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ABSTRACT 

Advancements in electronics technology have significantly improved human lives 

but have also introduced new challenges in managing device performance. The trend 

towards smaller and more portable devices has intensified the need for efficient thermal 

management solutions. Traditional cooling systems are often inadequate for dissipation of 

heat from electronic chips. 

This research is based on predicting the thermal effects and hydrodynamics of 

single-phase micro-heat exchangers integrated with LVGs, utilizing the introduction of 

nanofluids via the use of CFD model equations. The geometry of the models is created in 

SOLIDWORKS, and numerical computations are conducted in ANSYS Fluent R21 

following mesh generation in ANSYS Workbench. Nanofluids of different types and 

concentration are studied to find optimum nanofluid while considering pressure drop, 

Nusselt number and space occupied by micro-channel. Temperature boundary conditions 

is applied to study best concentration and type of nanofluid depending upon performance 

parameters including Nusselt number (Nu), drop in pressure, temperature of base and 

friction factors. This study conducts a simulations of the 3D laminar flow of several 

nanofluids in a rectangular duct featuring a longitudinal vortex generator. The finite 

volume approach is utilized for solving the energy, mass and momentum governing 

equations. The impact of nanoparticle type, Reynolds number and concentration, on the 

drop in pressure and coefficient of heat transfer of the nanofluids is investigated. The range 

of the Reynolds number was from 200 to 1200. For both the lower and LVG walls, a 

constant surface temperature was assumed. Eight nanofluids were considered in which 

Al₂O₃, CuO, and SiO₂, Ag, Cu, Fe3O4 suspended in water while two trihybrid nanofluids: 

Ag-Cu-Fe3O4 and Al₂O₃-SiO2-TiO2 suspended in ethyleneglycol. The concentrations of 

nanoparticles varied between 1% and 4%. 

The results revealed that for trihybrid fluid Al₂O₃-SiO2-TiO2-ethylene glycol 

nanofluid at 1% concentration and a RE number of 1200, the average Nusselt number was 

roughly 164% higher than at a RE number of 200 which participates in enhancing 

convective heat transfer capability of micro-channel. 

Keywords: LVG,Nanofluids,Trihybrid Nanofluids, Nusselt Number, Friction Factor 
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 INTRODUCTION 

As a result of recent developments in passive heat transfer improvement techniques 

and Micro-Electro-Mechanical-Systems (MEMS), there has been an increase in the 

demand for study into micro-scale thermal systems. These systems often require efficient 

heat dissipation within a limited space. Microchannels integrated with Longitudinal Vortex 

Generators (LVGs) represent an effective approach for improving heat transfer in these 

settings. To effectively design and optimize these systems, a thorough understanding of the 

underlying thermo-fluidic mechanisms is essential. The behavior of fluids in 

microchannels can differ markedly from that observed in larger-scale systems. 

Transfer of energy is enabled in heat exchangers between one or multiple fluids. 

Conjugate transfer of heat is stated as the process of transfer of heat that takes place due to 

temperature differences between a fluid and an adjacent solid surface. The miniaturization 

of electronic devices has significantly enhanced convenience but has also introduced the 

critical challenge of excessive heating, which can compromise their durability. Modern 

electronic devices often incorporate compact circuit boards to maintain portability. 

Microchannels, with their small size, reduced material usage, mobility, and superior 

performance, have emerged as promising solutions for addressing the thermal management 

needs of these devices. Micro heat exchangers with LVGs and nanofluids can be employed 

in various applications, ranging from small consumer electronics to large-scale industrial 

components. These devices consist of confined spaces that constrain fluid or gas streams 

to flow via microchannels. The reduced dimensions of the channel result in a significant 

enhancement of the surface-to-volume ratio, which in turn decreases thermal resistance.  

1.1 Micro-channels 

In their key work from 1981 titled "High Performance Heat Sinking for VLSI," 

Pease et al [1] were the major contributors in the incorporation of microchannels for the 

purpose of heat transfer. Researchers were motivated to investigate microchannels as a 

potentially useful solution for heat transfer applications as a result of this collaboration. 

Researchers have been debating the precise meaning of the term "microchannel" for quite 

some time. A classification was proposed by Mehendale [2], which would have minimum 
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diameters varying from 1 µm to 100 µm to be specific. Kandlikar and Grande [3] suggested 

a slightly broader values of 10 µm to 200 µm. Obot [4] presented a more straightforward 

classification system that was based on the hydraulic diameter. Microchannels were 

defined as those that had hydraulic diameters that were smaller than one millimeter. This 

definition was widely adopted by many researchers, including Bayraktar and Pidugu [5], 

Bahrami and Jovanovich [6], and Bahrami et al. [7]. 

Microchannel heat sinks are an innovative alternative to the conventional finned 

tube heat exchangers. Such heat sinks have found widespread uses in a variety of sectors, 

including the refrigeration sector, the automobile sector, and the air conditioning industry. 

These heat sinks are often created utilizing microfabrication or precision machining 

processes, and they are typically fabricated from materials of good thermal conductivity, 

such as silicon or copper. The heat sink (figure 1.1) features a system of microchannels 

that facilitate the flow of a coolant fluid, whether in liquid or gas form, to effectively 

dissipate heat through forced convective transfer of heat. The pattern of flow in these 

channels consists primarily laminar, with the coefficient of heat transfer being 

proportionally related to both the fluid’s velocity and Reynolds number. Microchannel 

thermal exchangers present multiple benefits compared to traditional designs. These 

include an elevated surface-to-volume ratio, diminished coolant needs, enhanced areas of 

contact between the heated part and the flowing fluid, a compact form factor, reduced 

material expenses, and improved performance metrics. Equation 1.1 provides good 

measurement method for optimizing effectiveness of microchannel heat exchangers. 

 
ℎ = 𝑁𝑢 (

𝑘

𝑑
)  1.1 

A reduction in hydraulic diameter results in a rise in the coefficient of heat transfer 

and Nusselt number (Nu), thereby improving convective transfer of heat. The 

characteristics of microchannels render them particularly appropriate for use in 

applications including laser diode arrays, microprocessors, and high-energy laser mirrors 

radars. 
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Figure 1.1: Microchannel 

1.2 Longitudinal Vortex Generator: 

LVGs are aerodynamic devices used to enhance flow mixing and turbulence in 

boundary layers. They are commonly found on aircraft wings (figure 1.2) and other 

aerodynamic surfaces to improve lift, reduce drag, and delay flow separation. The vortices 

generated interfere with the boundary layer, facilitating mixing between the primary flow 

and the boundary layer. 

 

Figure1.2 LVGs application 

1.3 Nano-Fluids: 

Nanoparticles, defined as particles with dimensions in the nanometer range, have 

attracted considerable interest for their good properties to improve the heat transfer 

capability of base fluids. The dispersion of these nanoparticles in a base fluid result in a 
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suspension referred to as nanofluid. Nanofluids exhibit distinct characteristics, such as 

enhanced coefficients of convective heat transfer, enhanced thermal conductivity and 

positioning them as viable options for a range of applications, including electronics 

cooling, solar energy systems, and automotive engines. 

 

Figure1.3 Nanoparticles dispersion and application 
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 SCOPE OF WORK 

The thermal management of microprocessors, particularly in portable and 

computationally intensive desktop computers, is a critical challenge that can significantly 

impact device performance. Water-cooled microchannels offer superior heat dissipation 

capabilities compared to air-cooled heat sinks. Extensive research has been conducted on 

straight microchannels utilizing both experimental and CFD (computational fluid 

dynamics) methods. However, there exists a limited body of work that investigates novel 

methods aimed at enhancing heat transfer by convection through geometric modifications 

or the incorporation of nanofluids. This study conducts a computational fluid dynamics 

(CFD) analysis of the flow of fluid and conjugate heat exchange in microchannels, 

emphasizing the role of fluid convection. 

The present work studies following aspect: 

1. 1. The use of computational fluid dynamics (CFD) to simulate a microchannel, in 

which the heat transfer and flow behavior is investigated through the introduction 

of low-volume gases (LVGs) and nanofluid. 

2. The verification and validation of the computational fluid dynamics (CFD) model 

using data from experiments sourced from existing literature. 

3. Influence of Reynolds number on the friction factor and transfer of heat in micro-

channels incorporating LVGs and nanofluids. 

4. The impact of various nanofluids on thermal transfer performance and pressure 

drop characteristics. 

5. Effect of varying loadings of nanoparticles (in base fluid) on the performance of 

micro-channels. 
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 LITERATURE REVIEW 

This notion of tiny heat exchangers was first presented by Tuckerman [1] in 1981. 

Their groundbreaking research showed that liquid flow in high-aspect-ratio microchannels 

can markedly improve convective heat dissipation from electronic circuits. Furthermore, it 

was shown that rectangular microchannels demonstrated superior coefficient of heat 

transfer in flows of laminar relative to flow of turbulent conditions. Peng et al. [8] 

performed an experimental investigation on the single-phase thermal transfer properties of 

water passing rectangular microchannels. They investigated five different sets of the 

highest and lowest cross-sectional dimensions and assessed the resultant flow and heat 

transmission characteristics. Liquid coolants are usually chosen over gaseous coolants in 

microchannel heat sinks because of their higher heat transfer coefficients [9]. Harms et al. 

[10] experimentally established a threshold Reynolds number of 1500 for the forced 

convection of emerging laminar water flow in a rectangular microchannel with an 

estimated depth of 1000 micrometers. Their findings substantially enhance the 

comprehension of the change from laminar to turbulent fluid flow regimes in microchannel 

heat exchangers. The critical Reynolds number serves as an essential reference for 

engineers in the design and optimization of microchannel cooling systems, facilitating a 

balanced assessment of thermal transfer efficiency and pressure drop. Li et al. [11] 

performed numerical simulations of laminar flow transfer of heat in two non-circular 

microchannels with Reynolds numbers under 500. Their findings shown that in liquid flows 

in microchannels with a hydraulic diameter in the range of tens of micrometers, the 

conventional energy equations and Navier-Stokes equations under no-slip boundary 

conditions are applicable under the continuum hypothesis. These equations can precisely 

forecast the fluid dynamics and thermal transfer properties within these microchannels. 

Peng et al. [12] performed experimental studies on single-phase convection that 

was forced in microchannels characterized by small hydraulic diameters. Their research 

concentrated on the impact of geometric properties on heat transfer and flow dynamics. 

The findings demonstrated that the aspect ratio considerably influenced laminar heat 

transport. Moreover, the resistance to flow in turbulent regimes was observed to be less 

than what classical connections anticipated. 
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Qu et al. [13] performed an extensive study on single-phase laminar flow within a 

rectangular microchannel measuring 231 by 713 micrometers. The research examined heat 

transfer and pressure drop characteristics, utilizing heat fluxes of 100 and 200 W/cm² at 

the channel's base. The numerical and experimental findings exhibited remarkable 

concordance, confirming the precision of the computational model. Meshan et al. [14] 

performed an experimental investigation on the flow and transfer of heat properties within 

a microchannel. Their results, derived from transfer of heat and pressure drop 

measurements, indicate that traditional theories of flow dynamics and entrance length 

effects are still relevant to microchannel flows. Lee et al. [15] performed experimental 

studies on the effects of water-based nanofluids with low concentrations of Al₂O₃ 

nanoparticles on the effectiveness of heat transfer They noted that these nanofluids 

improved heat transfer coefficients in laminar flow conditions, especially at the entrance 

region of the microchannel. Nevertheless, the enhancing effect is less significant in 

completely developed flow zones. Under two-phase flow circumstances, nanoparticle 

clusters were detected at the channel exit, indicating localized boiling events. 

Shah [16] derived an analytical expression for predicting the friction factor in 

rectangular microchannels, incorporating the aspect ratio and Poiseuille number 

relationship. 

Qu et al. [17] performed an extensive computational analysis of heat transport and 

flow dynamics in three-dimensional rectangular microchannels. The research examined 

thermally and hydrodynamically emerging flow regimes, analyzing the effect of Reynolds 

number on the length of a developing fluid area. Moreover, the scientists illustrated that 

the temperature distribution in both the fluid and solid phases could be precisely 

represented by a linear correlation along the flow direction. Fedorov et al. [18] performed 

a 3-D conjugate thermal transfer investigation, determining that thermophysical properties 

of the materials were contingent upon temperature. Their analysis demonstrated a 

consistent average wall temperature distribution along the flow direction within the 

channel, but irregularities were noted near the inlet. 
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Amirah [19] performed an extensive analysis of single as well as multi-channel 

micro heat exchanger designs across various hydraulic diameters. Through precise 

numerical simulations and experimental measurements, she established that the shift from 

laminar to turbulent flow regimes happened at a RE of 1600. The investigation 

demonstrated a substantial conjugate heat transfer effect, leading to inconsistencies 

between the computational and experimental results. 

The relevance of traditional heat and flow transfer theories to micro-scale systems 

has been a topic of continuous discussion. Although certain investigations have contested 

conventional notions [[20],[21]], others have identified negligible differences between 

micro- and macro-scale flow and heat transmission characteristics [[22],[23],[10]]. The 

inconsistencies identified throughout the scientific literature can be ascribed to scaling 

effects, errors from viscous heating, surface roughness, temperature-dependent 

characteristics, entry effects, and conjugate transfer of heat. 

Axial wall conduction is a critical issue concerning scaling effects that might reduce 

the thermal efficiency of microchannel heat exchangers. Experimental and numerical 

studies have shown that enhancing the thermal conductivity of microchannel walls can 

increase axial wall conduction, hence diminishing thermal efficiency [[24], [25]]. 

Therefore, materials exhibiting poor thermal conductivity are frequently favored for 

microchannel heat exchangers to reduce the effects of axial wall conduction. 

Numerical simulation tools have become indispensable in predicting the behavior 

of microchannels, offering greater flexibility in design exploration and facilitating the 

evaluation of potential modifications based on cost-benefit analysis. Liu and Garimella's 

[26] numerical investigation of microchannel heat exchangers established that the 

performance of rectangular microchannels with hydraulic diameters between 244  and 974 

micrometers aligned with the behavior of conventional micro-channels under laminar flow 

conditions. Xu et al. [27] performed computational simulations to examine the flow 

properties of liquid in micro-channels having hydraulic diameters from 30 to 344 

micrometers at Reynolds numbers between 20 and 4000. Their findings indicating the flow 

behavior within those microchannels conformed to the predictions of the Navier-Stokes 
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equations, implying that the disparities noted in previous investigations may be ascribed to 

inaccuracies in dimensional measurements. Hetsroni [[28],[29]] performed extensive 

numerical simulations of laminar flow in micro heat exchangers, integrating realistic 

channel geometry, energy dissipation, axial wall conduction, ,and temperature-dependent 

fluid characteristics. The numerical results exhibited strong concordance with data from 

experiments, confirming the precision of the computational model. Allen [30] performed 

experimental and numerical analyses of fluid dynamics and thermal transfer in copper 

micro-heat exchangers exposed to a constant temperature heat source. Although the 

experimental results aligned closely with CFD simulations, inconsistencies were noted 

when juxtaposed with theoretical expectations, especially inside the laminar flow zone. 

Heat transfer enhancement strategies may be classified into active methods, which 

necessitate external energy, and passive methods, which do not. Passive heat transfer 

improvement methods include flow interruption, channel curves, fluid additives, mixing 

from outside plane, auxiliary flows, re-entrant obstacles, and roughness of the surface. 

Passive heat transfer improvement methods include flow interruption, channel curvature, 

fluid additives, out-of-plane mixing, secondary flows, re-entrant obstacles, and surface 

roughness. Furthermore, these strategies can be categorized according to their ability to 

improve heat transmission in the primary flow or via secondary flow 

mechanisms.[[31],[32],[33]]. In 1969, Johnson and Joubert initiated research on vortex 

generators (VGs) and their influence on thermal transfer efficiency [34]. Vortex generators 

can be realized in several configurations, such as ribs, winglets, wings, slanted blocks, and 

protrusions [35]. The variation in pressure across a vortex generator induces flow 

separation from its lateral edges, resulting in the formation of transverse, longitudinal, and 

horseshoe vortices [[36],[37],[38]]. The prevailing vortex type is contingent upon the angle 

of attack of the vortex generator: longitudinal vortices are predominant at low angles, 

whereas transverse vortices are prominent at right angles [[39],[40]]. The created vortices 

disrupt the flow boundary layer, disrupt the temperature field in the channel, induce 

auxiliary flow, and enhance the conveyance of central flow near the wall and vice versa 

[35]. Fiebig et al. [41] conducted experimental tests revealing that in laminar flow 

regimes local heat transfer can be enhanced by as much as threefold in channels using 

vortex generators compared to those lacking them. Wu and Tao [42] performed numerical 
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and experimental investigations to evaluate the influence of various attack angles of 

winglet on heat transfer efficiency. The average Nusselt number of the surfaces was found 

to increase with rising attack angles. Vortices in longitudinal direction often demonstrated 

enhanced heat transfer efficiency and reduced flow losses in comparison to vortices in 

transverse direction [[32],[39]].  

Liu et al. [43] examined the application of winglet VG with differing quantities of 

angle of attack and pairs of VGs to improve the transfer of heat in microchannels at 

RE ranging from 170 to 1200. A significant enhancement in the transfer of heat was noted, 

but with an increased pressure drop. Furthermore, they observed a reduction in the range 

of critical Reynolds numbers when LVGs are integrated, in contrast to microchannels 

devoid of LVGs. Chen et al. [44] built upon the studies of Liu et al. by investigating various 

microchannel layouts with differing hydraulic diameters and heights. Lan et al. [45] 

performed computational simulations to analyze flow properties and transfer of heat in a 

rectangular microchannel featuring dimples/protrusions, with Reynolds numbers spanning 

from 100 to 900. Their findings suggested that the dimple/protrusion approach could 

improve the transfer of heat, albeit at the expense of heightened pressure drop. 

One other passive methods include nanofluids which consist of different sizes and 

materials and concentration in any base fluid in which those can suspend. Sidik et al. [46] 

conducted a comprehensive review of passive heat transfer enhancement techniques for 

microchannel heat sinks. Their analysis revealed that the utilization of nanofluids as an 

alternative working fluid offers significant potential for improving thermal efficiency. 

Numerous studies on nanofluids and microchannel devices have confirmed the efficacy of 

these passive techniques in enhancing heat transfer capabilities [[47],[48]]. 

Pantzali et al. [49] performed an extensive investigation on the effects of nanofluids 

inside heat exchangers. Their findings indicated that replacing water with nanofluids 

markedly improved the heat transport rate. The convective heat transfer properties of 

nanofluids have been thoroughly examined across various nanoparticle geometries, 

dimensions, and compositions, as well as under diverse flow circumstances [50]. Williams 

et al. [51] performed experimental investigations on turbulent transfer of heat 
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characteristics utilizing Zirconia and Alumina nanoparticles dispersed within a tube. Their 

findings indicated that utilizing effective thermophysical parameters for dimensionless 

number calculations allows for reliable predictions of pressure drop and heat transfer 

characteristics of nanofluids in fully developed turbulent flow through single-phase flow 

models. Rea et al. [52] documented same findings for laminar flows of identical nanofluids. 

The literature encompasses multiple numerical simulations of convective heat transfer in 

various nanofluids, including CNT [[53],[54],[55]], CuO [[56],[57],[58],[59]], TiO₂ 

[[60],[61]], Cu [[62],[63]], and Al₂O₃ [[64],[65]], across diverse flowing geometries, such 

as straight tubes and curved pipes. Behzadmehret et al. [66] demonstrated that the 

incorporation of 1% Cu nanoparticles into the base fluid enhances the Nusselt number by 

over 15%, while exerting no significant influence on the skin friction coefficient. Bianco 

et al. [[67],[68]] indicated that the convective heat transfer coefficient for Al2O3–H2O 

nanofluids surpasses that of the base liquid, and the boost in heat transfer escalates with 

increasing particle volume concentration and Reynolds number. 

H.E. Ahmed et al. [69] numerically and computationally simulate the triangular 

LVG in a duct by incorporating various nanoparticles at concentrations ranging from 1% 

to 6% in base fluid. This study demonstrates an enhancement in heat transmission with the 

simultaneous incorporation of LVG and nanoparticles 

The integration of LVGs with nanoparticles in microchannels for electronic cooling 

exhibits potential; nevertheless, additional study is required to fully elucidate the 

fundamental transfer of heat and flow dynamics. Significantly, numerical evaluations of 

microchannels with rectangular LVGs and diverse nanoparticle types, including hybrid and 

tri-hybrid configurations, have not been addressed in the literature. This thesis conducts 

three-dimensional simulations to examine the conjugate heat transfer characteristics and 

liquid flow behavior in rectangular microchannels integrated with LVGs and nanoparticles, 

given the promising potential of this advanced technique for enhancing heat transfer. A 

finite-volume approach is utilized to acquire comprehensive data on the local fluctuations 

of flow parameters during liquid flow via microchannels containing LVGs and 

nanoparticles. The impact of various nanoparticle materials, their concentrations, and 

Reynolds number on heat exchange and flow properties in the laminar regime is thoroughly 
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analyzed. This study is, to the author's knowledge, the first numerical examination of the 

synergistic effects of LVGs and nanoparticles in microchannels. 
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 CFD MODEL EQUATIONS 

4.1 Problem Statement 

A numerical simulation was done in 3D to examine laminar heat transfer caused by 

convection and nanofluid flowing in a heated rectangular channel featuring a VG. As can 

be visualized in Figure 4.1, the computational domain comprised of a base wall, heated 

LVGs, and two adiabatic side walls. The heated surfaces were set to a temperature of 

323.15 K constant value. The nanofluid entered the duct with a uniform temperature, Tin 

(298K), and exited with a temperature of Tout. Velocities of nanofluid corresponds to 200 

to 1200 Reynolds number which is in the region of laminar. The changes in convective 

heat transfer were evaluated using the Nusselt number as a reference, while the change in 

pressure was measured through the friction factor. 

4.2 CFD Modeling 

This research focuses on laminar, single-phase flow with steady-state of an 

incompressible, homogeneous nanofluid mixture with base fluid [70] within a 

microchannel heat exchanger model incorporating longitudinal vortex generators (LVGs). 

The model involves solving equations for continuity, momentum and energy while 

accurately capturing thermal behavior of those microchannel heat exchanger. Following 

figure shows the task distribution for CFD analysis 

 

Figure 4.1: Microchannel and LVGs geometric parameters 
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4.2.1 Single phase equations 

Solving equations of momentum and continuity have been solved to ascertain field 

of velocity, whereas the equation of energy is employed to compute the distribution of 

temperature and coefficient of wall heat transfer. Subsequent equations illustrate the 

momentum, mass and energy conservation: 

4.2.1.1 Mass Equation (conservation) 

Conservation of mass or continuity equation in its general form is written as follows 

along with simplified form. 

 

 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌�⃗�) = 𝑆𝑚 

 

4.1 

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0 

In this equation 𝑡 is time, v is velocity 𝜌 is density, whereas 𝑆𝑚 is mass added to 

continuous phase from user-defined sources or from second phase this general form can be 

used in both incompressible and compressible flows. 

4.2.1.2 Momentum Equation (conservation) 

Equation of momentum in an inertial frame of reference is given by 

 

𝜕

𝜕𝑡
(𝜌�⃗�) + ∇. (𝜌�⃗��⃗�) = −∇𝑝 + ∇. (𝜏̿) + 𝜌�⃗� + �⃗� 

 

4.2 

 
𝜏̿ = 𝜇 [(∇�⃗� + ∇�⃗�𝑇) −

2

3
∇. �⃗�𝐼]                                            

 
4.3 

 

In the given equation, 𝜌�⃗� is body force due to gravity, 𝑝 is static pressure, 𝜏̿ is stress 

tensor, �⃗� is body force from external, 𝐼 is unit tensor, 𝜇 is molecular viscosity and ∇�⃗�𝑇 is 

volume dilation effect. 
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4.2.1.3 Energy Equation 

Energy is solved by ANSYS Fluent in following form: 

 

𝜕

𝜕𝑡
(𝜌𝐸) + ∇. (�⃗�(𝜌𝐸 + 𝑝)) = ∇. (𝑘𝑒𝑓𝑓∇𝑇 − ∑ ℎ𝑗𝐽𝑗

𝑗

+ (𝜏̿𝑒𝑓𝑓. �⃗�)) + 𝑆ℎ 

 

4.4 

 
𝐸 = ℎ −

𝑝

𝜌
+

𝑣2

2
 

 

4.5 

 

In the given equation, 𝐽𝑗 is diffusion flux of 𝐽 species, 𝑘𝑒𝑓𝑓 is effective conductivity 

which includes turbulent thermal conductivity when turbulent model is used. The three 

terms of right side in equation represents species diffusion, effective conduction and 

viscous dissipation whereas fourth term heat due to chemical reaction and volumetric heat 

sources. 
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 METHODOLOGY 

5.1 Simulation Strategy 

5.1.1 Geometrical Configuration 

Three-dimensional numerical simulations were performed on a specific 

configuration of the microchannel. Geometry is constructed in Design Modeler with a fixed 

length of 20 mm. The microchannels included two sets of rectangular LVGs. Figure 5. 1 

depicts the geometry and relevant dimensions of the constructed microchannels. The 

dimensions of the microchannel are denoted as length (L), width (W), along with height 

(H). The height of the LVG is equivalent to the height of the microchannel, with a length 

denoted as l and a thickness expressed as b, as illustrated in figure 5.1. The flow has been 

defined within a Cartesian reference, with x, y, and z denoting the span-wise, normal, and 

stream-wise coordinates, respectively. The winglet pitch orientation was aligned with the 

y-axis, as illustrated in figure 5.2. All measurements and angles are presented in Table 1.  

 

 

Figure 5.1 Microchannel and LVGs geometric parameters  
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Figure 5.2 Microchannel configuration 

 

5.1.2 Geometry Configuration Design 

Rectangular Microchannel is utilized for good flow distribution of fluid according 

to scientific studies. Side inlet and outlet is used for fluid entrance and leaving. Balaji [71] 

investigated that inlet and outlet  should be in a line with micro-channel for even pressure 

drop. Also Ebrahimi [72] in his research concluded this configuration for rectangular LVGs 

in rectangular microchannel provides more convective heat transfer. Additionally we have 

added length of 9.6mm before inlet to accommodate fully developed flow at inlet. 

Table 5.1: Microchannel and LVGs model parameters. 

Symbol Dimension (μm) 

L 20000+10000 

W 400 

H 100 

L 100 

B 25 

H 100 

L1 5000 

L2 10000 

a1 90 

a2 40 

β1 30⁰ (150⁰) 
β2 30⁰ 
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The total length of the geometry is 30mm in which 10mm is accounted for hydrodynamic 

length fully develop flow for laminar region which is calculated from [73]: 

𝐿ℎ ≈ 0.05𝑅𝑒𝐷ℎ 

 

5.1.3 Meshing 

Meshing is done in ANSYS R21 build-in mesh generator module. Structured mesh 

is developed for single channel model shown in Fig. 5. For single model, mesh quality 

parameters are studied and maintained. 

 Maximum aspect ratio of 1.1, Minimum mesh orthogonality of 0.86734 and 

maximum skewness of 0.05 is achieved for microchannel having LVGs. Localized 

meshing around LVG is has increased for better visualization of flow. 

 

Figure 5.3 Meshing of microchannel and LVGs 

 

5.1.4 Physical model 

A viscous laminar model based on the Reynolds number, coupled with the scheme 

for pressure-velocity i.e. SIMPLE, was used in the numerical simulations. Second-order 

upwind discretization [19] was utilized for spatial terms. The convergence criterion for the 
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governing set of equations was set at 10-5. Also conduction effect of base material where 

temperature boundary condition is given 

5.1.5 Simulation Matrix 

This study involves CFD simulation of heat transfer and fluid flow in microchannel 

having LVGs and nanofluids. For achieving study goal, an optimum concentration and type 

of nanofluid will have to be selected. A test matric is developed as shown in Table 5.2, in 

which numerical simulation on different models with geometry and varying type and 

concentration of nanofluid against several Reynolds number is performed. 

 

Table 5.2: Simulation Matrix. 

Sr. no Name of Nano fluid Concentration of 

each nanoparticle 

Reynolds 

Number 

Cases 

1 Al2O3-Water 1% 200-1200 6 

2 Al2O3-Water 3% 200-1200 6 

3 Al2O3-Water 4% 200-1200 6 

4 CuO-Water 1% 200-1200 6 

5 CuO-Water 3% 200-1200 6 

6 CuO-Water 4% 200-1200 6 

7 Ag-Water 1% 200-1200 6 

8 Ag-Water 3% 200-1200 6 

9 Ag-Water 4% 200-1200 6 

10 Cu-Water 1% 200-1200 6 

11 Cu-Water 3% 200-1200 6 

12 Cu-Water 4% 200-1200 6 

13 Fe3O4-water 1% 200-1200 6 

14 Fe3O4-water 3% 200-1200 6 

15 Fe3O4-water 4% 200-1200 6 

16 SiO2-water 1% 200-1200 6 

17 SiO2-water 3% 200-1200 6 

18 SiO2-water 4% 200-1200 6 

19 Ag,Cu,Fe3O4- 

ethyleneglycol(C2H6O2) 

1% 200-1200 6 

20 Ag,Cu,Fe3O4- 

ethyleneglycol(C2H6O2) 

3% 200-1200 6 
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21 Ag,Cu,Fe3O4- 

ethyleneglycol(C2H6O2) 

4% 200-1200 6 

22 Al2O3,TiO2,SiO2- 

ethyleneglycol 

(C2H6O2) 

1% 200-1200 6 

23 Al2O3,TiO2,SiO2- 

ethyleneglycol 

(C2H6O2) 

3% 200-1200 6 

24 Al2O3,TiO2,SiO2- 

ethyleneglycol 

(C2H6O2) 

4% 200-1200 6 

 

5.1.6 Material Properties 

The NIST is and institute that maintains very large information of material 

properties, including pure fluids and mixtures. The NIST database was utilized to obtain 

temperature-dependent properties of deionized water. REFPROF was developed by NIST 

and integrated into ANSYS Fluent, provides a comprehensive source of temperature-

dependent fluid properties. REFPROF employs a combination of theoretical and predictive 

techniques for fluid property calculations. 

For validation purposes De-ionized water is used a working fluid with temperature 

varying properties like viscosity (µ), specific heat (Cp), and thermal conductivity (k). 

Following properties were found in the material data sheet and are defined in ANSYS 

Fluent as shown in table 5.6. 

Table 5.3: De-Ionized Water and Properties 

Symbol De-ionized water[[74],[75] ] 

µ (Pa.s) 0.0194 − 1.065 × 10−4𝑇 + 1.489 × 10−7𝑇2 

k (W/m.k) −0.829 + 0.0079𝑇 − 1.04 × 10−5𝑇2 

Cp (J/kg.k) 5348 − 7.42𝑇 + 1.17 × 10−2𝑇2 

𝝆 (kg/m3) 998.2 

 

To find material effective properties of nanoparticles with base fluids following 

correlations are used as described by Ahmed [69] for single nanofluid. The nanofluid was 
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integrated in the program as a homogenous fluid by specifying its effective properties. 

Equations 5.1, 5.2, 5.3, and 5.4 were utilized to compute the effective density (ρeff), specific 

heat capacity (Cp_eff), nanofluid viscosity (μeff), and thermal conductivity (knf) for different 

volume fractions (ϕ). In these equations, ρf denotes the base fluid's density. 

Density: 

𝜌𝑒𝑓𝑓 = ∅𝜌𝑝 + (1 − ∅)𝜌𝑓……….                                               5.1 

Specific heat: 

𝐶𝑝𝑒𝑓𝑓
=

(1−∅)(𝜌𝐶𝑝)
𝑓

+∅(𝜌𝐶𝑝)
𝑝

(1−∅)𝜌𝑓+∅𝜌𝑝
……….                                         5.2 

Viscosity: 

𝜇𝑒𝑓𝑓 = 𝜇𝑓(1 + 39.11∅ + 533.9∅2)                                        5.3 

Thermal Conductivity: 

𝑘𝑛𝑓

𝑘𝑓
=

𝑘𝑠+2𝑘𝑓−2𝛿(𝑘𝑓−𝑘𝑠)

𝑘𝑠+2𝑘𝑓+𝛿(𝑘𝑓−𝑘𝑠)
….                                               5.4 

For Trihybrid fluids following correlations are being used [76]. 

 

Density: 

𝜌𝑡ℎ𝑛𝑓 = ∅1 𝜌1 + (1 − ∅1){(1 − ∅2)[(1 − ∅3)𝜌𝑓 + ∅3𝜌3] + ∅2𝜌2}        5.5 

Viscosity: 

𝜇𝑡ℎ𝑛𝑓 =
𝜇𝑓

(1−∅1)2.5(1−∅2)2.5(1−∅3)2.5……….                                               5.6 

Specific heat: 

𝐶𝑝𝑡ℎ𝑛𝑓
=

(1−(∅1+∅2+∅3))((𝜌𝐶𝑝)
𝑓

+∅1(𝜌𝐶𝑝)
1

+∅2(𝜌𝐶𝑝)
2

+∅3(𝜌𝐶𝑝)
3

)

𝜌𝑡ℎ𝑛𝑓
…                 5.7 

Thermal Conductivity: 

𝑘𝑛𝑓

𝑘𝑓
=

𝑘3+2𝑘𝑓−2∅3(𝑘𝑓−𝑘3)

𝑘3+2𝑘𝑓+∅3(𝑘𝑓−𝑘3)
……….                                               5.8 

𝑘ℎ𝑛𝑓

𝑘𝑛𝑓
=

𝑘2+2𝑘𝑛𝑓−2∅2(𝑘𝑛𝑓−𝑘2)

𝑘2+2𝑘𝑛𝑓+∅2(𝑘𝑛𝑓−𝑘2)
……                                              5.9 

𝑘𝑡ℎ𝑛𝑓

𝑘ℎ𝑛𝑓
=

𝑘1+2𝑘ℎ𝑛𝑓−2∅1(𝑘ℎ𝑛𝑓−𝑘1)

𝑘1+2𝑘ℎ𝑛𝑓+∅1(𝑘ℎ𝑛𝑓−𝑘1)
……                                           5.10 

Here ρthnf is density, Cp_thnf is specific heat, μthnf represents viscosity and kthnf is 

thermal conductivity of trihybrid nanofluid, while khnf is the thermal conductivity hybrid 
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Nano-fluid and similarly ϕ1, ϕ2, ϕ3 are the volume fraction of the nanoparticles inside base 

fluid. 

Table 5.4: Nanofluids Properties 

Name Concentration 𝝆 

(kg/m3) 

Cp (J/kg.k) µ (Pa.s) k (W/m.k) 

Al2O3-Water 1% 1027.72 4048.081287 0.002022286 0.624265086 

Al2O3-Water 3% 1087.16 3805.881655 0.003715334 0.660432359 

Al2O3-Water 4% 1116.88 3694.44918 0.004786096 0.67905516 

CuO-Water 1% 1053.02 3955.875862 0.002022286 0.623492883 

CuO-Water 3% 1163.06 3571.242412 0.003715334 0.658025748 

CuO-Water 4% 1218.08 3404.986208 0.004786096 0.675783704 

Ag-Water 1% 1093.02 3801.027063 0.002022286 0.625006286 

Ag-Water 3% 1283.06 3211.475535 0.003715334 0.662746266 

Ag-Water 4% 1378.08 2977.675026 0.004786096 0.682203345 

Cu-Water 1% 1077.35 3865.332204 0.002022286 0.625000817 

Cu-Water 3% 1236.05 3357.199911 0.003715334 0.662729179 

Cu-Water 4% 1315.4 3149.112513 0.004786096 0.682180088 

Fe3O4-water 1% 1039.82 4005.144737 0.002022286 0.621992923 

Fe3O4-water 3% 1123.46 3694.487387 0.003715334 0.653362915 

Fe3O4-water 4% 1165.28 3555.882191 0.004786096 0.669453502 

SiO2-water 1% 1010.02 4104.264866 0.002022286 0.611185483 

SiO2-water 3% 1034.06 3958.076707 0.003715334 0.620223103 

SiO2-water 4% 1046.08 3887.502294 0.004786096 0.624775571 

Ag,Cu,Fe3O4- 

ethyleneglycol(

C2H6O2) 

1% 1326.738 2015.259696 0.019814678 0.271673 

Ag,Cu,Fe3O4- 

ethyleneglycol(

C2H6O2) 

3% 1732.192 1559.690219 0.023092076 0.322376 

Ag,Cu,Fe3O4- 

ethyleneglycol(

C2H6O2) 

4% 1927.602 1408.830242 0.0249584 0.350639 

Al2O3,TiO2,SiO2

- ethyleneglycol 

(C2H6O2) 

1% 1190.441 2233.25258 0.019814678 0.268479 

Al2O3,TiO2,SiO2

- ethyleneglycol 

(C2H6O2) 

3% 1334.485 1990.419185 0.023092076 0.311422 

Al2O3,TiO2,SiO2

- ethyleneglycol 

(C2H6O2) 

4% 1404.706 1890.074222 0.0249584 0.335046 
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5.1.7 Boundary Condition 

s  

Figure 5.4 Boundary Conditions 

 

A no-slip boundary condition was implemented at walls, yielding zero velocity 

components (u = v = 0). The velocity boundary condition at the intake was established 

according to the Reynolds number, which varied from 200 to 1200. The intake fluid 

temperature is set at 298 K. A pressure boundary condition was applied at the outlet, and 

the fluid dynamics were examined across different cross-sections and velocities. The base 

and LVG walls were kept at a constant temperature of 323.15 K, whereas the top and side 

walls of the single-channel arrangement were treated as adiabatic. The remaining side was 

designated as a symmetry border. It is essential to understand that velocity varies among 

different nanofluids at varying concentrations.  

 

Inlet boundary:                                   𝑢 = 𝑣 =  0, 𝑤 = 𝑈𝑖𝑛 , 𝑇 = 𝑇𝑖𝑛  =  298.15 (𝐾) 

 

Outlet boundary:                                              
𝜕𝑢

𝜕𝑧
=

𝜕𝑣

𝜕𝑧
=

𝜕𝑤

𝜕𝑧
= 0,

𝜕𝑇

𝜕𝑧
= 0 

 

Symmetry Plane:                                       
𝜕𝑣

𝜕𝑥
=

𝜕𝑤

𝜕𝑥
= 0,    

𝜕𝑇

𝜕𝑥
=

𝜕𝑇𝑠𝑙

𝜕𝑥
= 0      , 𝑢 = 0 

 

Heated wall:                                           𝑢 = 𝑣 = 𝑤 = 0,   𝑇 =  𝑇𝑤𝑎𝑙𝑙 = 323.15(𝐾) 

 

Adiabatic walls:                                            u = v = w = 0,    
𝜕𝑇

𝜕𝑦
=

𝜕𝑇𝑠𝑙

𝜕𝑦
= 0       
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5.1.8 Solution methodology 

 

Computational Fluid Dynamics (CFD) techniques provide powerful problem-

solving tools. In this study, the experimental results of Liu et al. [43] (G2 configuration) 

were used to validate the simulation results and ensure the accuracy of the solution method. 

ANSYS Fluent was employed as the numerical computation platform for the microchannel 

heat exchanger models. The initial validation was conducted using deionized water as the 

working fluid. Subsequently, the material properties were modified according to Table 5.6 

to explore the impact of different nanofluids. To simplify the simulation process, a single-

phase flow model was adopted for the nanofluid. This approach is justified by the fact that 

the nanoparticles, due to their ultra-fine dimensions, are effectively suspended within the 

base fluid, leading to a uniform velocity and flow behavior between the particles and the 

fluid. The SIMPLE algorithm was utilized for velocity-pressure coupling, combined with 

second-order upwind. A convergence requirement of 0.00001 was instituted to ensure 

precise findings. The subsequent assumptions has been used for the heat transfer study 

within the microchannel: 

1. Three-dimensional incompressible fluid having a steady-state formulation. 

2. Temperature-dependent variable like specific heat, viscosity, and thermal 

conductivity and constant density were employed for deionized water (solely for 

validation purposes). Specific heat, viscosity and thermal conductivity are 

represented as piecewise linear functions of temperature, as demonstrated by Peiyi 

et al. and Okhotin et al. [[74],[75]]. 

3. Constant effective properties of the nanofluid are utilized. 

4. Flow is presumed to be fully developed. 

5. Radiation and viscous dissipation are disregarded. 

 

Table 5.7 provides information about default under-relaxation factors used for 

numerical calculations. 
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Table 5.5 Relaxation factor 

Factors Value 

Density 1.0 

Momentum 0.7 

Body Force 1.0 

Pressure 0.3 

Energy 1.0 

 

By considering above assumptions, governing equations for description of fluid 

flow and heat transfer can be given as: 

Mass continuity  

 ∇(𝜌𝑽) = 0 5.11 

Momentum conservation 

 𝑽. ∇(𝜌𝑽) = −∇𝑝 + ∇. (𝜇∇𝑽) 5.12 

Energy conservation  

 𝑽. ∇(𝜌𝐶𝑝𝑇𝑓) = ∇. (𝑘𝑓∇𝑇𝑓) 5.13 

Energy conservation  

 ∇. (𝑘𝑤∇𝑇𝑤) = 0 5.14 

 

A uniform velocity boundary condition was applied at the inlet, while a pressure 

outlet boundary condition was imposed at the outlet due to the incompressible nature of 

the flow. No-slip boundary conditions were applied to the side walls, and an adiabatic 

boundary condition was assigned to the top wall. The bottom wall was maintained at a 

constant temperature. 

5.2 Post Processing 

This study focuses on the output parameters of Nusselt number, pressure drop, 

and friction factor. The pressure drop is directly derived from the simulation results, while 

the friction factor and Nusselt number are computed using proven relationships from the 

literature. The numerical simulation outcomes are delineated in relation to various 
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performance metrics. The Reynolds number (Re), a dimensionless metric that delineates 

the flow regime, is defined as follows: 

 
𝑅𝑒 =

𝜌𝑒𝑓𝑓𝐷𝐻𝑣𝑖𝑛

𝜇𝑒𝑓𝑓
 5.15 

 

Where 

 
𝐷𝐻 =

2𝑤ℎ

(𝑤 + ℎ)
 5.16 

 

Nusselt number (Nu) can be calculated by 

 
𝑁𝑢 = (

𝐷𝐻

𝑘𝑒𝑓𝑓
) ln (

(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑖)

(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑜)
) (

�̇�𝐶𝑝 𝑒𝑓𝑓

𝐴ℎ𝑡
) 5.17 

 

Where, 𝐶𝑝 𝑒𝑓𝑓 is specific heat, 𝑘𝑒𝑓𝑓 is thermal conductivity of fluid or nanofluid at 

mean temperature of fluid or nanofluid, 𝑇𝑠 and 𝑇𝑖 is bottom wall temperature and fluid inlet 

temperature respectively, �̇� is mass flow rate of fluid, 𝑇𝑜 fluid outlet temperature and 𝐴ℎ𝑡 

is area of base at which temperature is applied. Mean temperature can be calculated by 

equation  

 
𝑇𝑚 =

(𝑇𝑖 + 𝑇𝑜)

2
 5.18 

 

The friction factor can be calculated by equation 5.19 

 
𝑓 =

𝐷𝐻

𝐿

2∆𝑃

𝜌𝑒𝑓𝑓𝑣𝑖𝑛
2  

 

5.19 

 𝑃𝑝𝑜𝑤𝑒𝑟 = ∆𝑃�̇� 5.10 

 

Pumping power can be calculated by equation 5.20. 

 

Where, �̇� is volume flow rate of fluid and ∆𝑃 is pressure difference is difference of 

pressure between outlet and inlet or in this case can be directly find out through fluent. 

 

Poiseuille number equation is calculated by equation 5.21 [3]: 
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 𝑃𝑜 = 𝑓𝑅𝑒 5.11 

Where value of 𝑃𝑜 can be calculated from Shah and London [16] for micro-channel 

𝑃𝑜 = 24(1 − 1.13553𝛼𝑐ℎ + 1.9467𝛼𝑐ℎ
2 − 1.7012𝛼𝑐ℎ

3 + 0.9564𝛼𝑐ℎ
4

− 0.2537𝛼𝑐
5) 

 

5.12 

Heat transfer co-efficient (h) can be found by 

 
ℎ =

𝑄

𝐴ℎ𝑡∆𝑇
 5.13 

Where 

 𝑄 = �̇�𝐶𝑝 𝑒𝑓𝑓(𝑇𝑜 − 𝑇𝑖) 5.14 

 

In the above equation 𝑄 is total heat rate.There is quantity called thermal 

performance factor (TPF) shown in equation 5.25. This factor helps to select the best model 

out of all the investigated cases. 

 

𝑇𝑃𝐹 =
(

𝑁𝑢
𝑁𝑢𝑜

)

(
𝑓
𝑓0

)
1
3

 

5.15 

In this equation Nu and f is the Nusselt number and friction factor of the studied 

model and Nuo and fo are the Nusselt number and friction factor of the reference model. 

 

5.2.1 Grid Independence 

A grid independence study was conducted using six different grid sizes on the G2 geometry 

of Chen et al[44] geometry and fluid deionized water at Reynolds numbers of 600: 128000 

(Very Coarse), 170000 (Coarse), 216000(Coarse), 320000 (Fine), 440000 (Fine), and 

599120(Very Fine). Table 4 presents the Nusselt number (Nu) results obtained for these 

grid sizes at a Reynolds number of 600. The analysis revealed no significant difference in 

the computed results between the very fine and extremely fine grids. To achieve a balance 

between accuracy, computational time, and costs, the very fine grid was selected for the 

subsequent simulations. 
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Table 5.6 Single Channel Mesh Characteristics 

Number of elements Nusselt Number % Error 

128000 (Very Coarse) 7.606 - 

170000 (Coarse) 7.613 0.092 

216000(Coarse) 7.615 0.023 

320000 (Fine) 7.61533 0.00131 

440000 (Fine) 7.61355 0.0233 

599120(Very Fine) 7.61084 0.035 
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 RESULTS AND DISCUSSION 

6.1 Data Validation  

To validate the accuracy and reliability of the solver, the numerical results were 

compared against experimental data presented by Chen et al. [44] and by Hansel et al. [77] 

focusing on  Nusselt Number and friction factor. The experimental setup in Chen et al. [44] 

consisted of a rectangular silicon microchannel with a hydraulic diameter of 160.5 µm and 

a length of twenty millimeters, using deionized water as the coolant. The Reynolds number, 

based on the channel hydraulic diameter, varied from 200 to 1200. Computations were 

performed on a single symmetrical part of one configurations described in [44] which is a 

smooth channel.  For further details regarding the test cases and experimental setup, please 

refer to [44]. The effects of variable thermos-physical properties on the results were 

considered. 

Figure compares the predicted Nusselt number (Nu) values to the experimental 

results. The numerical results demonstrate excellent agreement with the experimental data 

reported by Chen et al. [44]. The maximum deviation between numerical and experimental 

results for the smooth microchannel is less than 11%. It is important to note that the average 

uncertainties associated with the experimental apparatuses in determining the Nusselt 

number for the smooth microchannel were reported to be 19.6% [44]. Additionally, a larger 

deviation was observed when using constant thermos-physical properties. , the selected 

model demonstrated reasonable agreement with the existing data for deionized water as the 

working fluid, with an average error of 3.5% for the Nusselt number (Nu) and 2.5% for the 

friction factor (f) 

 

Figure 6.1: Data validation for (a) Nusselt Number (Chen. et al) and (b) friction 

factor (Hansel) 
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6.2 Effect of nanofluids on Nusselt Number 

In this section following effects will be observed: 

1. Several single and trihybrid nanoparticles effect on Nusselt number 

2. Effect of concentration(1%,3% and 4%) of any single and trihybrid nanofluid 

on Nusselt number  

6.2.1 Single and Tri-Hybrid nanofluids effect 

The addition of nanoparticles to the base fluid can enhance both the viscosity and 

thermal conductivity of the overall fluid. Figure 6.2 illustrates the variation of Nusselt 

number against Reynolds number for 1%, 3% and 4% concentration of several nanofluids. 

For all nanofluids there is a significant improvement in Nusselt number. While a smooth 

transition in the trend is observed for several nanofluids with same concentration. 

 

 

Figure 6.2: Nusselt number (Nu) comparison (a) 1% Nano-fluids (b) 3% Nano-

fluids (c) 4% Nanofluids. 

Compared to the base fluid without nanoparticles (0%) and without LVGs, the 

addition of 1%, 3%, and 4% nanoparticles loading results in an average improvement in 

convective heat transfer of 77%, 123%, and 145% for nanofluids containing single 
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number is observed with average improvement of 631%, 541% and 501% observed with 

1%, 3%, and 4% nanoparticle concentrations in base fluid of ethylene-glycol, respectively. 

The increase in thermal conductivity of the nanofluid is the primary factor contributing to 

the improved Nusselt number. 

Here it can be seen that 1% nanoparticles loading shows the good Nusselt number 

results for trihybrid nanofluids but for single phase nanofluids higher concentration gives 

better results.  

6.2.2 Effect of concentration of single & trihybrid nanofluids 

Since the nanoparticle loading has effects on its thermos-physical properties hence 

figure 6.3 shows the effect of 1% , 2%, and 3% concentration of Al2O3,CuO and SiO2 

nanofluids with in a microchannel having LVGs . It is evident from the figures that by 

increasing the concentration of nanoparticles in the base fluid Nusselt number increases. 

There is an average increase of 41%, 36% and 49% for Al2O3, CuO and SiO2 respectively. 

 

 

Figure 6.3: Nusselt number (Nu) comparison of 1%, 3%, 4% (a) Al2O3 (b) CuO 

(c) SiO2 
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For tri-hybrid Nano-fluids this case is reversed, less the concentration of Nano-

particle more will be the convective heat transfer. In figure 6.4 it is shown that average 29 

% and 12% decrease of Nusselt is observed for AgCuFe3O4 and Al2O3SiO2TiO2 

respectively. 

 

Figure 6.4: Nusselt number (Nu) comparison of 1%,3%,4% (a) AgCuFe3O4 (b) 

Al2O3SiO2TiO2 

6.3 Effect of Nanofluids on apparent friction factor 

To determine the pumping power needed to move the fluid inside the microchannel, 

the friction factor is necessary. In figure 6.5 it can be seen that many nanofluids with 

different concentration have same apparent friction factor value. As Reynolds number 

increases friction factor for all Nano fluids decreases due to the high velocities. As shown 

in figure 6.5 there is average of 24% decrease in friction factor at higher Reynolds number. 

Also same curve for all concentration because as the density increases for higher loadings 

of nanofluids so does the pressure drop.  

 

Figure 6.5: Friction factor data of single and tri-hybrid Nanofluids 
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6.4 Effect of Nanofluids on pressure 

6.4.1 Effect of comparison of 1%, 3% and 4% nanofluids on change in pressure 

In microchannel designing one main factor that need to be determined is change in 

pressure which tells that how much pumping power is required at the inlet for fluid to flow 

through the microchannel. In figures it can be seen that due to high viscosity and density a 

huge pumping power is required because of high pressure difference for trihybrid 

nanofluids as compared to the single nanofluids which require very less power.  This shows 

that denser fluid require more pumping power. 

 

 

Figure 6.6: Pressure difference (a) 1% Nano-fluids (b) 3% Nano-fluids (c) 4% 

Nano-fluids 

6.4.2 Effect of concentration nanofluids on change in pressure 

Concentration effects the density and other material properties of the single and 

trihybrid nanofluids. Hence more the concentration higher will be the material properties 

of the nanofluid and higher pumping power will be then required. Following figure shows 

comparison between concertation of 1% 3% and 4% of Al2O3 and 1% 3% and 4% of 
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Figure 6.7: Pressure difference comparison of 1%, 3%, 4% (a) Al2O3 (b) 

Al2O3SiO2TiO2 

Pressure changes around the LVGs and those contours can be seen in figure 6.8. At 

inlet and outlet there is low pressure as compared to around the LVGs. At 150o LVGs the 

pressure is higher at the inner side and at 30o LVGs higher pressure is along the walls. 

 

 

Figure 6.8: Pressure contour of 4% Al2O3SiO2TiO2 Re=1200 (a) Inlet (b) 

Outlet(c) 150o (d) 30o 

6.5 Reynolds Number effect on base temperature 

Reynolds numbers effect the heat carrying capacity of the fluid. In figure 6.9 there 

is comparison among Al2O3 1% concentration at Reynolds number 1200 and Al2O3 of 1 % 

concentration at Reynolds number 200 from inlet towards the outlet. Different temperature 

contours can be observed which depicts that same nanofluid at low Reynolds number take 

up more heat from the base while nanofluid at higher Reynolds doesn’t get enough time to 

take heat from the bottom surface. The analysis of the Nusselt number indicates that at 

elevated temperatures, there is a reduction in convective heat transfer. This results in an 

increase in conductive heat transfer, which impairs the fluid's capacity to effectively 
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typically results in a higher pressure drop, which is directly associated with the Reynolds 

number (Re). 

(a) (b) 

  

  

  

  

  
 

Figure 6.9: Temperature contours 1% Al2O3 inlet to outlet (upward to 

downwards) (a) Re=1200 (b) Re=200 

The low-temperature region results from the rapid influx of fluid, which has 

insufficient time to transfer heat, whereas the high-temperature fluid zones arise from the 

reduced velocity of fluid during expansion after entering the plenum 

Higher velocities along the length also increase the local Nusselt number due to 

vortex formation. These vortices are at RE=1200.Vortices allows the good mixing of cold 

and warm fluid which allows more convective heat transfer. Flow enter the channel and is 

developed before the LVGs. Flow behavior at LVGs is studied which involves generation 

of longitudinal vortices in micro-channel shown in Figure 6.10 for model having 100 

micron width and height. Vortices promote convective heat transmission and aid in heat 

diffusion but also pressure drop increases. After LVGs flow start regaining fully developed 

form. The non-symmetric behavior of the velocity contours is caused by a rise in the kinetic 
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energy of fluid molecules, which results in an increase in the average speed of molecules, 

and since the channel is heated only from the bottom side, the behavior of the velocity 

contours develops accordingly. 

 

 

Figure 6.10: Velocity streamlines (a & b) and contours (c & d) around 150o and 

30o LVGs 

Furthermore, the flow disturbance generated by the LVGs are used to alleviate the 

flow separations in microchannel especially at high flow rate, thus improving heat transfer. 

It is have been noted that detailed design and geometrical location of LVGs within the 

microchannels can affect the properties of the vortices and downstream heat transfer as can 

be seen in figure above. 

6.6 Effect of nanofluids on temperature 

Nanofluids are very small particles but their addition in bas fluid can increase 

convective as well as conductive heat transfer. In section below following results are shown 

as an impact of Nano fluids on base and outlet temperature. 

6.6.1 Effect on base temperature 

Nanofluids are used with the concentration of 1%, 3% and 4% dispersed in water. 

Figure 6.11 shows comparison of Al2O3 nanofluid at different concentrations of 1%, 3% 

and 4% respectively. It can be seen that there is average of 2 to 3% change of temperature 

among concentrations. The nanofluid having low concentration have more temperature 

(a) (b) 

(c) (d) 
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locally than higher concentration nanofluids. This is due to the reason that low 

concentration nanofluids have low inlet velocity which allows that fluid to interact more 

with the heated surface 

Figure 6.11: Temperature contours of Al2O3 at Re=200 at (a) 1% (b) 3% (c) 4% 

6.6.2 Effect of concentration on Outlet temperature 

  It can be visualized through the graphical representation of 1%, 3% and 4% Al2O3 

at varying Reynolds number that at lower Reynolds number and at lower concentrations 

the temperature of the fluid is more than at higher Reynolds number and higher 

concentrations. It can be seen that AL2O3 at 1 % and 200 Reynolds number have average 

temperature of 309K.But in the case of trihybrid nanofluids at more concentration fluids at 

low Reynolds number gives more outlet temperature. 

The reason of higher outlet temperature by increasing particle loading in case 

trihybrid nanofluids is that thermal conductivity increases rapidly and we see conductive 

effect along with convective effect. 

(a) (b) (c) 
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Figure 6.12: Outlet Temperature of 1%, 3%, 4% (a) Al2O3 and (b) AgCuFe3O4 

LVGs cooling contours shown in Figure 6.12 provides information about physics 

of cooling in micro channel. Cooling at inlet is maximum which starts decreasing as fluid 

moves to the outlet of channel. While passing through the LVGs, fluid movement in 

laminar regime cause heat to diffuse hence, producing cooling and after it beside wall of 

channel. As, heat diffuses from center to outwards in chips to be cooled this cooling effect 

at LVGs is a suitable application. 

 

 

Figure 6.13: Temperature contours (a&b) 150oLVGs (c&d) 30oLVGs 

LVGs having constant temperature boundary condition has highest temperature on its walls 

but as fluid passes through it heat is starting to be transmitted to the fluids around it. 

Nanofluid with low velocity and higher concentration takes good heat from LVGs 

boundaries but case is different for trihybrid fluids which acts oppositely. 
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6.6.3 Effect of nanofluids on Outlet temperature 

Outlet temperature is a quantity which tells how much heat fluid is carrying within 

itself. Reynolds number and the concentration of the nanofluids has effect on outlet 

temperature too. Figure 6.13 shows that different nanofluids at same concentration have 

different outlet temperature this is because that their material properties varies among 

themselves and also due to concentrations. This graphs shows that among all the nanofluids 

under study Al2O3 with 1%, 3% and 4% concentration has the highest outlet temperature 

average of 307K at low Reynolds number but on the other hand it has very low Nusselt 

number at that point which can be explained due to its low specific heat constant. 

 

 

Figure 6.14: Outlet temperature of (a) 1% Nano-fluids (b) 3% Nano-fluids (c) 4% 

Nano-fluids 

It can also be inferred from the figure 6.13 that even though trihybrid nanofluids 

have highest Nusselt number but their outlet temperature is very low suggesting that it only 

increases local Nusselt number. Al2O3SiO2TiO2 which have the highest Nusselt number 

has average outlet temperature of 300K. 

Temperature of the fluid follows thermal boundary layer that temperature is 

maximum near the boundary and decreases with the fact that how much fluid particle is far 
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from heated surface. This same can be seen from the temperature contour of the 

microchannel at the bottom 

LVGs are that why added to increases the fluid mixing for better heat transfer which 

can be visualized in the figure 6.14. LVGs allows the fluid in bottom layer to mix with 

upper layer fluid particles and consequently increase their temperature by effective heat 

transfer. 

Following figure 6.14 shows the local temperature variation of the fluid along the 

length of the microchannel 5 micron above the base. 

5  

Figure 6.15: Temperature contour at bottom of microchannel 

Figure 6.15 is shown here to understand temperature variation around LVGs and 

respective Nusselt number increase due to that first LVG that is at 0.005m and second LVG 

at 0.01m from the inlet we see a dip in temperature and then sudden temperature rise. That 

is the confirmation that LVGs are effective in increasing local temperature of the fluid by 

swirling the fluids with each other and letting it to transfer effective heat from heated 

surface to upper fluid layers.  
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Figure 6.16: Temperature values of fluid at bottom of microchannel 

The temperature while exiting the microchannel was increased to 323K at the bottom. This 

also show that nanoparticles plays effective role along with LVGs. 

6.7 Effect of nanofluids on thermal performance factor (TPF) 

Through study of flow and heat transfer behavior is made to find optimum model 

which could result in more heat transfer. The Thermal Performance Factor, is used to 

quantify the heat transfer capability by considering the relationship between the Nusselt 

number and friction factor. A TPF value greater than unity indicates that the analyzed 

model exhibits superior heat transfer performance compared to the reference model, while 

a decrease in TPF suggests a higher pressure drop. Figure illustrates the TPF values for 

different nanoparticle concentrations through LVGs equipped microchannels, using the 0% 

nanoparticle configuration (M4) [72] as the reference. For all models, among several single 

nanofluids of same concentration SiO2 has the best performance while for trihybrid fluids 

Al2O3-TiO2-SiO2 in ethyleneglycol has highest TPF.  

The average TPF values for single nanofluids with 1%, 3%, and 4% concentrations 

were 1.42, 1.78 and 1.97 respectively. Similarly, the average TPF values for trihybrid 

nanofluids with 1%, 3%, and 4% concentrations were 5.9, 5.2and 4.95 respectively. It is 

evident from figure 6.16 that for single nanofluid increasing the particle loading increases 

its overall performance in the microchannel but for trihybrid nanofluids this effect is 
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opposite. The TPF of the Ag nanofluids were low through all Reynolds number for all 

concentrations, although the overall trend was similar.  

 

 

Figure 6.17: TPF of (a) 1% Nano-fluids (b) 3% Nano-fluids (c) 4% Nano-fluids 

For same nanofluids of different concentrations it can be seen in Figure 6.17 that 

for trihybrid fluids increasing concentration decreases the TPF value. While for single 

phase nanofluids increasing concentration increases the TPF values.  

Figure 6.18 provides all necessary information to select the most suitable model for 

micro-channel’s Reynolds number and nanofluid along with their respective concentration. 

Optimum performance point for a channel can be found as a trade-off between 

Nusselt number and friction factor Nusselt number. 

 

0

1

2

3

4

5

6

7

8

200 400 600 800 1000

TP
F

Reynolds Number

(a)
Al2o3 1 per

Cuo 1per

Ag 1per

CU 1per

Fe3O4 1per

Sio2 1per

Ag,CU,Fe3O
4 1per

Al2O3,Tio2,S
io2 1per

0

1

2

3

4

5

6

7

200 400 600 800 1000

TP
F

Reynolds Number

(b) AL203 3per

Cuo 3per

Ag 3per

Cu 3per

Fe3O4 3per

Sio2 3per

Ag,CU,Fe3O
4 3per

Al2O3,Tio2,
Sio2 3per

0

1

2

3

4

5

6

7

200 400 600 800 1000

TP
F

Reynolds Number

(c) Al2o3 4per

Cuo 4per

Ag 4per

Cu 4per

Fe3O4 4per

Sio2 4per

Ag,CU,Fe3O4
4per

Al2O3,Tio2,Sio
2 4per



 

44 

 

 

Figure 6.18: TPF of 1%, 3%, 4% (a) Al2O3SiO2TiO2 and (b) Al2O3 
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 CONCLUSION AND FUTURE 

RECOMMENDATION 

The research quantitatively examined the impact of various nanoparticles and their 

concentrations within a microchannel integrated with LVGs on heat transfer efficiency 

under constant temperature boundary conditions. Al2O3, TiO2, SiO2-ethylene glycol 

(C2H6O2) Trihybrid nanofluids demonstrated the highest Nusselt number increase, 

exceeding 7.8% compared to the Ag,Cu,Fe3O4-ethyleneglycol(C2H6O2) at the same 

nanoparticle concentration. Also around 10% as compared to the higher concentration of 

same trihybrid nanofluid. For all nanofluids with 1% nanoparticle addition, the Al2O3, 

TiO2, SiO2-ethylene glycol (C2H6O2) exhibited the greatest improvement of 583% 

compared to the 0% concentration of same microchannel with LVGs but at the cost of 

highest pumping pressure which may not be feasible. With 3% nanoparticle addition, all 

single and trihybrid nanofluids shows great improvement as compared to the 0% 

concentration channel. In terms of temperature reduction, the Al2O3 achieved a maximum 

average temperature drop of 14°C at Re = 200. The formation of vortices within the micro- 

channel enhanced heat transfer by circulating heat from the base, thereby creating a cooling 

effect. Elevating the nanoparticle concentration resulted in an augmentation of both the 

Nusselt number and pressure drop; however, with trihybrid nanofluids, the opposite effect 

was observed. The development of regular counter-rotating vortices within channels 

contributed to reduced base temperatures. The construction of regular vortices at LVGs 

enhanced convective heat transfer and diminished pressure loss, whereas unpredictable 

flow patterns within the waves led to an increased pressure drop.  

 

.  
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