids were water and light mineral oil, respectively, and 
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the microchannel wall was believed to be built of aluminium. Table 3.1 lists the 

properties of the materials. 

Table 3-1: Properties of materials 

 

Typically, the development length is less than ten times the diameter of the 

microchannel. This allows for complete development of the slug flow prior to entering 

the heated zone. This study makes use of a uniform heat flux of 1 kW/cm2, which 

approximates the rate of heat generation in a microchip [75]. Using varied velocities 

for different scenarios, the inlets are set up to have a uniform velocity boundary 

condition while the exit is set up to have a zero-gauge pressure. The specifics of each 

study, along with their associated approaches, are listed in Table 3.2. The capillary 

number was determined using the equation below for table 3.2. 

𝐶𝑎 =  
𝜇𝑙𝑈𝑠

𝜎
 3.8 

where, 𝐶𝑎, 𝜇𝑙 , 𝑈𝑠𝑎𝑛𝑑 𝜎 are the Capillary number, dynamic viscosity of the liquid, 

superficial velocity, and surface tension, respectively. The Reynolds number was 

calculated using equation 3.14. 

𝑅𝑒 =  
𝜌𝑈𝑚𝐷

𝜇𝑙
 3.9 

where, 𝑅𝑒, 𝜌, 𝑈𝑚, 𝐷 & 𝜇 are the Reynolds number, density of the fluid, mean velocity, 

pipe diameter and dynamic viscosity of the liquid, respectively.  

The velocities within each phase determine two-phase flow patterns. This velocity 

determines the flow type: bubbly, slug, churn, slug annular, or annular slug annular. A 
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velocity map was done by Triplett et al. [76] in 1999 for a 1.45 mm circular test section. 

The results are shown in Figure 3-2. 

 

Figure 3-2: Flow shape map as detected by [76] circular test section where diameter is 1.45 mm. 

Transition lines are not from the Triplett et al. but are indicatives. 

However, there are no conclusive studies on the velocity interaction at the inlet for 

liquid–liquid two-phase flows.
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Table 3-2: Different test cases considered for the study 

Propose of the 

case 

Case no Inlet Velocity 

Light mineral 

oil[m/s] 

Inlet Velocity 

Water 

[m/s] 

Contact angle 

[degree] 

Capillary 

number 

Reynold 

Number 

Effect of inlet 

velocities 

[Water] 

1 0.1 0.1 170 0.00206 19.92 

2 0.1 0.2 170 0.00305 29.88 

3 0.1 0.3 170 0.00407 39.84 

4 0.5 0.5 170 0.01017 99.60 

Effect of inlet 

velocities 

[Light mineral 

oil] 

1 0.2 0.1 170 0.00305 29.88 

2 0.2 0.2 170 0.00407 39.84 

3 0.2 0.3 170 0.00509 49.80 

Effect of 

Contact Angle 

1 0.2 0.2 90 0.00407 39.84 

2 0.2 0.2 135 0.00407 39.84 

3 0.2 0.2 170 0.00407 39.84 
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3.2.2 Mesh generation for the numerical analysis 

Mesh generation and mesh sizing is an important step in numerical simulations since 

the accuracy of the results is highly dependent on the size of the mesh elements. 

Therefore, mesh generation needs to be given special consideration to capture the 

accurate physics of the fluid flow and heat transfer. The flow in a microchannel can be 

accurately studied using a mesh with a D/100 or lower element size. The thin liquid 

layer that forms between the microchannel and the bubble can be detected using an 

element of this size [77].  

COMSOL Multiphysics makes use of the adaptive mesh refinement approach, one of 

several available mesh refinement methods. Local adaptive mesh refinement will 

reduce the computational power while preserving the precision. Here, mesh adaptation 

happens while the solution is running, and the mesh will change continuously. The 

refinement is happening by estimating the error indicator on the initial coarse mesh by 

identifying the high gradient areas. The generated mesh is shown in Figure 3-3. 

   

Figure 3-3: The simulations' mesh elements 

In these studies, mainly rectangle mesh has been used with a mesh quality of around 

0.98. This has ensured a reliable solution for point functions once the numerical study 

was conducted. The details of the mesh which was used in this study are mentioned in 

table 3-3. To increase the mesh accuracy, triangles and quadrangle-type mesh elements 

were used here. However, the effect of the mesh refinement has no significant effect 

on the results, according to [78]. As a result, for simulations, a mesh with over 0.5 

million elements was chosen. 
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Table 3-3: Mesh Details 

 

Validation of the numerical procedure can be done by comparing the film thickness 

obtained by the present study with different correlations available in the literature. The 

number of mesh elements within the film in the fluid flow was used to compute the 

film thickness in this investigation. Figure 3-4 shows the obtained film thickness from 

the study by overlaying the mesh on the volume fraction of water. Figure 3-5 illustrates 

the film created around a droplet and its thickness. This film is created due to the 

separation of Taylor bubbles or droplets from the channel wall. As a result, the bubbles' 

shear stress is substantially lower than the shear stress on the wall from liquid layer. 

Due to this, bubbles or droplets tend to move faster than the rest of the fluid. Heat 

transfer and mass transfer are dependent on the film thickness created between the 

channel wall and droplets. Due to the fact that the majority of studies in the literature 

have used this method to determine film thickness, this is the correct procedure to 

follow. 
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Figure 3-4: Generated mesh overlay with the volume fraction of water 

 

Figure 3-5: Schematic of a slug and bubble two-phase flow unit cell [5] 

From the literature, different film thickness correlations can be obtained. Table 3-4 

states the different correlations that have been obtained from the literature. 
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Table 3-4: Capillary Number 

Calculation method Capillary 

Number (Ca) 

0.0044 0.0038 

𝜹 = 𝟏. 𝟑𝟒 ∗ 𝑹 ∗ 𝑪𝒂
𝟐

𝟑, 𝟏𝟎−𝟑 < 𝑪𝒂 < 𝟏𝟎−𝟐               

      

 [79] 

(3.10) 1.82 1.61 

𝜹 =  
𝑫

𝟐
(

𝟏.𝟑𝟒∗𝑪𝒂
𝟐
𝟑

𝟏+𝟑.𝟑𝟓∗𝑪𝒂
𝟐
𝟑

) , 𝟏𝟎−𝟑 < 𝑪𝒂 < 𝟏. 𝟒  

      

 [80] 

(3.11) 1.67 1.49 

𝜹 =
𝟎.𝟔𝟕𝟎𝑫∗𝑪𝒂𝟐/𝟑

𝟏+𝟑.𝟏𝟑𝑪𝒂𝟐/𝟑+𝟎.𝟓𝟎𝟒𝑪𝒂𝟎.𝟔𝟕𝟐𝑹𝒆𝟎.𝟓𝟖𝟗−𝟎.𝟑𝟓𝟐𝑾𝒆𝟎.𝟔𝟐𝟗 , 𝑪𝒂 <

𝟎. 𝟑        

      [81] 

(3.12) 1.68 1.50 

Present Study  1.5 ± 

0.5 

1.5 ± 

0.5 

Different correlations for capillary number were investigated using the literature, and 

minimum and maximum values with a maximum error of 8% were used in the study. 

3.2.3 Void Fraction 

Void fraction is the ratio of the flow field employed by the secondary phase to its 

primary fluid domain. In this case, droplets act as the secondary phase flow. In a two-

phase flow, the void fraction has an impact on many slug flow parameters, such as 

pressure drop, heat transfer, and flow pattern change. The void fraction can be 

determined using the equation 3.13. But finding the void fraction using inlet flow 

conditions is not a promising method due to the two-phase is tends to slip at the inlet 

because of the flow development. 

𝛽 =
𝑈𝑠

𝑈𝑠 + 𝑈𝑝
 3.13 
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Table 3-5: Calculation models for different parameters 

 

3.2.4 Wall wettability and contact angle 

The most important factor affecting the droplet's shape is its wall wettability. This 

occurs when the droplet moves as a sliding slug along the microchannel. The other 

variables that affect the shape of the droplet are the surface tension force, the contact 

angle, and the fluid viscous deformation force. Moreover, there are additional elements 

that influence wettability in addition to contact angle. When two immiscible liquids 

are combined on solid surfaces, the contact angle between them is precisely defined as 

the equipoise contact angle. Young's equation relates the angle to all of the different 

surface tension forces present at the three-phase interaction line [82]. 
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𝜎𝑙−𝑔 𝑐𝑜𝑠(𝜃𝐸) = 𝜎𝑠−𝑔 − 𝜎𝑙−𝑠 3.14 

where, 𝜎𝑙−𝑔 is the difference in surface tension between a liquid and a gas, 𝜎𝑠−𝑔 is 

between solid, gas and 𝜎𝑙−𝑠 is between solid and liquid and 𝜃𝐸 is Young’s equilibrium 

contact angle. When the equilibrium contact angle is tiny or when the wettability is 

high, it is known that the contact angle will be modest as well. When the equilibrium 

contact angle equals zero, the surface is completely wet, the liquid spreads 

spontaneously, and the surface has a high coefficient of attraction. It is called partial 

wetting if the equilibrium contact angle lies between 0 degrees and 90 degrees. If the 

equilibrium contact angle lies between 90 degrees and 180 degrees, it’s called non-

wetting, or liquid beads up formation [83]. This was used to determine the effect of 

the contact angle on heat transfer and droplet detachment during the setup stage. 

3.3 Results and Summary 

In Chapter 05, all results will be compared. The Level Set model was used to track the 

initial interface. because the computational power required for the simulations was 

relatively low in comparison to the other methods. Initially, triangle-based mesh 

elements were used; however, for improved computational performance, they were 

converted to quadrilateral mesh elements. This conversion significantly reduces the 

computational time.  
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CHAPTER 04 

4 NUMERICAL ANALYSIS OF FLOW IN CIRCULAR 

MICROCHANNEL WITH NANOPARTICLES  

In this chapter details the methodology used in the current work, which includes the 

addition of nanoparticles to the fluid flow in order to perform numerical analysis in 

microchannels. This report discusses the problem formulation process and a few 

numerical methods for analysing heat transfer within a fluid flow.  

According to Mudawar and Anderson [84] supercomputers are already exceeded 100 

W/cm2 heat flux in present. The term "nanofluid" refers to a fluid that contains 

nanoparticles. Nanofluid preparation can be accomplished in a single step or in two 

steps. Typically, a two-step process involves producing nanoparticles (even in the form 

of nanotubes or nanofibers) as a dry powder and then mixing them with a base fluid 

such as water, oil, or even organic liquid [85]. 

4.1  Problem Formulation and Solution procedure 

As stated in chapter three, the problem formulation draws for the use of two-

dimensional axisymmetric geometry to simulate the channel. Additionally, a three-

phase flow has been introduced to model individual nanoparticles. This enables us to 

investigate the behaviour of the nanoparticles independently of the physical and 

chemical properties of the base or secondary fluid. Numerous studies have used a 

single-phase approach to simulate nanofluids by modifying their thermophysical 

properties in order to introduce the nanoparticle effect. This can significantly reduce 

the amount of time required for computation [86]. However, the disadvantage of this 

method is the difficulty of independently evaluating the effects of nanoparticles. 

4.1.1 Conventional single-phase approach for analysis of nanofluid  

When appropriate assumptions are made, nanofluids can be treated as a homogeneous 

liquid. The fundamental premise is that nanoparticles can be dispersed easily in the 

primary fluid (based fluid) [87].  The results of the conventional single-phase model 

are obtained by solving the standard mass, momentum, and energy equations. Chapter 
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3 section 3.1.2 discusses all conventional equations in detail. Apart from the 

conventional single-phase model, other types of single-phase models exist, such as the 

thermal dispersion model, the Crank-Nicolson FDM (Finite Deference Method) 

model, and so on. 

However, using single-phase models to analyse nanofluids has a number of drawbacks. 

Examples include the fact that the findings produced using single-phase models are 

strongly dependent on the thermophysical parameters of the fluid and can have an 

impact on the Nusselt number [87], [88].  

4.1.2 Multiphase analysis of nanofluid based liquid-liquid slug flow   

Brownian force, Brownian diffusion, friction force, thermophoresis, and gravity all 

play a role in the synthesis of nanofluids as two-phase fluids. As a result, employing 

multiphase models may result in more realistic results. Lagrangian - Eulerian and 

Eulerian - Eulerian models are the two most often used two-phase techniques for 

modelling nanofluids. 

• Lagrangian-Eulerian model 

Both fluid and particle interactions are considered in the Lagrangian-Eulerian model, 

which includes momentum and energy equations. Solving Nervier–Stork (N-S) 

equations in time-averaged form and considering the fluid phase as a continuum yields 

the solutions. 

• Eulerian-Eulerian model 

Another sort of two-phase model is the Eulerian-Eulerian model. This model is well-

suited for mixtures with a high number of particles. As a result, this model requires a 

high concentration of nanoparticles within the phase. The mixture model was chosen 

for this method due to its more economical approach compared to Lagrangian-

Eulerian. The velocity of discrete phases is extracted from the algebraic formulations 

of the mixture momentum conservation equations using this method [89].  
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4.1.3 Governing Equations 

Present study requires some additional sets of equations to model the behaviour of the 

phases based on the model itself. It solves the same fundamental equations as in 

Section 3.1.2, as well as the equations listed below. 

• Relative (Slip) Velocity [74] 

𝑣𝑝𝑞 = 𝑣𝑝 − 𝑣𝑞 4.1 

where, 𝑣 is fluid velocity while 𝑝 & 𝑞 are secondary phase and primary phase.  

• The mass fraction for any phase [74] 

𝑐𝑘 =
∝𝑘 𝜌𝑘

𝜌𝑚
 

4.2 

where 𝑘, ∝, 𝜌, & 𝑐 are phase, aspect ratio, density and heat capacity respectively.  

• Volume Fraction  

𝜑 =  
𝜓ρ𝑓

ρ𝑠 + 𝜓ρ𝑓 − 𝜓ρ𝑠

 
[90] 4.3 

where, the volume, mass fractions and ρ from 𝜑, 𝜓 and density while subscript 𝑓 and 

𝑠 denotes the fluid phase and nanoparticle phase. 

4.2 Methodology 

ANSYS Fluent was used to solve the general momentum, energy, and continuity 

equations, as well as other force interaction equations between the phases, in this study. 

The Eulerian model was used to study nanoparticles in a microchannel. This study is 

divided into two distinct sub-cases: nanoparticle injection into a base fluid and 

nanoparticle injection into a secondary fluid phase. The primary reason for switching 

from COMSOL Multiphysics to ANSYS Fluent is the advanced features available in 

the Lagrangian-Eulerian and Eulerian-Eulerian frameworks. Advantages in Eulerian-

Eulerian framework can be found in these [91]–[97]. 
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4.2.1 Nanoparticle injection in secondary fluid phase – ANSYS Fluent 

As previously stated, the Eulerian mixture model was used to setup the study as a 

transient and axisymmetric model under the pressure-based solver. As with Chapter 

03, this setup does not include a test for droplet detachment from the micro junction. 

This study concentrated exclusively on the behaviour of nanoparticles in a two-phase 

liquid-liquid slug flow. Cases are conducted with varying concentrations of 

nanoparticles in the secondary fluid. Figure 4-1 depicts the initial patched flow prior 

to the commencement of the numerical study.  

 

Figure 4-1: Initial Setup 

4.2.2 Geometrical model with boundary conditions 

  

Figure 4-2: Schematic diagram of three-phase flow model 

This geometrical model is divided into two sections: the region of flow development 

and the region of constant temperature wall. As a result, a 3000 µm long microchannel 

was chosen to allow for sufficient flow development. All fluid properties are identical 

to those listed in table 3.1. Additionally, nanoparticles were incorporated into the third 

phase. The reason for the use of aluminium oxide (Al2O3) is its wide availability, 

manufacturing cost, along with its high heat transfer capability. The most critical 

quality is chemical and physical stability over a broad temperature range and under a 

range of conditions. Vajjha and Das [98] have experimentally determined the 

conductive heat transfer coefficient of common oxide nanoparticles. Geng et al. [99] 

have compared the MWCNT (Multi–walled carbon nanotubes) with metal oxide ZnO 

to validate its thermal conductivity. Table 4-2 has the comparison of the properties 

Volume fraction of water 
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with different non-metallic nanoparticles. Metal nanoparticles were avoided due to the 

instability (chemically and physically) with the based fluid in the present study. 

Table 4-1: Material Properties including nanoparticles 

 

Table 4-2: Different nanoparticle properties 

  

4.2.3 Mesh Generation and study validation 

The geometrical model is identical to the two–phase model except for the absence of 

the junction. The same mesh validation procedure was used in this study to 
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demonstrate the mesh independence. The results of the validity study are depicted in 

Figure 4-3. According to Figure 4-3, the percentage variation in error between 0.5 µm 

and 1.0 µm meshes is 6%, while the error for 5 µm element size is 10%. 

 

Figure 4-3: The distribution of velocity of a water slug along a line in the mid plane perpendicular to 

the axis 

Throughout the simulations, the mesh elements at the two-fluid interface were 

automatically revised based on the gradient of volume fraction, with 0.15 and 0.1 

serving as the refinement and coarsening threshold values, respectively, at the two-

fluid interface. 
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Figure 4-4: Computational mesh with refined gradient adaptation 

The mesh with a 1 µm element size and refined gradient adaptation is shown in Figure 

4-4. It is used to track the fine interface between the phases. This method generated 

the mesh using quadrants to conserve computational power. To aid comprehension, 

Figure 4-5 overlays the mesh with the phase contour.  

 

Figure 4-5: Mesh overlay with phase contour 

The gradient adaptation algorithm adapts to the calculated interface in order to 

preserve the 0.1 and 0.15 refinement and coarsening threshold values. This method 

ensures greater accuracy while consuming the least amount of computational power 

possible. Overall mesh quality is approximately 0.8, while the minimum mesh quality 

is approximately 0.7. In the following table, 4-3, we summarize the mesh generation 

process. 

Volume fraction of light mineral oil 



61 

 

 

 

Figure 4-6: Adapted Mesh after t = 1s 

Table 4-3: Mesh properties - Ansys Fluent 

Quantity Value Unit 

Physics Preference CFD 1 

Element Size 1 µm 

Growth Rate 1 1 

Target Quality 0.9 1 

Pinch Tolerance 1.8 nm 

Nodes 153051 1 

Elements 150000 1 

After completing the setup, several cases were numerically analysed. Table 4-4 

summarizes the study's case details. The inlet velocity was maintained at 0.2 m/s in 

these studies to minimize the inlet velocity effect. Cases 01 and 02 were used to 

determine the effect of the nanoparticles on the light mineral oil phase, while cases 3 

and 4 were used to determine the same effect on the water phase. 
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Table 4-4: Nanoparticle case details 

Case No Inlet Velocity 
Nanoparticle 

Domain 

Nanoparticle 

Concentration 

01 0.2 Light mineral oil 0.02 

02 0.2 Light mineral oil 0.05 

03 0.2 Water 0.02 

04 0.2 Water 0.05 

  

4.3 Results and Summary 

All results will be compared in Chapter 05. ANSYS In all of the studies, fluent mixture 

model simulations were used. The initial interface tracking was accomplished using 

VOF in conjunction with the granular effect of the nanoparticles. Initially, a 

quadrilateral-based mesh was used. Gradient adaptation was used to boost the 

computer's performance and improve the results. This conversion increased the 

computational load but improved the study's accuracy significantly. These studies 

examined the formation of droplets, pressure drop across the channel, film thickness, 

heat transfer through the wall to the fluid, and contact angle, among other things. 

  



63 

 

CHAPTER 05 

5 RESULTS AND DISCUSSION 

The purpose of this chapter to describe and explain the findings of the numerical 

simulations that were carried out in Chapters three and four. The first set of cases (table 

5-1) was used to examine how flow and droplet production occur under a variety of 

situations. Additionally, these cases prompt examination of the flow's general 

hydrodynamics, including velocity distribution, interface separation caused by surface 

tension, and pressure drop along the microchannel.  

The cases in Table 5-2 were selected to demonstrate the effect of contact angle on the 

average Nusselt number. The cases mentioned in 5-4 and 5-5 were conducted to 

investigate heat transfer in liquid-liquid two-phase flow in microchannels, as well as 

the effect of nanoparticles. This chapter discusses the results in detail. 

5.1 Flow development and droplet formation  

A specially designed microchannel was used to simulate droplet detachment and 

formation in this study. Figure 5-1 illustrates the initial flow domains. Blue was used 

to indicate light mineral oil in this figure 5-1, while red was used to indicate water. 

This setup was capable of forming the desired droplets within the microchannel at a 

velocity of 0.1 m/s for both phases. Volume fraction contour mapping can be used to 

track refined interfaces, as illustrated in figure 5-2. The flow was able to reach its fully 

developed state after 1 millisecond. The velocity profile after one millisecond is 

depicted in Figure 5-3. The dimensionless flow parameters were obtained by solving 

the equations in Table 3-5. Reynolds number was 11.2 and capillary number was 

0.0022, respectively. 
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Figure 5-1: Initial flow domains at t = 0 s 

 

Figure 5-2: Initial interface contour at t = 0 s 

This is the conventional velocity profile for a channel with fully developed fluid flow. 

After 1 millisecond, this plot was obtained at the outflow. This signifies that after 1 

millisecond, the flow was fully developed. At 4.2 milliseconds, the first droplet 

separated from the main domain. The droplet separation at the junction is depicted in 

Figure 5-4. The droplet was decelerated before it separated from the parent domain 

due to interfacial surface tension. Figure 5-5 depicts the velocity profile in the above 

scenario.  
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Figure 5-3: Outlet velocity magnitude at t = 1 ms 

 

 

Figure 5-4: Droplet detachment from the main domain at t = 4.2 ms 

 

Figure 5-5: Velocity profile at the point of droplet detachment from the main domain at t = 4.2 ms 
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The separation occurs for a number of reasons, including the fast deceleration of the 

interface between the mineral oil and water domains, which causes the interface's shear 

stress to surpass the capillary number and interfacial pressure ratio, as shown in Figure 

5-5. Hao Gu et al. [100] has validate this phenomena in 2011.  

In this experiment, the spacing between two droplets is solely determined by the 

entrance velocities. Because all of the other factors were kept constant throughout the 

research. The effects of input velocities have been studied with several cases. The 

acquired results are shown in figures 5-6 to 5-9. 

 

 

Figure 5-6: Flow formation with mineral oil inlet velocity at 0.5 m/s and water inlet velocity at 0.2 

m/s 

 

Figure 5-7: Flow formation with mineral oil inlet velocity at 0.2 m/s and water inlet velocity at 0.2 

m/s 

 

Figure 5-8: Flow formation with mineral oil inlet velocity at 0.1 m/s and water inlet velocity at 0.5 

m/s 
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Figure 5-9: Flow formation with mineral oil inlet velocity at 0.1 m/s and water inlet velocity at 0.1 

m/s 

According to the findings, velocity ratios play a significant effect in droplet formation. 

As illustrated in figure 5-6, velocities of 0.5 m/s and 0.2 m/s at the oil domain inlet and 

water domain inlet, respectively, result in an annular flow rather than a slug flow or a 

Taylor flow. When two velocities differ, the distance between two adjacent drops 

changes as well. The summary and distance between two neighbouring drops based on 

their entrance velocities are shown in Table 5-1. 

Table 5-1: Distance between two adjacent droplets 

Case 

Number 

Mineral Oil 

Inlet Velocity 

(m/s) 

Water Inlet 

Velocity 

(m/s) 

Type of the 

flow 

Distance between 

two adjacent 

droplets 

(µm) 

Case 01 0.5 0.2 Annular Flow N/A 

Case 02 0.2 0.2 Slug Flow 290 

Case 03 0.1 0.5 Slug Flow 500 

Case 04 0.1 0.1 Slug Flow 210 

5.2 Pressure and velocity distribution across the channel with two phase liquid 

– liquid Flow 

Following the development of the flow, multiple investigations were done to determine 

the velocity and pressure distribution over the microchannel. As previously stated, the 

flow develops fully after a flow distance of 200 µm (1 millisecond of simulation time) 

(Figure 5-3). As demonstrated in Figure 5-10, two phase flows typically result in large 

pressure declines.  



68 

 

 

 

 

 

Figure 5-10: Axial Pressure Drop 

As illustrated in Figure 5-10, this high-pressure drop is classified into two distinct 

subcategories: frictional and interfacial pressure drops. This occurs for a variety of 

reasons, including film leakage around the slug, the slug's low velocity, and phase 

viscosity [58], [101], [102]. This is the most difficult scenario for a two-phase slug 

flow. This necessitated the use of additional micro pumping power to deliver the 

required flow. The axial velocity distribution of the slug clearly demonstrates the slug's 

low velocity in figures 5-11 and 5-12.  
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Figure 5-11: Velocity Contour Map 

 

Figure 5-12: Axial Velocity Distribution Plot 

The velocity distribution in Figure 5-12 shows how fluids circulate between two 

phases. These findings prompted the researchers to analyse the two phases' relative 

velocity distributions. Section 5.3 will explain this investigation. 

When the film thickness is present, the slug's slip velocity can be determined. This 

clearly indicates that the primary and secondary fluid phases have unique velocities. 

Figure 5-13 shows the fully formed fluid flow at a channel length of 2800 µm, whereas 

Figure 5-14 represents the secondary slug's slip effect. The channel is illustrated in 

Figure 5-14 utilizing the x component velocity across the channel when one bubble 

passes at a length of 2800 µm where the slip velocity can be measured.  
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Figure 5-13: Velocity distribution at 2800 µm where t = 0.016 s 

 

Figure 5-14: Velocity distribution at 2800 µm when one bubble passes.  
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5.3 Relative velocity distribution within the droplet of a two-phase liquid–

liquid flow 

At various contact angles, the relative velocity distribution within a droplet in a two-

phase liquid–liquid flow was examined. Six cases were chosen to investigate possible 

fluid inter-circulation and possible nanoparticle circulation paths. Table 5-2 

summarizes the cases. When a slug is present, an average Nusselt number has been 

determined along the axis at 2800 µm. To verify the local Nusselt number, it was 

compared to published data [5]. Table 5-3 compares the CFD local Nusselt number to 

the literature. In this analysis, the local Nusselt number of two-phase liquid-liquid slug 

flows is calculated using equation 5.1, and the average thermal conductivity of the 

liquid-liquid slug flow is calculated using equation 5.2. 

𝑁𝑢𝑥 =
𝑞𝐷ℎ

𝑘(𝑇𝑤 − 𝑇𝑚)
=

ℎ𝐷ℎ

𝑘
 5.1 

𝑘𝑎𝑣𝑔 = 𝜑𝑘𝑠 + (1 − 𝜑)𝑘𝑝 5.2 

Table 5-2: Average Nusselt numbers for different test cases. 

Case No Fluid bulk 

velocity 

(m/s) 

Contact angle 

(degree) 

Film 

thickness 

(µm) 

Nu avg 

01 0.2 90 N/A 6.9 

02 0.2 100 N/A 8.9 

03 0.2 120 N/A 10.2 

04 0.2 150 N/A 10.4 

05 0.2 160 1.5 10.6 

06 0.2 170 1.8 10.5 
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Table 5-3:Nusselt number comparison 

 

 

Figure 5-15: Average Nusselt number vs contact angle 

After plotting the velocity and volume fraction contours, promising results were 

obtained. Figure 5-16 depicts the volume fraction and velocity contours at various 

contact angles. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

  
(k) (l) 

 
Volume Fraction 

 
Internal circulation velocity (m/s) 

Figure 5-16: Volume fraction (a): at 90-degree contact angle, (c): at 100-degree contact angle, (e): at 

120-degree contact angle, (g): at 150-degree contact angle,  (i): at 160-degree contact angle, (k): at 

170-degree contact angle, internal circulation velocity (b): at 90-degree contact angle, (d): at 100-

degree contact angle, (f): at 120-degree contact angle, (h): at 150-degree contact angle,  (k): at 160-

degree contact angle, (l): at 170-degree contact angle, 

In these flow conditions, the inter-circulation of the secondary fluid has increased with 

respect to the contact angle (Figure 5-16: (b), (d), (f), (h), (j), (l)). Flows with 160 and 

170 degrees have sliding slug flow, which creates a thin primary film around the slug 

[103], [104]. hen nanoparticles are added, the circulation of the particles will make it 

easier for heat to move through, which will make the overall heat transfer better.  
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5.4 Effect of nanoparticles in two phase liquid – liquid slug flow  

Cases involving nanoparticles in the base fluid and those involving nanoparticles in 

the secondary fluid have been classified in Chapter 4. A range of experiments on 

nanoparticles in a two-phase liquid-liquid slug flow yielded the following outcomes. 

A discussion of secondary phase nanoparticles will set the stage for the research, which 

will conclude with a look at the role of base fluid nanoparticles in heat transfer. 

5.4.1 Effect of nanoparticles in secondary fluid on heat transfer 

Al2O3 nanoparticles were examined in Chapter 04 to determine their impact. For the 

purposes of this investigation, two case studies were developed and examined. A two-

phase flow containing Al2O3 nanoparticles is depicted in Figure 5-17. Temperature 

differences can be quantified by looking at the Nusselt Number. 

 

Figure 5-17: Volume fraction of Nanophase Al2O3 

Azmi et al. [105] validated equation 5.3 experimentally to determine the Nusselt 

number of a nanofluid. This was within a maximum of 15% of the experimental values 

at high Nusselt numbers, with an average deviation of 4.6 percent and a standard 

deviation of 5.7 percent. Due to the inclusion of the twisted tape effect, this cannot be 

utilized in a straight microchannel. The following equation can be used to compute the 

Nusselt number: 

𝑁𝑢𝑛𝑓 =  
ℎ𝑛𝑓𝐷

𝑘𝑛𝑓
= 0.073𝑅𝑒0.702𝑃𝑟𝑛𝑓

0.4 (1 +
𝐷

𝐻
)

1.3

 5.3 

where, 𝑁𝑢𝑛𝑓, ℎ𝑛𝑓 , 𝑘𝑛𝑓 , 𝐷, 𝑅𝑒, 𝑃𝑟𝑛𝑓 , 𝑎𝑛𝑑 𝐻 are Nusselt number of the nanofluid, 

convection heat transfer coefficient, thermal conductivity, diameter of the channel, 

Reynolds number, Prandtl number and helical pitch of the twisted tape for 180 degrees 

rotation respectively.  
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As a result, the Ramirez Tijerina et al. [106] correlation was applied. In a straight tube, 

he conducted the experiment and postulated a link between the Nusselt number of a 

nanofluid and the temperature of the surrounding wall. 

𝑁𝑢𝑛𝑓 =  
ℎ𝑛𝑓𝐷

𝑘𝑛𝑓
= 0.073𝑅𝑒0.702𝑃𝑟𝑛𝑓

0.4 5.4 

The correlations discovered by Sharma et al. in 2012 [2] are used to compute the 

parameters of the nanofluid, such as its viscosity and thermal conductivity. The 

viscosity and thermal conductivity of a liquid can be calculated using equations 5.5 

and 5.6, respectively. 

𝜇𝑛𝑓

𝜇𝑤
= 𝜇𝑒𝑓𝑓 = 𝐶1 (1 +

𝜑

100
)

11.3

(1 +
𝑇𝑛𝑓

70
)

−0.038

(1 +
𝑑𝑝

170
)

−0.061

 5.5 

𝑘𝑒𝑓𝑓 =
𝑘𝑛𝑓

𝑘𝑤
= [0.8938 (1 +

𝜑

100
)

1.37

(1 +
𝑇𝑛𝑓

70
)

0.2777

(1

+
𝑑𝑝

150
)

−0.0366

(
𝛼𝑝

𝛼𝑤
)

0.01737

] 

5.6 

𝜇𝑛𝑓, 𝜇𝑤, 𝜇𝑒𝑓𝑓, 𝜑, 𝑇𝑛𝑓 , 𝐶1, 𝛼𝑝, 𝛼𝑤 and 𝑑𝑝 denotes absolute viscosity of nanofluid, 

absolute viscosity of water, ratio of nanofluid to water viscosity (effective viscosity) 

values, volume fraction of nanoparticles, temperature, a constant (where 1.4 for SiC 

and 1.0 for water based nanofluid), thermal diffusivity of nano material, thermal 

diffusivity water and diameter of a nanoparticle respectively.  

The dynamic viscosities were calculated by averaging line values in the CFD results. 

Equation 5.5 yields the values in Table 5-4 for dynamic viscosity and viscosity based 

on CFD calculations. 

The CFD numerical analysis results were in line with the previously stated correlation 

as well as the experimentally measured effective thermal conductivity values (𝑘𝑒𝑓𝑓) of 

1.130 and 1.274 in cases one and two, respectively. Hemmat Esfe et al. [1] conducted 

a study in 2014 that yielded the experimental values. Fig. 5-19 compares the effective 

thermal conductivity in the different cases shown. All CFD results are within 3% to 

4% of the literature and experimental data. 



76 

 

 

Figure 5-18: Temperature Distribution inside a one bubble 

Figure 5-18 depicts the dispersion of temperature within a single bubble. Mineral oil 

with nanoparticles plugs has a higher temperature at the front, but a lower temperature 

at the back. This causes an internal circulation because of the large temperature 

difference in the single plug. This could lead to an increase in heat transfer by creating 

an inter-fluid circulation inside the droplet.
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Table 5-4: Effect of nanoparticles in secondary fluid on heat transfer case parameters  

Case No Al2O3 Volume 

Fraction 

Properties of bulk 

fluid 

CFD Result 

(Nanodomain) 

Sharma et al. Model Nanofluid 

01 2.00% (v/v) 

Dynamic viscosity 0.02254124 [Pa.s] 0.02202796 [Pa.s] 

Light mineral 

oil/Al2O3 

Thermal conductivity 0.1997 

[W/m.K] 

0.1974 

[W/m.K] 

Average Nusselt 

Number 

17.1245 

Using Equation 5.1 

02 5.00% (v/v) 

Dynamic viscosity 0.0228117 [Pa.s] 0.0221027 [Pa.s] 

Thermal conductivity 0.2236 

[W/m.K] 

0.2057 

[W/m.K] 

Average Nusselt 

Number 

20.524 

Using Equation 5.1 
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Figure 5-19: Effective Thermal Conductivity Comparison 

 

Figure 5-20: Nusselt number comparison of the nanofluid-based liquid-liquid two-phase slug flow) 

nanofluid as the droplet) with respect to single phase and liquid-liquid two-phase slug flow without 

nanoparticles 
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The Nusselt number of the nanofluid-based liquid-liquid two-phase slug flow is 

compared to that of the single phase and nanoparticle-free liquid-liquid two-phase slug 

flow in Figure 5-20. The Nusselt number has increased in comparison to the two-phase 

liquid-liquid slug flow, as indicated by the findings. This occurs as a result of the base 

fluid's thermal conductivity remaining constant. As a result, the proportion of heat 

transfer via convection to heat transfer via conduction is increased. Here as outcome, 

the average Nusselt number has risen. Figure 5-20 illustrates the Nusselt number 

comparison between a nanofluid-based liquid-liquid two-phase slug flow and a single-

phase and two-phase slug flow without nanoparticles. The Nusselt number has risen 

in comparison to the two-phase liquid-liquid slug flow, according to the results. As a 

result, the base fluid's thermal conductivity has not changed. Consequently, the 

convection/conduction heat transfer ratio improves. As a result, the average Nusselt 

number has increased. 

Figure 5-21 represents the relationship between the Nusselt number and axial length 

as a series of two consecutive bubbles. There is a local Nusselt number of 40.84, and 

this number drops as the mean temperature rises because of the decreasing thermal 

gradient. The Nusselt number variation with the axial length is shown in figure 5-21 

to illustrate the change in the Nusselt number along with two consecutive bubbles. 

This shows the maximum of 40.84 as the local Nusselt number, and when the mean 

temperature increases, it drops because of the reducing thermal gradient. 

The increased convective heat transfer due to the nanoparticle circulation is the reason 

for the higher Nusselt number. A single bubble of aluminium oxide nanoparticles is 

shown in Figure 5-22 with its relative velocity magnitude to the host fluid. The 

increased convective heat transfer in a two-phase flow is a result of the nanoparticles' 

relative velocity, which induces a convective heat current inside the bubble. With the 

addition of aluminium oxide nanoparticles, the overall thermal conductivity of the 

fluid flow will increase. As a result, the fluid flow experiences a higher overall heat 

transfer. 2.09 times more than a two-phase liquid-liquid slug flow without nanofluid 

and 5.09 times more than a single-phase laminar flow in terms of Nusselt number have 

been achieved by using this approach. 



 

80 

 

 

 

 

 

Figure 5-21:The Nusselt number variation with the axial length 

 

Figure 5-22: The relative velocity magnitude of the Al2O3 nanoparticles with respect to the host fluid 

in a single bubble 

5.4.2 Effect of nanoparticles in based fluid on heat transfer 

As described in Section 5.4, an additional set of cases was numerically solved to 
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the base fluid on heat transfer was studied using the same approach as in Section 5.4.1. 

This section investigates the effect of nanoparticles on heat transfer by introducing 

them into the primary fluid (water). The first two cases involved varying the volume 

fraction of Al2O3 nanoparticles in the based fluid. The following table details the 

study's case parameters.
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Table 5-5: Effect of nanoparticles in based fluid on heat transfer case parameters 
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When considering the nominal thermal conductivity of water, the Nusselt number has 

increased in the flow, as shown in table 5-5 with respect to the two-phase liquid-liquid 

slug flow without nanoparticles. Since the nanoparticles were introduced into the 

primary fluid during the study, it has been regarded as a separate phase rather than a 

component of the primary fluid [15], [107], [108].  But once the temperature contour 

is considered and the updated thermal conductivity is based on the literature, the 

Nusselt number can be calculated in a two-phase liquid-liquid slug flow. 

Figure 5-23 illustrates the temperature gradients within a single bubble. In the absence 

of nanoparticles, the temperature distribution of the droplet is equal to that of the two-

phase liquid-liquid slug flow [109]. Without nanoparticles, the average Nusselt 

number was found to be lower in two-phase liquid-liquid slug flow. Nonetheless, 

global heat transfer has risen. This can be demonstrated using figures 5-24 and 5-25, 

which depict the axial temperature distribution without and with nanofluid, 

respectively. 

 

Figure 5-23: Temperature variation inside a bubble (Case 01) 



 

84 

 

 

Figure 5-24: Axial Temperature distribution in two-phase liquid-liquid slug flow without 

nanoparticles 

 

Figure 5-25:Axial Temperature distribution in two-phase liquid-liquid slug flow with nanoparticles 
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This demonstrates unequivocally that when nanofluid is used as the primary fluid, the 

maximum temperature is reached more quickly than when water alone is used as the 

primary fluid. 

 

Figure 5-26: Nusselt number comparison of the nanofluid-based liquid-liquid two-phase slug flow 

(nanofluid as the slug) with respect to single phase and liquid-liquid two-phase slug flow without 

nanoparticles 

Figure 5-26 illustrates the variance in the Nusselt number for the different scenarios. 

Figure 5-27 depicts the fluctuation in the local Nusselt number along the two 

neighbouring drops. Even with a low Nusselt number due to the high thermal 

conductivity, the two-phase flow containing nanoparticles reached the maximum 

temperature faster than the two-phase flow excluding the nanoparticles. This may be 

further supported by examining the average Nusselt number. Results have shown that 

the thermal conductivity of the fluid flow has been increased. But compared to 

nanoparticles in the secondary fluid, the average Nusselt number has decreased. 
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However, a slight increase in the Nusselt number is critical in indicating that 

convective heat transfer increased during these tests [110]. 

 

 

 

 

Figure 5-27: Nusselt number variation with respect to different cases. 

5.4.3 Pressure drop associate with nanoparticles 

It is usual to see considerable pressure loss across the microchannel when dealing with 

two-phase liquid-liquid slug flows. The fluctuation in axial pressure across the 

microchannel is presented in figure 5-28. It clearly indicates that the total pressure 

drop rises when nanoparticles are added to a fluid in the primary phase. This occurs as 

a result of the high viscosity of the primary fluid as a result of the nanoparticles present. 

But the differential pressure between the droplet and the base fluid is much higher 

when nanoparticles are present in the secondary fluid. Nanoparticles in light mineral 

oil make the fluid more viscous, which makes it more difficult to move. 
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Figure 5-28: Axial pressure drop across the channel with nanoparticles 

5.5 Summary 

All analyses were classified into three categories: two-phase slug flow without 

nanoparticles; two-phase flow with nanoparticles in the secondary fluid; and two-

phase flow with nanoparticles in the primary fluid. Additionally, all experiments were 

conducted in a microchannel with a diameter of 100 microns. To begin, hydrodynamic 

parameters such as velocity ratios and velocity profiles in a two-phase system were 

investigated, as well as their effect on heat transfer. The formation of droplets was 

discovered to be caused by the interfacial tension and velocity difference between the 

two phases. Then, the effect of the contact angle between the two phases on heat 

transfer was investigated. The study examined various contact angles ranging from 90 

to 175 degrees. The maximum Nusselt number was 10.6 at the 160-degree contact 

angle. Additional contact angle increases resulted in a slight decrease in the Nusselt 

number. This occurred as a result of the thin film leakage at the wall caused by the 

primary fluid phase. After completing the contact angle study, the relative velocity 

distribution within the secondary phase was examined to determine the possibility of 

nanoparticle circulation. Following that, the effect of nanoparticles on heat transfer 

was investigated by introducing them into each primary and secondary phase. The 
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nanoparticle size was kept constant throughout the studies at 50 nm. The nanoparticles 

were considered a separate phase and were treated as solids. When nanoparticles are 

introduced into the secondary fluid, the Nusselt number increases even more than in 

two-phase liquid-liquid slug flow. The results indicated a maximum of 40 while 

maintaining an average of 20, with a volume fraction of aluminium oxide nanoparticles 

of 5%. This occurred primarily as a result of nanoparticle circulation within the 

droplet. This fluid circulation enables nanoparticles to be heated more efficiently. 

Finally, the same set of studies was conducted using nanoparticles suspended in 

primary fluid. According to the results, the maximum Nusselt number was 16 when 

aluminium oxide nanoparticles were added at a concentration of 2% v/v to the primary 

fluid's modified thermal conductivity. When the nanophase was treated as a separate 

solid phase, the maximum Nusselt number was 22, which corresponded to a volume 

fraction of 5% v/v. 

All of the examples demonstrated an increase in total effective heat transfer via fluid 

flow. The conclusion and recommendations are discussed in Chapter 6.  
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CHAPTER 06 

6 CONCLUSIONS AND RECOMMENDATIONS 

In this part, the significant results, observations, and conclusions of this research are 

summarized, along with suggestions for further study. This study aimed to determine 

the effect of nanoparticles on the overall quantity of heat transmitted to the 

surroundings in microchannels undergoing two-phase liquid-liquid slug flow. 

Consequently, a series of numerical studies were conducted to examine the impacts of 

liquid-liquid slug flow hydrodynamics and efficient heat transfer. The primary results, 

which are presented below, are as follows: 

6.1 Conclusions 

• Due to the shear stress at the interface surpassing the capillary number and 

interfacial pressure ratio, the interfacial velocity of a two-phase liquid-liquid 

slug is diminished 

• Fluid circulation within the droplet is caused by slip velocity 

• 400% heat transfer enhancement can be obtained by using liquid-liquid slug 

flow 

• Due to the disruption of the thermal boundary layer, heat transfer has been 

increased in two-phase flow 

• Thermal conductivity is only slightly increased with nanoparticle volume 

fraction 

• Addition of nanoparticles to either phase has increased the overall heat transfer 

by two-fold. 

• Adding 5% of nanoparticles to the based fluid, has increased its thermal 

conductivity by 1.31 times 

• Introduction of nanoparticles to the secondary fluid has increased the heat 

transfer efficiency by 2.09 times 

• Further investigations are required to understand the motion of nanoparticles 

in a two-phase slug flow 



 

90 

 

6.2 Recommendation for future work 

There have been few studies on two-phase flows. Numerous approaches can be taken 

to increase overall heat transfer. The following suggestion can further improve the heat 

transfer efficiency of traditional liquid-liquid Taylor flow systems. 

• Detailed investigation of the effect of velocity on slug flow with and without 

nanoparticles.  

• More research on the effect of nanoparticles with experiments is needed, as is 

validation of CFD results with experimental data. 

• comprehensive study on nanoparticle behaviour with flow visualization in a 

microchannel. As an example, consider the clogging effect and nanoparticle 

aggregation within the fluid. 

• Further studies are required to study nanofluid stability in a microchannel. 

• Utilizing liquid metal in a liquid-liquid Taylor flow system might boost the 

heat transmission. Therefore, this can be the subject of future research 
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