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ABSTRACT
The paper discusses the numerical investigation involving forced convective heat transfer (HT) in the laminar flow regime is carried out for nanofluid (NF) and hybrid nanofluid (HNF) in a microtube and wavy microchannel. Water-based Al2O3 nanofluid and water-based Al2O3-Ag hybrid nanofluid is studied for this purpose. Reynolds Number (Re), temperature, volume fraction, and nanoparticle (NP) size are varied for the analysis at a constant heat transfer rate. Numerical results characterizing the performances of nanofluid and hybrid nanofluid are presented in terms of the local heat transfer coefficient. It is found that with the increase in Reynolds number, volume fraction and temperature, local heat transfer coefficient is increased. Comparison of nanofluid and hybrid nanofluid reveals superior heat transfer property of the later. However, microtube exhibits better heat transfer coefficient than the wavy channel at constant heat flux, length and area.
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1. Introduction

One of the utmost achievements of technology in the twentieth century is to put a relentless effect to move thing towards miniaturization. Due to technological evolution and community move, either in the field of manufacturing, microelectronic, transportation, space research, thermal power plant, etc. need to develop smaller systems which cause intensify heat generation. This requires efficient coolant which can dissipate heat at a faster rate. Traditional coolants like ethylene glycol, water, transformer oil, propylene glycol, etc. have low thermal conductivity (TC) value making them inappropriate candidate in miniaturizing world. So a novel fluid is required, which contains high value of thermal conductivity and for that one has to incorporate NPs in the base fluid, which is having much higher value of conductivity than base fluid. This eventually gave the birth of a highly efficient cooling fluid, which is termed as nanofluid. Nanofluids are the mixture of solid and liquid with particle size less than a hundred nanometers, and the value of thermal conductivity of NFs is greater than water, which will be the base fluid. This nanofluid dissipates more thermal energy due to the high value of thermal conductivity, and subsequently, it enhanced the thermohydraulic performance of the system. Cooling aspect in microchannel was first introduced by Tuckerman and Pease [1]. Nanofluid term was first coined by Choi [2]. After that, nanofluids get popularity due to better cooling capability. 
In order to enhance the TC, dispersion of a solid particle in the liquid is not a new concept. Theoretically, it was introduced by Davis [3]. Despite numerous studies from last one century on thermal conductivity using conventional solid/liquid suspension containing millimetre or micrometre sized particle, rapid settling of these suspensions becomes a major hurdle to develop suspension for particle application. The two salient features of nanofluids- higher thermal conductivity and well-suspended particles make nanofluid a strong candidate for next-generation coolant for the thermal management system. At the early stage, the model proposed by the investigators for the TC of NFs considered NPs as stagnant. Classical models consider very few parameters for the calculation of TC but as the development goes on more and more realistic model come into account which consider more physical parameters, but still there was no such model available in the literature which can predict all the insight of nanofluids. The first model was introduced by Davis [3] and later on, a number of models [4-15] were introduced to calculate the TC of NFs. Keblinski et al. [17] recommended four possible reasons for the higher TC of NFs. The reasons are like, Brownian motion done by ultrafine NFs, liquid layer formation around the nanoparticle which has a high value of TC than water (base fluid), nature of heat transfer is ballistic rather than diffusive augmenting the conduction HT due to the smaller size of nanoparticle, and conduction heat transfer takes place at a faster rate rather than convective HT due to nanoparticle clustering. 

Modelling the TC of hybrid nanofluid is a very complex phenomenon. Very few models for TC of HNFs are present in literature, and all the models pertain to a particular type of hybrid nanofluid under certain specific conditions. The temperature plays a major role on thermal conductivity at higher volume fraction for HNF. Esfe et al. [18] used an artificial neural network (ANN) to calculate the TC of Cu/TiO2–water/EG HNF. The model included the effect of temperature and particle volume fraction. Toghraie et al. [19] considered ZnO–TiO2/EG hybrid nanofluid to study the influence of particle temperature and volume fraction on its TC. Parsian and Akbari [20] proposed a model to estimate the effective TC of the hybrid nanofluid. The model forecasts the TC of hybrid nanofluid with great accuracy, but it requires a greater insight of nanoparticle and base fluid.
After thermal conductivity, viscosity is the second most significant parameter in modelling nanofluids. To mimic the behaviour of nanofluid and hybrid nanofluid with greater accuracy, viscosity plays a vital role. Einstein [21] first presented a model for viscosity. The model has constraint that it is only applicable for a spherical shaped particle in the range of particle concentration of (𝜑 < 0.02 𝑣𝑜𝑙). Einstein viscosity formula is considered as the fundamental equation for viscosity, and many researchers contribute to this equation. Brinkman [22] and Batchelor [23] extended the applicability of Einstein's viscosity relation to a moderate particle volume concentration up to 4%. Several researchers [24-26] eventually come up with robust model for the estimation of viscosity of NFs. Corcione [14] proposed a correlation for estimating dynamic viscosity for nanofluids by using large experimental data and has been quite useful in modelling nanofluid viscosity. 

In literature, forced convection HT behaviour of NFs was modelled by either two-phase or single-phase approach. Two-phase methods either provide better result and understanding of nanoparticles and fluid phase but the problem with two-phase approach is that it is computationally more intensive and does not require when the focus is only on heat transfer analysis. In the present study, a single-phase approach is considered because it is simple to implement, and nanoparticle behaves like single-phase mixture. In single-phase, the symmetry between the fluid phase and the NF phase is considered. Though, in the present study, thermal dispersion effect is considered due to the chaotic nature of NFs in the flow. 


Metal oxide nanoparticles, like Al2O3 nanoparticle exhibit excellent stability and chemical inertness, but it has poorer TC while silver (Ag)- a metallic nanoparticle shows higher TC, but it is unstable in chemical point of view and reactive. By hybridizing these NPs, one can get a fluid which shows superior rheological behavior and thermophysical properties together with the advanced HT characteristics. A similar type of hybridization gives the birth of extremely efficient coolant named as hybrid nanofluids. Hybrid nanofluid is not a new concept but the extension of the previous one. They are homogeneous in nature with novel chemical and physical properties. The main idea of HNF is to attain higher HT rate compared to single NFs. Turcu et al. [27] introduced the concept of hybrid nanofluid by synthesizing the polypyrrole-carbon nanotube with Fe2O3 nanoparticles. Hybrid nanofluid is new concept and very limited literatures are therefore available. Literature suggests that very few correlations are developed for hybrid nanofluids and the correlation which were developed are for specific hybrid nanofluids under the certain limit of temperature and nanoparticle concentration. 

 A few researchers [28-29] worked on HT characteristics of NFs in microchannel, while Lelea et al. [30] studied the same in a microtube. Later, Nimmagadda and Venkatasubbaiah [31], Selvakumar and Suresh [32] investigated the transport behaviour of hybrid nanofluid in a microchannel, while Yang et al. [33], Sakanova et al. [34] focussed on hybrid nanofluid behaviour in wavy microchannel. Bhattacharyya et al. [36-40] studied computationally and experimentally the influence of vortex generators in forced convection to enhance heat transfer.

These studies generally focused on TC rather than HT coefficient. Hybrid nanofluids are very new in the field of research and very limited research work is available in the literature. There is hardly any research work available which compared the effect of different parameters on nanofluids and hybrid nanofluids in a microtube and wavy microchannel.

Chamkha and co-workers [41–55] have investigated the forced and mixed convection numerically through non-circular and circular channel by using different nanofluids (acting alone with base fluid) and hybrid nanofluids. Sharifpur and co-workers [56-61] are also investigated numerically and experimentally the thermo-convection performance of hybrid nanofluids and single particles nanofluids. Similarly, Ahmadi and co-workers [62-70] also investigated numerically and experimentally the thermal performance of and mono-particles nanofluids and hybrid nanofluids in micro, mini and conventional circular and non-circular channel.

The objective of the current numerical investigation is, therefore, to analyze the flow characteristics of NF and HNF. For this, local HT coefficient is considered as a performance parameter. To analyze the influence of geometry, two types of geometry - a microtube (MT) and a wavy channel (WC) are considered. The effects of Re, volume fraction, temperature and nano-particle size are studied in detail.
2. Computational Methodology
2.1 Geometry


In the present study, a microtube is considered as shown in Fig. 1.  Since this geometry is symmetrical, the two-dimensional axisymmetric domain is considered here. A computational domain of the problem is given in Fig. 2.
A two-dimensional wavy channel is also considered for the study as shown in Fig. 3. The geometry of the wavy channel is chosen such that its fundamental dimensions are matched with the dimensions of the microtube. The height of the fluid domain is 0.1 mm, total thickness of the wavy channel is 0.2 mm and length of the wavy channel is 100 mm. All these parameters are same as in case of the microtube. Tables 1 and Table 2 furnish all the dimensions of the microtube and wavy channel used in the study.
2.2 Grid Generation 


The computational domain of the problem is discretized into a number of grids/mesh. To discretize the domain, Mesh modeller available in ANSYS Fluent 16.0 is used. The fluid domain of the microtube is divided into 70 and 2 500 elements in radial and axial directions respectively, while solid domain contains 50 and 2 500 elements in radial and axial directions respectively, and thus constituted 3 02 621 elements in the whole geometry. The fluid domain of the wavy channel is divided into 3 900 elements in axial directions and 70 elements along with the thickness while the solid domain contains 3 900 elements in the axial direction and 60 elements along with the thickness and thus it constituted 3 58 800 elements in the whole geometry.


To verify the sensitivity of the studied grid, three mesh sizes are compared. Heat transfer coefficient is considered as the governing parameter to verify the sensitivity of the studied grid. For microtube geometry, three grid, namely coarse (60 ( 2 000), medium (70 ( 2 500) and fine (80 ( 3 000) are considered for the fluid domain. For medium and fine grids, the successive difference in the heat transfer coefficient is only 0.059%. Hence for medium grid (70 ( 2 500) is selected for the microtube geometry. For the wavy channel, three grids of 3 28 350 (coarse), 3 58 800 (medium) and 3 66 300 (fine) elements are generated. For medium and fine grid sizes, successive difference in the heat transfer coefficient of 0.11% is accounted. Hence medium quality grid having 3 58 800 elements is selected for further computational investigation.
2.3 Mathematical Formulation


The following set of partial differential equations in the cylindrical coordinate system is used to describe the phenomenon, considering the effective thermophysical properties of the fluids.

Continuity Equation
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Momentum Equation 
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Energy Equation
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For estimating the effective TC of NF, theoretical correlation given by Chon et al. [9] is used in the present study, and it is described as follows:
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For estimating effective dynamic viscosity of nanofluid, Corcione [14] model is used, which involves temperature-dependent effective dynamic viscosity and is given as:
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For estimating the effective TC of HNF, Aparna et al. [35] model is used, and the theoretical correlation is described below:
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For estimating effective viscosity of hybrid nanofluid, Batchelor [23] model is used, which is described as follows:
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Density and specific heat of nanofluid are calculated as follows: 
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Specific heat and density of HNF are calculated as follows:
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2.4
Boundary conditions 


Boundary conditions applied for microtube and wavy channel are furnished in Table 3. Uniform temperature and velocity and is imposed at the entry (inlet) of microtube and wavy channel. Outflow boundary condition is given at the microtube and wavy channel outlet. Uniform heat flux is specified at outer surface of the microtube and wavy channel. In case of nanofluid, a UDF is used to incorporate the TC and viscosity, whereas, in case of HNF, UDF is used to incorporate TC only. Semi implicit method for pressure-linked equations-consistent algorithm is used for pressure-velocity coupling. Convergence criteria for continuity, velocity components and temperature is kept at 10(6.
 2.5
Validation of the model 


The results acquired from the current numerical investigation are compared with Leala et al. [30]. Taking other test parameters constant at two different particle volume concentration ( = 1% and 4%, numerical simulation is carried out. The results of both validations are presented in Fig 4 (a) and Fig. (b). The maximum deviation obtained is 4.5% and 4.78% at  ( = 1% and 4% respectively, which is up to an acceptable level.
3. Results and Discussion

The influences of various parameters, like Re, temperature, and particle volume fraction and NPs size are studied and furnished in sub-sections.
3.1 Influence of Reynolds number

In this section, Reynolds number (Re) is varied at 50, 100, 250, 500, 750 and 1000 for both the nanofluid and hybrid nanofluid flowing through a nanotube and wavy microchannel for different particle volume fraction. 
Effect of Reynolds number on nanofluid in microtube at volume fraction 1%, and 3% are shown in Fig. 5 (a) and (b). One can see from the figures that for nanofluid flowing through microtube, with an increase in Re, HT coefficient (h) increases. 
Influence of Re on hybrid nanofluid in microtube at volume fraction 1%, and 3% are shown in Fig. 6 (a) and (b). Similar results are depicted for hybrid nanofluid flowing in microtube as well in Fig. 6. Value of h becomes almost constant at shorter distance. Some abnormality is however found in h at lower Reynold Numbers for both Fig. 5 and Fig 6. The value of h exhibits a rise in the axial direction, and these phenomena are more prominent at higher particle volume fraction.
Effect of Reynolds number on nanofluid in the wavy channel at volume fraction 1% and 3% are shown in Fig. 7 (a) and (b), and effect of Reynolds number on hybrid nanofluid in wavy channel at volume fraction 1%, and 3% are shown in Fig. 8 (a) and (b). In case of nanofluid flowing through wavy microchannel, h becomes constant and independent of Reynolds number at a much shorter distance in the axial direction as compared to microtube (Fig. 7 and Fig. 8). Heat transfer coefficient value for hybrid nanofluid increases as it moves in the axial direction, and the rise is more prominent for higher volume fraction in Fig. 8.
3.2
Influence of particle volume fraction

Influence of volume fraction on NF in microtube at different Reynolds number (Re 50 and 1000) are shown in Fig. 9 (a) and (b). With a rise in particle volume fraction ((), h increased on nanofluid in microtube. But the nature is not the same when varying with Reynolds number. At lower Reynolds number, with an increase in(, h increased significantly. HT coefficient becomes constant in the axial direction at lower Reynolds number as shown in Fig. 9 (a). At higher Reynolds number, effect of volume fraction, however, becomes negligible and h becomes independent of volume fraction as shown in Fig. 9 (b). A decrease in h is registered as one move in the axial direction. 
Effect of volume fraction on hybrid nanofluid in microtube at different Reynolds number (Re 50, 250, 500 and 1000) are shown in Fig. 10 (a), (b), (c) and (d). The same trend is found for hybrid nanofluid in microtube, i.e. with an increase in volume fraction, h is increased. At lower Reynolds number influence of ( is more significant as compared to the higher Re as shown in Fig. 10. Heat transfer coefficient h increases in the axial direction at lower Reynolds number, and a reverse trend is found for higher Reynolds number for hybrid nanofluid in a microtube.
Volume fraction variations are very important from the wavy microchannel. Effect of volume fraction on nanofluid in wavy microchannel at different Reynolds number (Re 50 and 1000) are shown in Fig. 11 (a) and (b). For nanofluid flowing through wavy microchannel, with an increase in (, h is increased. Influence of ( is more noteworthy at lower Reynolds number. Heat transfer coefficient h becomes almost constant in the axial direction at lower as well as for higher Re as presented in Fig. 11 (a) and (b).

Effect of volume fraction on hybrid nanofluid in wavy microchannel at different Reynolds number (Re 50, 250, 500 and 1000) are presented in Fig. 12 (a), (b), (c) and (d).With the increase in ( for the HNF flowing through a wavy microchannel, h is increased. At lower Re, h increases along axial direction at lower Reynolds number, and it became almost constant at higher Re. Effect of ( is more significant at lower Re as compared to the higher Re as presented in Fig. 12.
3.3
Effect of Temperature


To investigate the influence of inlet fluid temperature, it is varied in a range of 293 K-314 K and the results are furnished in this section 3.3. The influences of temperature on nanofluid at in microtube at different Reynolds number (Re 50 and 1000) are shown in Fig. 13 (a) and (b). For nanofluid flowing through the microtube, h increases marginally with increase in inlet fluid temperature as depicted in the figure.  

The influences of temperature on HNF at in microtube at different Reynolds number (Re 50, 250, 500 and 1000) are presented in Fig. 14 (a), (b), (c) and (d). A significant effect of temperature is found for hybrid nanofluid flowing in the microtube as it is seen from Fig. 14, that with a rise in temperature, h is increased, especially at low Reynolds number range. 
The effects of temperature on nanofluid at in wavy microchannel at different Reynolds number (Re 50 and 1000) are shown in Fig. 15 (a) and (b). No such effect of temperature is however found on nanofluid in wavy microchannel as depicted in the figures. The effects of temperature on hybrid nanofluid at in wavy microchannel at different Reynolds number (Re 50, 250, 500 and 1000) are presented in Fig. 16 (a), (b), (c) and (d). A significant effect of temperature is found for hybrid nanofluid flowing in a wavy microchannel. From the figures, one can easily see and noticed that h increases with a rise in temperature.
3.4
Influence of particle size on nanofluid

The influence of particle size on nanofluid in a microtube at different Re and ( are presented in Fig. 17 (a), (b), (c), and (d). With the reduction in NP size, the value of HT coefficient is increased in a microtube. The effect is, however, found insignificant at lower particle volume concentration as presented in Fig. 17 (a) and (c). At higher particle volume concentration, an abnormality is found for particle size 47 nm as shown in Fig. 17 (b) and (d). A significant decrease in h is registered for 47 nm sized particle as compared to the smaller size nano-particles, probably attributed to higher rate of settling for largest-sized nano-particles.
The effect of particle size on nanofluid in a microtube at different Re and (  are presented in Fig. 18 (a), (b), (c), and (d). For wavy channel, HT coefficient increases with decrease in particle size as well. At lower (, influence of particle size is not significant as given in Fig. 18 (a) and (c) but at higher volume fraction effect is found significant in Fig. 18 (b) and (d). Unlike microtube, no abnormality is found for largest-sized (47 nm) particle flowing through the wavy channel as revealed from Fig. 18 (b) and (d). This is probably due to the invigoration of nano-particles while flowing through the channel due to its wavy nature, thereby reducing the settling rate to a great extent.
3.5
Comparison of all cases 

Comparison of nanofluid and hybrid nanofluid in a microtube and wavy channel are done to find the HT performance. Comparison of nanofluid and hybrid nanofluid in microtube and wavy channel at different Reynolds number are presented in Fig. 19 (a), (b), (c) and (d). From the figures could conclude that the performance of hybrid nanofluid is better than nanofluids. Also, it is important to note that with constant heat flux, length and area, HT performance of microtube is higher than the wavy channel while carrying nanofluid as shown in Fig. 19. At lower Reynolds number, hybrid nanofluid in microtube is found most efficient for HT. 
4. Concluding Remarks 


In the current work, 2-D numerical study is done to investigate the HT characteristics of Al2O3/water nanofluid and Al2O3-Ag/water hybrid nanofluid flowing through a microchannel and wavy microchannel at constant heat flux condition. Influence of Reynolds numbers, temperature, particle volume fraction and nano-particle size are considered to analyse the conjugate heat transfer phenomenon. 
Following conclusions from the current investigated are as follows: 

· HNF has higher thermal energy transport coefficient as compared to nanofluid and water, and water being the least HT coefficient among all three. 

· Increase in Reynold number, increases the local HT coefficient h.
· HT coefficient increases with an increase in particle (.
· As size of nanoparticle decreases, the local HT coefficient is increased for NF. The influence of NP size is prominent at higher particle volume fraction.

· Al2O3/water nanofluid is found almost independent of temperature while Al2O3-Ag/water hybrid nanofluid shows higher dependency on temperature. 

· At higher Reynold numbers, heat transfer coefficient almost becomes independent of volume fraction for nanofluid.

· At constant heat flux, microtube shows better heat transfer characteristics than wavy microchannel.
5.  Future Scope


The current scenario, scientific community and manufacturing sector are moving toward the miniaturization. Which required a noble coolant for higher heat dissipation in smaller area. Nanofluid shows the potential to fulfil that requirement. Hence researchers start stepping to investigate the rheological and HT behaviour of NFs as well as HNFs. Based on the present study, the following future works can be planned to understand the flow characteristics of nanofluids and hybrid nanofluids:

· Multiphase modelling can be used in nanofluids and hybrid nanofluids, which would provide better understanding of flow characteristics such as fluid-solid interaction and slip mechanism. 

· Very few TC models are available for HNFs and the model which are available did not consider all the governing parameters. Therefore, a huge research opportunity is available for the researchers to develop dedicated thermal conductivity model for HNFs by considering the various factors like clustering effect, Brownian motion, size and shape of nano-particles etc.  
	Nomenclature

	WC 
	Wavy microchannel
	Greek symbols

	MC
	Microchannel
	(
	 Particle volume fraction, [%]

	MT
	Microtube
	(
	Thermal diffusivity, [m2/s]

	NF
	Nanofluid
	µ
	Dynamic viscosity [Pa-s]

	HNF
	Hybrid nanofluid
	
	

	NP
	Nanoparticle
	
	

	HT
	Heat transfer
	
	

	TC
	Thermal Conductivity
	
	

	h
	Heat transfer coefficient [W/m2-K]
	
	

	DH
	Hydraulic diameter
	
	

	k
	Thermal Conductivity [W/m-K]
	
	

	Cp
	Specific heat capacity [J/kg-K]
	Subscripts

	u, v
	Velocity components [m/s]
	m
	mean

	U
	Average velocity of nanofluid
	eff
	effective                                           

	Re
	Reynolds number (
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	Heat flux [W/m2]
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	 Diameter of MT [m]
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	Cylindrical coordinates [m]
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	solid
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	Temperature [K]
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	fluid
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	Fig. 1: The schematic diagram of microtube
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	Fig. 2: The schematic diagram of computational domain for microtube
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	Fig. 3: Schematic diagram of a wavy channel
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(b)

Fig. 4: Validation: (a) at ( = 1%, and (b) at ( = 3%
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Fig. 5: Effect of Reynolds number on nanofluid in microtube: (a) at ( = 1%, and

(b) at ( = 3%
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Fig. 6: Effect of Reynolds number on hybrid nanofluid in microtube: (a) at ( = 1%, and (b) at ( = 3%
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Fig. 7: Effect of Reynolds number on nanofluid in wavy channel: (a) at ( = 1%, and

(b) at ( = 3%
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Fig. 8: Effect of Reynolds number on hybrid nanofluid in a wavy channel: (a) at ( = 1%, and (b) at ( = 3%
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(b)
Fig. 9: Effect of volume fraction (() on nanofluid in microtube: (a) at Re = 50, and

(b) at Re = 1000
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(c)
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(d)

Fig. 10: Effect of volume fraction (() on hybrid nanofluid in microtube: (a) at Re = 50, (b) at Re = 250, (c) at Re = 500, and (d) at Re = 1000
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Fig. 11: Effect of volume fraction (() on nanofluid in wavy microchannel: (a) at Re = 50, and (b) at Re = 1000
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(c)
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(d)

Fig. 12: Effect of volume fraction (() on hybrid nanofluid in wavy microchannel: a) at Re = 50, (b) at Re = 250, (c) Re = 500, and (d) Re = 1000
[image: image40.jpg]h (W/mZ2-K)

27000

—&— T=293K
—&— T=300K
—A—T=307K

26500 - 7

-3 L —

26000 - ]

25500 - 7

25000 T T T T T

0 20 40 60 80 100

X (mm)




(a)
[image: image41.jpg]h (W/mZ-K)

29500

—&—T=293K

29000 - —&— T=300K
—A—T=307K
28500 - —v¥—T=314K
28000 -
27500 -
27000 -
26500 -
—% ‘\‘
26000 -
25500 T T T T T
0 20 40 60 80 100

X (mm)





(b)

Fig. 13: Effect of temperature on nanofluid at in microtube: a) at Re = 50,
and (b) at Re = 1000
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(d)

Fig. 14: Effect of temperature on hybrid nanofluid at ( = 3% in microtube: a) at Re = 50, (b) at Re = 250, (c) Re = 500, and (d) Re = 1000
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(b)

Fig. 15: Effect of temperature on nanofluid at in a wavy microchannel: (a) Re = 50, and (b) Re = 1000
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Fig. 16: Effect of temperature on hybrid nanofluid at ( = 3 % in a wavy microchannel: (a) Re = 50, (b) Re 250, (c) Re = 500, and (d) Re = 1000
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(b)
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(c)
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(d)

Fig. 17: Effect of particle size on nanofluid in a microtube: (a) Re = 100, ( = 1%, (b) Re = 100, ( = 3%, (c) Re = 500, ( = 1%, and (d) Re = 500, ( = 3%

[image: image56.jpg]h (W/mZ2-K)

25300

—=— Dp=10

25200 - —&— Dp=17|4
—A— Dp=27

25100 4 E=Pp=a7 |
—0— Dp=47

25000 e

24900 -

—— —a—

24800 - \ .

24700 -

24600 . T r T T

0 20 40 60 80 100

X (mm)




[image: image57.jpg]h (W/mZ2-K)

25800

25700 -

25600 -

25500

25400 -

25300

25200

20

40

60
X (mm)





[image: image58.jpg]h (W/mZ2-K)

26600

26400 -
26200 -
26000 -
25800 -
25600 -
25400 -
25200 -
25000 -
24800 -

24600 -

24400

20

40

60
X (mm)

80

T
100





[image: image59.jpg]h (W/m2-K)

27000

26800 -
26600 -
26400 -
26200
26000 -
25800 -
25600 -
25400 -
25200 -

25000 -

24800

X (mm)

T
80 100





Fig. 18: Effect of particle size on nanofluid in a wavy microchannel: (a) Re = 100, ( = 1%, (b) Re = 100, ( = 3%, (c) Re = 500, ( = 1%, and (d) Re = 500, ( = 3%
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Fig. 19: Comparison of nanofluid and hybrid nanofluid in microtube and wavy channel: (a) Re = 50, (b) Re = 100, (c) Re 500, and (d) Re = 1000

Table-1: Dimensions of Microchannel

	Parameter
	          Value

	Length of Channel (L)
	 100 mm

	Inner Diameter
	 0.1 mm

	Outer Diameter
	 0.3 mm

	Thickness
	 0.2 mm


Table-2: Dimensions of Wavy channel

	Parameter
	           Value 

	Length of Channel (L)
	 100 mm

	Wavelength (λ)
	 4 mm

	Hydraulic diameter (Dh)
	 0.2 mm

	Thickness(w)
	 0.1 mm


Table-3: Boundary Condition for Microtube and wavy channel

	Boundary
	Boundary conditions

	
	For microtube
	For wavy channel

	Fluid Inlet
	Velocity Inlet
	Velocity Inlet

	Fluid Outlet
	Outflow
	Outflow

	Flux Wall
	Wall (Constant Heat Flux)
	Wall (Constant Heat Flux)

	Fluid Domain
	Fluid
	Fluid

	Solid Domain
	Solid
	Solid

	Interface Wall
	Wall 

(Conjugate Heat Transfer)
	Wall 

(Conjugate Heat Transfer)

	Axis
	Axis
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