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This paper reports the influence of surfactant Triton X-100 on boron nitride nanotubes (BNNTs) nanofluid in non-optimized and optimized microchannel heat sink (MCHS) at 30⁰ C and 50⁰ C. The MCHS performance was evaluated in terms of thermal resistance and pressure drop, utilizing experimental thermophysical properties of distilled water, a mixture of distilled water and surfactant Triton X-100 as base fluid, and nanofluid BNNTs at weight concentration of 0.001% into MCHS models which further optimized with the Multiple Objective Particle Swarm Optimization (MOPSO) technique. It is found that the surfactant at 30⁰ C improves MCHS thermal capabilities without nanotubes by 0.8% even after optimizing MCHS according to the fluid properties. Conversely, surfactant Triton X-100 reduces pressure drop greatly with any change in thermal resistance at 50⁰ C and paired cooperatively with BNNTs nanofluid 0.001wt.% -mitigating pressure drop increment caused by the nanofluid resulting an overall performance improvement by 1.25% and 1.97% for thermal resistance and pressure drop respectively in MCHS systems and reduced to 1.3% and 3.2% after optimization. Optimized MCHS dimensions given by MOPSO could be manufactured and additionally gave wider solutions for large reduction of pressure drop up to 80% for economic MCHS with a drawback of higher thermal resistance.

Introduction

Rapid advancement of technology has led to the miniaturization of the Integrated Circuits (IC) applicable in various digital applications and systems especially in Industry 4.0. This reduction in the size of circuits, however, has its limit especially in heating control which affects their durability and reliability. With the development of the micro-electro-mechanical system (MEMS) technology, [START_REF] Tuckerman | High-Performance Heat Sinking for VLSI[END_REF] have introduced a water-cooled microchannel heat sink (MCHS) with a 1cm 2 area capable to dissipate heat approximately 790 W/cm 2 with a high toll of pressure drop up to 31 psi which consequently requires a high power to operate. The temperature of the MCHS base or substrate increased up to 71⁰ C above the fluid temperature while the usual temperature of IC is between 50⁰ C to 100⁰ C at that time. In their MCHS, a silicon material was attached on top of the IC unit as the base, with microchannels grooved as small as 50µm in width as well as in their wall thickness. Up to 100 microchannels were produced by an orientation-dependant etch of potassium hydroxide, KOH.

Since future technology demands for a greater heat removal, numerous researches have been done to improve the capability of the MCHS. Base materials [START_REF] Ijam | Nanofluid as a coolant for electronic devices (cooling of electronic devices)[END_REF][START_REF] Peyghambarzadeh | Performance of water based CuO and Al2O3 nanofluids in a Cu-Be alloy heat sink with rectangular microchannels[END_REF]Sarafraz et al., 2017;[START_REF] Yang | A diamond made microchannel heat sink for high-density heat flux dissipation[END_REF][START_REF] Yang | Experimental study on single-phase hybrid microchannel cooling using HFE-7100 for liquid-cooled chips[END_REF], fluid flow alteration (Zhai et al., 2016a;Zhai et al., 2016b;[START_REF] Shen | Comparative study for convective heat transfer of counter-flow wavy double-layer microchannel heat sinks in staggered arrangement[END_REF][START_REF] Jiang | High performance heat sink with counter flow diverging microchannels[END_REF] and mixing with inserts [START_REF] Bahiraei | Efficacy of a hybrid nanofluid in a new microchannel heat sink equipped with both secondary channels and ribs[END_REF], microchannel shape and layout [START_REF] Ahmed | Experimental investigation for sequential triangular double-layered microchannel heat sink with nanofluids[END_REF][START_REF] Wong | Thermal hydraulic performance of a double-layer microchannel heat sink with channel contraction[END_REF][START_REF] Hemmat Esfe | Multiobjective optimization of cost and thermal performance of double walled carbon nanotubes/water nanofluids by NSGA-II using response surface method[END_REF][START_REF] Arani | Heat transfer improvement of water/single-wall carbon nanotubes (SWCNT) nanofluid in a novel design of a truncated double-layered microchannel heat sink[END_REF][START_REF] Hajmohammadi | Optimal design and thermal performance improvement of a double-layered microchannel heat sink by introducing Al2O3 nanoparticles into the water[END_REF], complex design of microchannels walls [START_REF] Chai | Heat transfer enhancement in microchannel heat sinks with periodic expansion-constriction cross-sections[END_REF][START_REF] Sakanova | Performance improvements of microchannel heat sink using wavy channel and nanofluids[END_REF][START_REF] Ma | Multi-parameter optimization for micro-channel heat sink under different constraint conditions[END_REF][START_REF] Duangthongsuk | An experimental investigation on the heat transfer and pressure drop characteristics of nanofluid flowing in microchannel heat sink with multiple zigzag flow channel structures[END_REF][START_REF] Shen | Comparative study for convective heat transfer of counter-flow wavy double-layer microchannel heat sinks in staggered arrangement[END_REF][START_REF] Sarlak | Thermal design improvement of a double-layered microchannel heat sink by using multi-walled carbon nanotube (MWCNT) nanofluids with non-Newtonian viscosity[END_REF], pin-fin hybrid [START_REF] Alfellag | Optimal hydrothermal design of microchannel heat sink using trapezoidal cavities and solid/slotted oval pins[END_REF][START_REF] Soleymani | Performance analysis of hotspot using geometrical and operational parameters of a microchannel pin-fin hybrid heat sink[END_REF][START_REF] Zeng | Thermohydraulic analysis of a new fin pattern derived from topology optimized heat sink structures[END_REF], implementation of manifolds [START_REF] Pourfattah | On the thermal characteristics of a manifold microchannel heat sink subjected to nanofluid using two-phase flow simulation[END_REF][START_REF] Lin | Single-phase and Two-phase Flow and Heat Transfer in Microchannel Heat Sink with Various Manifold Arrangements[END_REF], jet injection [START_REF] Jalali | Heat transfer of Oil/MWCNT nanofluid jet injection inside a rectangular microchannel[END_REF], double layers [START_REF] Arani | Heat transfer improvement of water/single-wall carbon nanotubes (SWCNT) nanofluid in a novel design of a truncated double-layered microchannel heat sink[END_REF] and more have been consistently being explored to improve the performance of the MCHS. Additionally, [START_REF] Mohammed | Heat transfer in rectangular microchannels heat sink using nanofluids[END_REF] stated that the conventional method using gas, air and water as coolant for a MCHS will no longer be able to address future heating issue to remove as minimum as 1000W/cm 2 .

Researches on "new" coolants have been widely developed and the utilization of nanofluid in a MCHS has emerged at the forefront, nanofluid being a combination of solid nanoparticles within a common base fluid such as water or ethylene glycol. Most common nanofluids consist of metallic nanoparticles such as copper [START_REF] Mohammed | Influence of nanofluids on parallel flow square microchannel heat exchanger performance[END_REF][START_REF] Sakanova | Performance improvements of microchannel heat sink using wavy channel and nanofluids[END_REF][START_REF] Azizi | Thermal performance and friction factor of a cylindrical microchannel heat sink cooled by Cu-water nanofluid[END_REF], titanium [START_REF] Mohammed | Influence of nanofluids on parallel flow square microchannel heat exchanger performance[END_REF][START_REF] Yu | Experimental validation of numerical predictions for forced convective heat transfer of nanofluids in a microchannel[END_REF][START_REF] Xia | The characteristics of convective heat transfer in microchannel heat sinks using Al2O3 and TiO2 nanofluids[END_REF][START_REF] Adham | Optimization of nanofluid-cooled microchannel heat sink[END_REF], silver [START_REF] Mohammed | Influence of nanofluids on parallel flow square microchannel heat exchanger performance[END_REF][START_REF] Sarafraz | Thermal performance of a heat sink microchannel working with biologically produced silver-water nanofluid: Experimental assessment[END_REF], and aluminium [START_REF] Mohammed | Influence of nanofluids on parallel flow square microchannel heat exchanger performance[END_REF][START_REF] Wang | Inverse geometric optimization for geometry of nanofluid-cooled microchannel heat sink[END_REF][START_REF] Xia | The characteristics of convective heat transfer in microchannel heat sinks using Al2O3 and TiO2 nanofluids[END_REF][START_REF] Anbumeenakshi | On the effectiveness of a nanofluid cooled microchannel heat sink under non-uniform heating condition[END_REF][START_REF] Shi | Numerical investigation of laminar convective heat transfer and pressure drop of water-based Al2O3 nanofluids in a microchannel[END_REF]. However, researchers are still looking for alternatives since metals contribute towards a high friction factor. Thus, a nanofluid with non-metal and metalloid nanoparticles is attractive in MCHS. Some studies with carbon nanotubes (Halelfadl et al., 2014a;Sarafraz et al., 2017;[START_REF] Mohd-Ghazali | Thermal and hydrodynamic performance of a microchannel heat sink with carbon nanotube nanofluids[END_REF], silicon [START_REF] Mohammed | Influence of nanofluids on parallel flow square microchannel heat exchanger performance[END_REF][START_REF] Sakanova | Performance improvements of microchannel heat sink using wavy channel and nanofluids[END_REF], and even diamond [START_REF] Sakanova | Performance improvements of microchannel heat sink using wavy channel and nanofluids[END_REF] have been previously completed. In order to keep the nanofluid stable, [START_REF] Kamali | Investigation of multiwall carbon nanotubebased nanofluid advantages in microchannel heat sinks[END_REF] and [START_REF] Garg | Numerical and experimental analysis of microchannel heat transfer for nanoliquid coolant using different shapes and geometries[END_REF] who have performed experiments on a MCHS with carbon nanotubes concluded that a surfactant is necessary in nanofluid applications with MCHS as there is no other option to keep the nanofluid stable for a long duration as their MCHS experienced clogged channels due to nanoparticles agglomeration. Today, the presence of surfactants in nanofluids is generally required.

Although there are physical treatments to stabilize a nanofluid, a surfactant is still needed for a long period stability. [START_REF] Garg | Numerical and experimental analysis of microchannel heat transfer for nanoliquid coolant using different shapes and geometries[END_REF] highlighted that different surfactants, however, can change the nanofluid properties even slightly and this may consequently affect the performance of a nanofluid as a coolant. Many surfactants have already been tested with various nanoparticles such as Sodium Dodecylbenzene (SDBS) [START_REF] Wusiman | Thermal performance of multi-walled carbon nanotubes (MWCNTs) in aqueous suspensions with surfactants SDBS and SDS[END_REF][START_REF] Estellé | Thermal conductivity of CNT water based nanofluids: Experimental trends and models overview[END_REF][START_REF] Kim | Experimental investigation of dispersion characteristics and thermal conductivity of various surfactants on carbon based nanomaterial[END_REF], Sodium Dodecyl Sulphate (SDS) [START_REF] Kim | Experimental investigation of dispersion characteristics and thermal conductivity of various surfactants on carbon based nanomaterial[END_REF], Cetyl Trimenthyl Ammonium Bromide (CTAB) [START_REF] Leong | The effect of surfactant on stability and thermal conductivity of carbon nanotube based nanofluids[END_REF][START_REF] Choi | Effect of surfactants on the stability and solar thermal absorption characteristics of water-based nanofluids with multi-walled carbon nanotubes[END_REF], Polyvinylpyrrolidone (PVP) , and Gum Arabic [START_REF] Leong | The effect of surfactant on stability and thermal conductivity of carbon nanotube based nanofluids[END_REF]. As reported by [START_REF] Askar | The surfactants effect on the heat transfer enhancement and stability of nanofluid at constant wall temperature[END_REF] and [START_REF] Ma | Effect of surfactant on the rheological behavior and thermophysical properties of hybrid nanofluids[END_REF], different surfactants can both positively or negatively affect the thermophysical properties of a nanofluid and their efficiency as coolants.

As a contribution of MCHS development and implementation with nanofluids, we report in this study the performance and optimization of a MCHS considering Boron Nitride Nanotubes (BNNTs) nanofluid, its base fluid, a mixture of distilled water and TritonX-100 as surfactant, and distilled water as a reference for two distinct temperatures, 30°C and 50°C respectively. Such an analysis was never reported before, in particular with this kind of nanoparticles and clearly distinguishing the influence of surfactant and nanoparticles. Also, original experimental data for thermophysical properties are presently used while generally models are often used in the literature to evaluate those properties.

Actually, temperatures can eventually modify the MCHS performance [START_REF] Reddy | Influence of size, shape, type of nanoparticles, type and temperature of the base fluid on natural convection MHD of nanofluids[END_REF]. Although there are microprocessors which work above 100⁰ C in industrial computers [START_REF] Bannatyne | ARM Cortex-M0 stretches the limits of high temperature operation[END_REF]and VORAGO Technologies, n.d.), such analysis could benefit even for the current commercial industrial microprocessors such as the Intel Xeon microprocessor which recommends its operation at 40⁰ C -60⁰ C declared by the company, Intel Corporation (2020) as well as Intel Core i7 microprocessor as reported by [START_REF] Chou | Infrastructure[END_REF], to maintain its temperature at 85⁰ C maximum. It is important that modelling analysis of performance from prospective coolants be performed with experimentally obtained properties at potential operating temperatures to provide a reliable outcome before these coolants can be seriously considered in actual applications.

To date, the most common optimization methods for a MCHS are Genetic Algorithm (GA) or Multi-Objective Algorithm (MOGA) which have been utilized by [START_REF] Adham | Optimization of an ammoniacooled rectangular microchannel heat sink using multi-objective non-dominated sorting genetic algorithm (NSGA2)[END_REF]), Halelfadl et al. (2014b), [START_REF] Dokken | Optimization of 3D printed liquid cooled heat sink designs using a micro-genetic algorithm with bit array representation[END_REF], [START_REF] Wu | A Bi-Layer compact thermal model for uniform chip temperature control with non-uniform heat sources by genetic-algorithm optimized microchannel cooling[END_REF][START_REF] Wang | Optimization of a double-layered microchannel heat sink with semi-porous-ribs by multi-objective genetic algorithm[END_REF]. However, an optimization method has been introduced by [START_REF] Eberhart | A new optimizer using particle swarm theory[END_REF] which is Particle Swarm Optimization (PSO). [START_REF] Hassan | A Comparison of Particle Swarm Optimization and the Genetic Algorithm[END_REF] have tested this PSO method for many design applications and found that the optimization for designs with a strict dimension limit such as a MCHS will favour PSO over GA. In terms of efficiency, [START_REF] Ge | Optimal shape design of a minichannel heat sink applying multi-objective optimization algorithm and three-dimensional numerical method[END_REF] have produced higher range of solutions with a lower time of iterations with Multi-Objective PSO (MOPSO) compared to MOGA in mini-channel heat sinks. Comparing MOGA with MOPSO in other applications, the solutions were also much more reliable with MOPSO, as evidenced in thermal acoustic research by [START_REF] Chan | Four-Variable Simultaneous Optimization of the Cooling and Acoustic Power with Particle Swarm Optimization[END_REF].

Therefore, MOPSO will be used in this study for the optimization of the two conflicting objectives that are thermal resistance and pressure drop of a MCHS, for more solutions and reliability. In addition, the dimensions of the walls and channels are taken into consideration in terms of the aspect ratio to find the optimized dimensions of MCHS and numbers of microchannels according to the coolant's properties, as different coolant can lead to different optimized dimensions [START_REF] Pan | Study on the effect of varying channel aspect ratio on heat transfer performance of manifold microchannel heat sink[END_REF].

The paper is organized as follows. In section 2, the fluids under consideration are presented, as well as their thermophysical properties previously evaluated from full experimental characterization. As mentioned before, we will consider Boron Nitride Nanotubes (BNNTs) nanofluid with nanotube content of 0.001 wt.%, its base fluid, a mixture of distilled water and Triton X-100 as surfactant, and distilled water as a reference, to distinguish the impact of surfactant and nanotubes in MCHS performance. Then, the microchannel heat sink modelling and its validation will be shown in Section 3. Later in section 4, the optimization procedure with MOPSO is presented. Thereafter, the main results of this study are detailed evaluating the cooling performance of the different fluids at two distinct temperatures, 30 and 50°C, for fixed dimensions of MCHS. Finally, simultaneous minimization of the thermal resistance and pressure drop is shown under optimized channel aspect ratio and channel width ratio for the BNNTs nanofluid 0.001wt.% at 30°C and 50°C.

Thermophysical Properties of Fluids

The base fluid and nanofluid presently considered for the investigation of MCHS optimization and performance were previously comprehensively investigated in terms of stability and thermophysical properties in Gomez-Villarejo et al. (2019). The different fluids considered in the current study are listed and defined in Table 1. All the details about the characterization of BNNT, the characterization of base fluid and nanofluid were fully reported in Gomez-Villarejo et al. (2019). All important information is briefly reported here. The base fluid was prepared using Triton X-100 as surfactant, 0.35 vol.%, mixed with distilled water. Commercial BNNTs (Sigma-Aldrich©, Saint-Quentin-Fallavier, France) were dispersed in the base fluid from the two-step method using sonication for 2 hours at room temperature. The data of nanofluids with 0.001 wt.% in BNNTs were presently considered. Density was measured by pycnometry, using a thermal bath for controlling the temperature. The isobaric specific heat was measured using a Temperature Modulated Differential Scanning Calorimetry (TMDSC), using a calorimeter supplied by Netzsch© (Germany), model DSC214 Polyma. In addition, thermal conductivity was measured by using the laser flash technique (LFA) using a system supplied by Netzsch© (Germany), model LFA467 HyperFlash. This technique is able to measure thermal diffusivity, D, which can be related to thermal conductivity by using the Standard ASTM E 1461-01. Shear flow curves and dynamic viscosity were evaluated from Kinexus Pro rheometer under steady-state conditions and with cone and plate geometry. All the measured properties at 30°C and 50°C presently used are gathered in Table 2. Overall, it is observed that the thermophysical properties of water are increased by the presence of surfactant and BNNTs respectively. The thermal conductivity and isobaric specific heat increase with temperature while density and viscosity decrease as expected. 

Microchannel heat sink modelling and validation

Figure 1 is the schematic of a MCHS that was first introduced by Tuckerman and Pease (1981) and redrawn by [START_REF] Adham | Optimization of an ammoniacooled rectangular microchannel heat sink using multi-objective non-dominated sorting genetic algorithm (NSGA2)[END_REF]. The material of the MCHS is made of silicon which is also the base of the MCHS that is attached on top of the microprocessor. The top layer is an adiabatic cover to prevent vertical heat loss and to ensure the effectiveness of the system.

Figure 1: Schematic structure of a rectangular cross section MCHS [START_REF] Adham | Optimization of an ammoniacooled rectangular microchannel heat sink using multi-objective non-dominated sorting genetic algorithm (NSGA2)[END_REF] The design parameters of the MCHS in Figure 1 are listed in Table 3. 

Thickness of base t

The design variables, the channel aspect ratio, α and channel width ratio, β that are managed for the optimization of a MCHS, are defined as [START_REF] Adham | Optimization of an ammoniacooled rectangular microchannel heat sink using multi-objective non-dominated sorting genetic algorithm (NSGA2)[END_REF]:

c c w H   (1) c w w w   (2)
The performance of MCHS is evaluated by its thermal and pressure drop performance. Heat and flow conditions in the theoretical model are considered in steady state and under developed laminar flow with constant thermophysical properties. The thermal performance of a MCHS is described by its total thermal resistance consisting of the thermal resistance from the heat source to the top of the MCHS base, the resistance to heat from the MCHS base and wall of the microchannel to the coolant via convection and the capacitance resistance of the fluid itself. The total is expressed from the model developed by [START_REF] Tuckerman | High-Performance Heat Sinking for VLSI[END_REF]:

Total Conductive Convective Capacitive R R R R    (3)
where each resistance is defined as follow,
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In the previous equations, k hs , is the thermal conductivity of the heat sink, C pf , is the specific heat capacity of the fluid, µ f is the viscosity of the fluid, η, is the efficiency of the microchannel wall utilizing adiabatic fin equation, Re, is the Reynold number and h av , is the average heat transfer coefficient which is calculated via the correlation proposed by [START_REF] Kim | Forced Convection in Microstructures for Electronic Equipment Cooling[END_REF] considering the thermal conductivity of fluid, k f . The Reynold number, Re, and average heat transfer coefficient, h av are defined as,

1 2 Re        c f f nH G (7) h f av D Nuk h  (8)
where the Nusselt number, Nu, and the hydraulic diameter, D h , are defined respectively as

2 3 1 164 . 8 253 . 2            Nu (9) (10)
The fin efficiency, η ,is calculated based on fin theory as

  c c mH mH tanh   ( 11 
)
and m is the fin parameter given by the following equation.

w f avg w k h m 2  (12)
The heat source is assumed to be homogeneously spread throughout the silicon base of the MCHS and is transferred to the microchannels directly by the thickness of the base. Conductivity of silicon below 1000 K is expressed by the following formula by [START_REF] Prakash | Thermal conductivity variation of silicon with temperature[END_REF] and validated through experimental results of [START_REF] Glassbrenner | Thermal Conductivity of Silicon and Germanium from 3°K to the Melting Point[END_REF]:
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Reaching the microchannel surfaces directly and indirectly via base and fins along the microchannels, the heat source transferred via convection is affected by the efficiency of the fins. The heat is then stored by the fluid's capacitance or properties which is expressed as the capacitive resistance.

The pressure drop, P, related to the hydrodynamic performance is calculated via relationships that have been developed by [START_REF] Knight | Optimal thermal design of air cooled forced convection finned heat sinks-experimental verification[END_REF], [START_REF] Kleiner | High performance forced air cooling scheme employing microchannel heat exchangers[END_REF], [START_REF] Copeland | Optimization of parallel plate heatsinks for forced convection[END_REF] 
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where f app is the friction factor caused by the developing and developed flow regions defined as,   

In the previous equation, B is the geometrical factor defined by Bejan (1995),
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Validation

The validation process consists of comparisons of the outcomes of the current model with all the experimental results from the landmark study by [START_REF] Tuckerman | High-Performance Heat Sinking for VLSI[END_REF]. [START_REF] Tuckerman | High-Performance Heat Sinking for VLSI[END_REF] designed their microchannels with three different sizes due to manufacturing tolerance denoted model A, B and C respectively in Table 4. These differences in dimensions have been expressed in terms of α and β variation in Table 5. Table 4 and Table 5 list the parameters used by [START_REF] Tuckerman | High-Performance Heat Sinking for VLSI[END_REF] and validation of thermal resistance and pressure drop obtained from equations (1) to (18) respectivley. According to Table 4, it can be seen that each model has different microchannel dimensions and flow velocity, affecting heat transfer parameters and flow condition. Table 5 shows validation result yielding distinct differences ranging from 0.13% to 18.73% for the thermal resistance and 13.33% to 24.07% for the pressure drop. A quite good agreement between T&P and present study for both the thermal resistance and pressure drop is found with model B with a channel height, H c , of 302 μm. The deviation can be explained by the different properties of coolants used. In [START_REF] Tuckerman | High-Performance Heat Sinking for VLSI[END_REF], deionized water at 23°C was studied while in this study the properties of distilled water were considered at 30°C, as gathered in Table 2. Based on this result, the dimensions according to model B was chosen in the current study to evaluate the performance of MCHS using experimental thermophysical properties of the fluids, as described in the following. The channel height, H c , of the microchannel remained constant at 302 μm throughout the study including in optimization associated with aspect ratio, α, as in equation (1).

Optimization Procedure

Thermal resistance, R th , and pressure drop, ΔP , are two conflicting objectives in enhancing the performance of a MCHS. MOPSO algorithm and coding were adapted from [START_REF] Mohammad | Intelligence modelling and active vibration control of flexible structures[END_REF] to describe the performance through the function for thermal resistance and pressure drop following equation ( 3) and ( 14), respectively. Two design variables, aspect ratio, α, and width ratio, β, as defined in equation ( 1) and ( 2) respectively were set to the limits shown in Table 4 with a constant channel height, H c , at 302 µm. The limits of aspect ratio, α, only extend channel width, w c , from 50 µm to be expended to a fixed size of the channel height, H c , at 302 μm. 50 µm was chosen to be the minimum channel width to ease the comparison with the pioneer dimension of that MCHS by [START_REF] Tuckerman | High-Performance Heat Sinking for VLSI[END_REF] to highlight the coolant's thermal performance. While width ratio, β, limits the minimum of channel width, w w , to 5 µm according to flexure width done by [START_REF] Chan | High-throughput design and fabrication of an integrated microsystem with high aspect-ratio sub-micron pillar arrays for free-solution micro capillary electrophoresis[END_REF]. Current micromachining and etching limitation do surpass 5 µm but it is prone to defect such as scalloping and researches were mostly focused on microchannel or trench dimension rather than its wall [START_REF] Kiihamäki | Pattern shape effects and artefacts in deep silicon etching[END_REF][START_REF] Chan | High-throughput design and fabrication of an integrated microsystem with high aspect-ratio sub-micron pillar arrays for free-solution micro capillary electrophoresis[END_REF][START_REF] Chen | Fabrication and characterization of DRIEmicromachined electrostatic microactuators for hard disk drives[END_REF][START_REF] Lindroos | Handbook of Silicon Based MEMS Materials and Technologies[END_REF]; [START_REF] Lips | Three step deep reactive ion etch for high density trench etching[END_REF][START_REF] Tang | Ultra Deep Reactive Ion Etching of High Aspect-Ratio and Thick Silicon Using a Ramped-Parameter Process[END_REF]. The lower and upper limits of the design variables are the maximum and minimum size for channel width, w c , and wall width, w w , for the microchannels with a constant channel height, H c. Utilizing MOPSO optimization, aspect ratio, α, and width ratio, β, adhere to the main equation of particle swarm as follows,

(19) (20)
Where x is the position of the particle randomly placed initially in 2-dimensional space of x-axis and y-axis representing α and β, and v is the velocity of the particle. The subscript t is the initial or current iteration and t+1 is the next iteration. As each swarm particle in MOPSO was positioned randomly following the limits and changes of their velocity at every iteration, the velocity was guided by best particle referred by every individual particle, p best , best particle referred by all or global particle, g best , and particles' own velocity.

According to [START_REF] Clerc | The swarm and the queen: towards a deterministic and adaptive particle swarm optimization[END_REF], acceleration known as C 1 and C 2 was added to adjust p best and g best velocity, respectively finer particle dispersion which later also appended with weight to adjust its own velocity for a better solution by [START_REF] Eberhart | Particle swarm optimization: developments, applications and resources[END_REF]. The weight, C 1 and C 2 were obtained by test and error and according to [START_REF] Clerc | The swarm and the queen: towards a deterministic and adaptive particle swarm optimization[END_REF]. This adjustment via weight and acceleration ensures that the particles pass the good solution area and are not too small for better regions left unexplored. The weight, C 1 , and C 2 were set as in Table 7.

Table 7: weight and acceleration range.

Velocity Adjuster

Range weight 0.1-1 C 1 1.5 C 2 1.5
With the structured algorithm, pareto front will be generated with both objective functions and every solution produced will dictate a different design of a MCHS according to the desired thermal resistance and pressure drop. The fundamental steps of a MOPSO are shown in Figure 2. In this study, position of the swarm particles resembles the dimension of a microchannel via aspect ratio, α, and width ratio, β. 

Analysis of coolant performance

To study the effects of the surfactant TX-100 and the content of BNNTs on the thermal resistance and pressure drop, the results are compared to those with distilled water, including the effect of temperatures, 30⁰ C and 50⁰ C. These theoretical data of thermal resistance and pressure drop were obtained by substituting the thermophysical properties of all three fluids into the relevant equations with the dimensions of model B. Figure 3 is the bar chart of the thermal resistance and pressure drop for all three fluids to show clearly the impact of the presence of the surfactant TX-100 and BNNTs compared to distilled water. Table 8 includes the percentage difference compared to distilled water (H 2 O) following equation ( 21) where z is the thermal resistance or pressure drop of base fluid and BNNTs nanofluid 0.001wt.%, and y is the thermal resistance or pressure drop of distilled water. Table 8: Thermal resistance, R th , and pressure drop, P, for all fluids Generally, the thermal resistance is high at a higher temperature for all types of fluids investigated here, an increase between 2.5% to 3.7% from 30C to 50C is noticed. Compensating for the high thermal resistivity, all coolants from 30C to 50⁰ C have a significant lower pressure, lowered by 32% to 38% compared to that at 30C. The thermal resistance and pressure drop are well established to have conflicting effects on each other, an increase in one, results in a decrease in the other.

At 30⁰ C, adding surfactant TX-100 into distilled water decreases the thermal resistance by 0.82%. The thermal conductivity and heat capacity of TX-100 mix is higher than water by 0.007W/mK and 0.0481 J/kg.K, respectively, lowering the capacitance resistance. Referring to Table 2, the viscosity increases, directly increasing the friction factor and pressure drop. This is aligned with the statement of [START_REF] Garg | Numerical and experimental analysis of microchannel heat transfer for nanoliquid coolant using different shapes and geometries[END_REF], [START_REF] Xia | The characteristics of convective heat transfer in microchannel heat sinks using Al2O3 and TiO2 nanofluids[END_REF], and [START_REF] Ghasemi | Numerical study on effect of CuOwater nanofluid on cooling performance of two different cross-sectional heat sinks[END_REF], a surfactant might impact a MCHS performance as different types of surfactant will change the coolant's properties accordingly. In this study, it is clear that the presence of surfactant TX-100 in water already lowers the thermal resistivity at 30⁰ C. Addition of BNNTs at 0.001 wt.% increases both the thermal conductivity and heat capacity each by 1.5%, in agreement with various reports utilizing nanofluid as coolant; [START_REF] Hasan | Investigation of flow and heat transfer characteristics in micro pin fin heat sink with nanofluid[END_REF]and [START_REF] Azizi | Thermal performance and friction factor of a cylindrical microchannel heat sink cooled by Cu-water nanofluid[END_REF]. Nevertheless, the thermal performance difference between base fluid and BNNTs nanofluid 0.001wt.% is only about 0.12%, quite insignificant.

As adding TX-100 to distilled water decreases thermal resistance, it also increases the pressure drop by 6.62% due to the increase of density and viscosity. Low content in BNNTs actually reduces both thermal resistance and pressure drop for the same amount of 0.12% as compared to base fluid as shown in Table 8. Although the improvisation is quite insignificantly low for only 0.12% difference for both conflicting objectives of thermal At 50⁰ C, where all fluids have a higher thermal conductivity up to 0.567 W/mK compared to that at 30C, all fluids are expected to have a lower thermal resistance. However, since there was a significant drop of base's conductivity for silicon, heat capacity, C p , and viscosity, µ, for all the fluids, thermal resistance eventually increases up to 0.0878 K/W for both distilled water and base fluid, and 0.0867 K/W for BNNTs nanofluid 0.001wt.%. Increment of fluid conductivity might have increased the heat transfer coefficient, h, that improves the convective resistance, R conv , but the significant increase in the thermal resistance at 50⁰ C was driven by the coolant's heat capacity resistance and conductive resistance. Fluid capacity resistance, R cap , is a result of two major factors; heat capacity, C p , and viscosity, µ, as given in equation ( 6) as well as the effect of decreasing viscosity which increases the Reynolds number, Re. The conductive resistance, R cond , will have a huge spike as the conductivity, k b , of silicon base drops from 148 W/mK to 131.7 W/mK at 50C. The low viscosity has led to a higher thermal resistance which consequently also contributes greatly towards a decrease in the pressure drop as shown in Figure 3.

Referring to Table 2, the base fluid acquired a higher heat capacity and lower thermal conductivity compared to distilled water at 50⁰ C. But in Figure 3 and Table 8, the results show no change in its thermal resistance as it was outweighed due the decrease in viscosity. The balance in the thermophysical properties changes by adding surfactant TX-100 into distilled water have no improvement nor degradation of the fluid performance. With the reduction of viscosity, base fluid pressure drop was decreased by 3.96% at 50⁰ C. It is observed that the presence of surfactant TX-100 has no impact on the thermal resistance. BNNTs nanofluid 0.001wt.% shows a significant drop in thermal resistance compared to water and base fluid, improved by 1.25%. Adding nanotubes and surfactant is expected to increase the pressure drop. However, in this case, surfactant TX-100 positively impacts the properties which reduces the pressure drop. The presence of BNNTs increases the pressure drop due to the increase in nanofluid viscosity compared to base fluid. However, at 50⁰ C, adding Triton X-100 surfactant into distilled water has no impact on thermal resistance but definitely benefits on improving the pressure drop. The use of BNNTs nanofluid 0.001wt.% improves the thermal resistance with a slight increase in pressure drop compared to TX-100 mix but still lower than distilled water. Therefore, use of nanofluid already leads to improve a 1cm x 1cm MCHS performance with both lower thermal resistance and pressure drop compared to distilled water with the same microchannel dimension.

Performance of coolants with optimized dimensions at constant H c = 302 µm

The preceding section reports the theoretical outcomes of the performance analysis when all the parameters are fixed as in Model B. Next, simultaneous minimization of the thermal resistance and pressure drop is completed under optimized channel aspect ratio, α, and channel width ratio, β, for the BNNTs nanofluid 0.001wt.%. The channel aspect ratio, α, and channel width ratio, β, are set in the range limit as in Table 6 describing the geometry restriction referred in equation ( 1) and ( 2) which MOPSO search for the optimized values in those range such that both the thermal resistance and pressure drop are simultaneously minimized. This is done to explore cooling possibilities in attaining both the conflicting objectives; low thermal resistance as well as low pressure drop. This reduction can be done by adjusting the dimensions of the MCHS. Different fluids will be expected to run best at different geometry according to their properties. The pareto front shown in Figure 4 exhibits the optimization results obtained by manipulating the channel and wall width via the aspect ratio with a constant channel height of 302 µm, a maximum of one hundred iterations and minimum of ten repetitions. The red rectangle indicates the best thermal performance acquiring the lowest resistance, consequently at the highest pressure drop. Green circle on the other hand shows the balance of both thermal resistance and pressure drop. The two solution sets depend on the desire of implementations either for only maximum heat removal or with economic consideration as well, as pressure drop stipulates power consumption. Each of the points in the chart yields a specific dimension set of the channel and wall width of the MCHS. The dimensions reaching the optimized result output of the MCHS, however, must comply with the limits of the tolerance and capability of manufacturing or etching type during a MCHS production. extracted from the pareto front in green circle with that of the theoretical values for BNNTs nanofluid 0.001wt.% for both temperatures of 30C and 50C. The reduction and increment of optimized results are calculated using Equation ( 21) with z now being the optimized value and y the theoretical one for BNNTs nanofluid 0.001wt.%. The seven selected solutions for both temperatures show a decrease in the pressure drop by up to more than 80% with the consequence of an increase in the thermal resistance by up to more than 70%. Compared to the theoretical values, the pressure drop decreases from 37.4 psi to 5.4 psi at 30⁰ C and 23.6 psi to 3.3 psi at 50⁰ C. Although the thermal resistances listed increased greatly by 18.2% to 78.6%, the other objective which is the pressure drop reduced tremendously indicating possibilities in energy saving in low heat removal applications. To find the best MCHS performance with the lowest values in thermal resistance, solutions in red rectangle from Figure 4 are discussed in the following.

Table 10 lists the comparison for lowest thermal resistance and corresponding pressure drop extracted from the pareto front for BNNTs nanofluid 0.001wt.% for six extracted results. As previously, the reduction and increment of optimized results are calculated using Equation ( 21) with z the optimized value and y the theoretical one for BNNTs nanofluid 0.001wt.%. These results are taken from the red box in Figure 4. The possibilities involve: a) Lower thermal resistance and pressure drop. b) Higher thermal resistance with a greater decrease in pressure drop. Although improvement of the thermal resistance is often followed up with the increase in the pressure drop, optimization has shown the possibility of further minimizing both the thermal resistance and pressure drop for best MCHS performance with BNNTs nanofluid 0.001wt.%. Two options are possible to decrease both the thermal resistance and pressure drop at 30⁰ C and 50⁰ C. Referring to Table 10, BNNTs nanofluid 0.001wt.% has improved its thermal resistance at 30⁰ C and 50⁰ C by 2.86% and 2.45%, respectively with a reduction in the pressure drop of more than 28%. For comparison purpose, Figure 5 is a bar chart of the least thermal resistance for all three fluids at 30⁰ C and 50⁰ . Table 11 includes the percentage difference of TX-100 mix and BNNTs nanofluid 0.001wt.% with distilled water under optimized conditions of the aspect ratio and wall width to channel ratio. Again, equation ( 21) is used, where z is the thermal resistance or pressure drop of TX-100 mix and BNNTs nanofluid 0.001wt.% with optimization and y is the thermal resistance or pressure drop of distilled water with optimization. At 30⁰ C, both Figure 5 and Table 11 evidence BNNTs nanofluid 0.001wt.% does not reduce the thermal resistance as compared to TX-100 mix, both percentages being identical. Hydrodynamically, the pressure drop induced by BNNTs nanofluid 0.001wt.% might be mainly due to the presence of TX-100 mix as TX-100 reduces the pressure drop by 8.8%. While BNNTs nanofluid 0.001wt.% further reduces the pressure drop by 1.6%. At this temperature surfactant TX-100 might be the root of the improvement rather than the BNNTs even with optimization of microchannel design. This suggests that surfactant TX-100 could be the reason behind the drop in thermal resistance at 30⁰ C and surfactant plays a significant role in low temperature MCHS application. At 50⁰ C, BNNTs nanofluid 0.001wt.% performance optimization improves the thermal performance of the MCHS by 1.3% compared to distilled water. Although the TX-100 mix has insignificant difference for its thermal resistance compared to water, optimization indicates a pressure drop reduction to 16.52 psi possibly due to the lower viscosity. Optimization has shown the potential of achieving simultaneous conflicting objectives, in the current study minimization of the thermal resistance and pressure drop. Particularly for BNNTs nanofluid 0.001wt.%, the reduction of thermal resistance was not accompanied with higher pressure drop.

With multiple solutions provided through optimization, Table 12 and 13 present the dimensions for channel and wall width including the number of microchannels, n, for balance performance and minimum thermal resistance, respectively. These dimensions are set as reference for the possible outcomes of selected desired objective(s), that of a balance between the thermal resistance and pressure drop, and that of minimum thermal resistance only, both tables have a fixed channel height of 302µm. Referring to both Table 12 and Table 13, the minimum size of a channel width is 50.1 µm which is certainly able to be fabricated even with the same process of KOH etching as the pioneer MCHS by [START_REF] Tuckerman | High-Performance Heat Sinking for VLSI[END_REF]. The combinations of various channel widths and wall widths show a significant difference in channel numbers, n per 1cm 2 of a MCHS, to improve convective thermal resistance as in equation ( 5). Referring to Table 12, the two obtained solutions lead to a minimum dimension of wall width of about 10 µm. According to [START_REF] Lindroos | Handbook of Silicon Based MEMS Materials and Technologies[END_REF], wall dimensions above 5 µm can be produced with Deep-Reactive Ion Etching (DRIE) method smoothly without any defect of scalloping or wavy wall, which all optimized solutions given in Table 12 and 13 are possible to be manufactured steadily. Wavy or scalloping will cause a higher pressure drop as the surface area of microchannel increases which current model for pressure drop used will be irrelevant. [START_REF] Lindroos | Handbook of Silicon Based MEMS Materials and Technologies[END_REF] explained that DRIE method is a preferable fabrication process for a MCHS compared to KOH etching in term of cost, speed, and depth but limited to etch on one side of a substrate only. Recently, the method has been used by [START_REF] Back | Design, Fabrication, and Characterization of a Compact Hierarchical Manifold Microchannel Heat Sink Array for Two-Phase Cooling[END_REF] producing channel and wall width of 19µm and 11µm respectively for their 5mm x 5mm MCHS experimentation including its manifold to direct coolants into the MCHS and expel the hot coolant. This confirms that all of the optimized options might be able to be produced without any complication. It could be a design reference to produce the best performance of a MCHS utilizing BNNTs nanofluids 0.001 wt.%.

Conclusion

Accuracy and reliability of the MCHS optimization output is directly driven by the thermophysical properties of the fluids, in particular newly developed potential coolants such as nanofluids. Therefore, it is desirable to model expected performances based on real data extracted through experiments. This was done in the present work considering Boron Nitride Nanotubes (BNNTs) nanofluid with nanotube content of 0.001 wt.%, its base fluid, a mixture of distilled water and Triton X-100 as surfactant, and distilled water as a reference, to distinguish the impact of surfactant and nanotubes in MCHS performance. The thermal and hydrodynamic performances of MCHS with these fluids were evaluated from MOPSO optimization technique and at two distinct relevant temperatures, 30 and 50°C respectively. The main findings of this study are the following:

1) Adding 0.001wt.% of BNNTs in base fluid at 30⁰ C has no significant impact on MCHS performance as surfactant TX-100 in distilled water already decreases thermal resistance with consequence of pressure drop increase. Optimizing MCHS at 30⁰ C further reduces pressure drop as low as 8.8%, highlighting that TX-100 mix is able to improve MCHS performance without the need of nanotubes. The surfactant significantly impacts MCHS performance for low temperature MCHS system.

2) At 50⁰ C, surfactant TX-100 in distilled water paired cooperatively with 0.001wt% BNNTs as the base fluid has no deterioration of thermal resistance and reduces pressure drop of MCHS by 3.96%. This mitigates BNNTs nanofluid 0.001wt% increase of pressure drop around 2% and improves the thermal resistance of MCHS system by 1.25%. Optimizing MCHS at 50⁰ C with TX-100 mix and BNNTs nanofluid 0.001wt.%, the nanofluid acquired lower pressure drop by 3.2% due to the surfactant with a little improvement in thermal resistance. BNNTs shows a good relationship with surfactant TX-100 in distilled water for higher temperature of MCHS application and performance, due to the increase of thermal properties of nanofluid, without significant change in viscosity.

3) The heuristic approach of MOPSO has shown various options opened to designers and engineers; a balanced thermal and hydrodynamic performance, or any of the combinations of the optimal solutions generated. The options selected will depend on end-use, all optimized solutions are possible to be manufactured with lowest wall width dimension for about 10 µm and up to 150 microchannels.

As a continuation, higher concentrations of BNNTs in nanofluid could be investigated to explore more Pareto front patterns for optimal results with lower thermal resistance and pressure drop, within a trade-off between thermal properties and viscosity of nanofluids. A similar modelling and optimization approach could also be performed with other types of nanofluids, and higher temperature range.
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 2 Figure 2: Multi-Objective Particle Swarm Optimization (MOPSO) Flowchart

Figure 3 :

 3 Figure 3: Thermal resistance, R th , and pressure drop, P, for the different fluids at 30⁰ C and 50⁰ C

Figure 4 :

 4 Figure 4: Pareto front of BNNTs nanofluid 0.001wt.% using MOPSO at 30⁰ C and 50⁰ C

Figure 5 :

 5 Figure 5: Minimum thermal resistance, R th , and associated pressure drop, P, at 30⁰ C and 50⁰ C

Table 1 :

 1 Types of fluids studied and their definitions

	Fluids	Definitions
	Distilled water	Distilled Water (H 2 O) without any additives
	TX-100 mix or base fluid	Distilled Water (H 2 O) with 0.35 vol% of
		surfactant TX-100
	BNNTs nanofluid 0.001 wt. %	Distilled Water (H 2 O) with 0.35 vol% of
		surfactant TX-100 and 0.001 wt.% of Boron
		Nitride NanoTubes

Table 2

 2 

	: Properties of distilled water, TX-100 mix and BNNTs nanofluids 0.001 wt. % at
			30°C and 50°C	
		Properties at 30⁰ C		
		k(W/mK)	(kg/m 3 )	Cp(J/kg.K)	µ(Ns/m 2 )
	Distilled Water	0.536	997.0	4.017	0.756
	TX-100 mix	0.543	997.1	4.065	0.809
	BNNTs nanofluid 0.001 wt. %	0.544	997.4	4.076	0.808
		Properties at 50⁰ C		
	Distilled Water	0.560	989.8	4.004	0.505
	TX-100 mix	0.558	989.9	4.020	0.483
	BNNTs nanofluid 0.001 wt. %	0.567	990.2	4.115	0.494

Table 3 :

 3 Design parameters of MCHS

	MCHS Total Width	W Channel Height	H c
	MCHS Total Height	H Channel Width	w c
	MCHS Total Length	L	Wall Width	w w

  , and Adham et al. (2012);

	with each pressure drop term defined as,		
	& Constriction Expansion	1.79 2.32	1	11 0.53 1	f	2 2
	Total P 	Laminar P  	& Constriction Expansion P  	(14)

Table 4 :

 4 Parameters with that ofTuckerman and Pease (T&P, 1981) 

		Parameters	
			Author	
		T&P Current	T&P Current	T&P Current
	Model	A	B	C
	H c (μm)	287	302	320
	w c (μm)	55	50	56
	w w (μm)	45	50	44
	t (μm)	143	256	213
	V (m/s)	4.1	5.4	2.6
	Re	501	644	330

Table 5 :

 5 Validation with that ofTuckerman and Pease (T&P, 1981) 

			Validation			
				Author		
		T&P Current	T&P Current	T&P Current
	Model	A		B		C
	H c (μm)	287		302		320
	α	5.2182		6.04	5.7143
	β	1		0.8182	0.7857
	R th (W/K)	0.113	0.092	0.090	0.085	0.110	0.110
	P (psi)	17	21.1	31	35.1	15	12.6
	error R th (%)	-	18.7%	-	5.08%	-	0.27%
	error P(%)	-	24.1%	-	13.3%	-	15.9%

Table 6 :

 6 Lower and Upper Limits of the design variables.

	Design Variables	Lower Limits	Upper Limits
	α	1	6.04
	β	0.10	1

  drop, in normal circumstances the presence of nanotubes or nanoparticles in base fluid for MCHS applications usually improve thermal resistance with the consequence of degrading pressure drop. Referring to equation (15) to equation (17), pressure drop is influenced by viscosity, µ, through Reynold number, Re, from equation (7) and density, ρ. The mentioned properties in Table2indicate that nanofluid with 0.001 wt.% in BNNTs has higher density compared to base fluid with viscosity only lowered by 0.001 Ns/m 2 . In term of pressure drop with the same microchannel dimension for MCHS, viscosity plays a larger role on hydrodynamic performance compared to density affecting apparent friction factor, f app .

	resistance and pressure					
		Thermal Resistance, R th (K/W)	Pressure Drop, P (psi)
	Fluid	Distilled Water (H 2 O)	TX-100 mix	BNNTs nanofluid 0.001 wt.%	Distilled Water (H 2 O)	TX-100 mix	BNNTs nanofluid 0.001 wt.%
	30⁰ C	0.0854	0.0847	0.0846	35.1	37.5	37.4
	50⁰ C	0.0878	0.0878	0.0867	24.1	23.2	23.6
	30⁰ C -						
	percentage						
	difference	-	-0.82%	-0.94%	-	6.62%	6.50%
	compared to						
	H2O.						
	⁰ C -						
	percentage						
	difference	-	0.00%	-1.25%	-	-3.96%	-1.97%
	compared to						
	H2O.						

Table 9

 9 lists the comparison of the thermal resistance and pressure drop (R th and P)

Table 9 :

 9 Balanced thermal resistance, R th , and pressure drop, P

		BNNTs nanofluid 0.001 wt.% at	BNNTs nanofluid 0.001 wt.% at
			30⁰ C			50⁰ C	
	No. R th (W/K) P(psi)	R th cf. (%)	P cf. (%)	R th (W/K) P(psi)	R th cf. (%)	P cf. (%)
	1	0.147	5.43	74.0	-85.5	0.155	3.30	78.6	-86.0
	2	0.144	6.26	69.9	-83.3	0.132	4.39	52.6	-81.4
	3	0.143	6.68	68.7	-82.2	0.124	5.11	42.5	-78.4
	4	0.132	6.78	55.6	-81.9	0.122	5.58	41.2	-76.4
	5	0.127	7.30	50.6	-80.5	0.114	6.38	31.9	-73.0
	6	0.126	7.66	48.4	-79.5	0.106	8.15	22.2	-65.5
	7	0.118	9.04	39.4	-75.8	0.103	8.76	18.2	-62.9

Table 10 :

 10 Minimum thermal resistance, R th , and associated pressure drop, P

		BNNTs nanofluid 0.001 wt.% at	BNNTs nanofluid 0.001 wt.% at
			30⁰ C			50⁰ C	
	No. R th (W/K) P(psi)	R th cf. (%)	P cf. (%)	R th (W/K) P(psi)	R th cf. (%)	P cf. (%)
	1	0.0890	19.2	5.21	-48.7	0.0891	13.0	2.82	-45.2
	2	0.0883	19.5	4.39	-48.0	0.0880	14.2	1.45	-40.1
	3	0.0857	21.3	1.26	-43.1	0.0880	13.4	1.54	-43.1
	4	0.0855	22.7	1.08	-39.3	0.0861	15.0	-0.66	-36.6
	5	0.0836	23.2	-1.15	-38.0	0.0852	16.1	-1.78	-31.8
	6	0.0822	25.5	-2.86	-31.9	0.0846	17.0	-2.45	-28.0

Table 11 :

 11 Comparison of minimum thermal resistance, R th , and associated pressure drop, P,

				for all fluids			
		Thermal Resistance, R th (K/W)	Pressure Drop, P (psi)
		Distilled Water (H 2 O)	TX-100 mix	BNNTs nanofluid 0.001 wt.%	Distilled Water (H 2 O)	TX-100 mix	BNNTs nanofluid 0.001 wt.%
	30⁰ C	0.0829	0.0822	0.0822	28.4	25.9	25.5
	50⁰ C	0.0857	0.0857	0.0846	17.6	16.5	17.0
	30⁰ C -						
	percentage						
	difference	-	-0.8%	-0.8%	-	-8.8%	-10.4%
	compared to						
	H2O.						
	⁰ C -						
	percentage						
	difference	-	0.05%	-1.3%	-	-6.1%	-3.2%
	compared to						
	H2O.						

Table 12 :

 12 Balanced performance for optimized MCHS for BNNTs nanofluid 0.001wt.%

		BNNTs nanofluid 0.001 wt.% at		BNNTs nanofluid 0.001 wt.% at
				30⁰ C				50⁰ C	
	No.	R th (W/K)	P (psi)	w c (µm)	w w (µm)	n	R th (W/K) P(psi)	w c (µm)	w w (µm)	n
	1	0.147	5.43	106.4 16.6 81	0.155	3.30	113.4 24.5 72
	2	0.144	6.26	106.4 31.6 72	0.132	4.39	91.4 14.7 94
	3	0.143	6.68	105.1 36.2 70	0.124	5.11	87.2 20.3 93
	4	0.132	6.78	95.4 18.9 87	0.122	5.58	77.4	9.4 115
	5	0.127	7.30	92.6 20.5 88	0.114	6.38	72.9 10.9 119
	6	0.126	7.66	85.8 11.9 102	0.106	8.15	72.6 29.1 98
	7	0.118	9.04	85.4 26.1 89	0.103	8.76	61.3	9.7 140

Table 13 :

 13 Minimum thermal resistance for an optimized MCHS for BNNTs nanofluid 0.001wt.%

		BNNTs nanofluid 0.001 wt.% at		BNNTs nanofluid 0.001 wt.% at
			30⁰ C				50⁰ C	
	No.	R th (W/K)	P (psi)	w c (µm)	w w (µm)	n	R th (W/K) P(psi)	w c (µm)	w w (µm)	n
	1	0.0890	19.2	57.6 21.7 126	0.0891	13.0	54.4 18.9 136
	2	0.0883	19.5	56.7 20.0 130	0.0880	14.2	53.9 23.7 128
	3	0.0857	21.3	54.1 24.3 127	0.0880	13.4	52.2 15.9 146
	4	0.0855	22.7	52.1 14.5 150	0.0861	15.0	51.6 21.1 137
	5	0.0836	23.2	50.5 15.7 150	0.0852	16.1	50.8 23.9 133
	6	0.0822	25.5	50.1 20.7 141	0.0846	17.0	50.3 25.9 131
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