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Abstract: The heat transfer performances of a microchannel heat sink in the presence of a nanofluid can be affected by the attachment of nanoparticle (NP) on the microchannel wall. In this study, the mechanisms underlying NP transport and attachment are comprehensively analyzed by means of a coupled double-distribution-function lattice Boltzmann model combined with lattice-gas automata. Using this approach, the temperature distribution and the two-phase flow pattern are obtained for different values of the influential parameters. The results indicate that the number of attached NPs decrease exponentially as their diameter and the fluid velocity grow. An increase in the wall temperature leads to an increase of the attached NPs, e.g., the Al2O3 NPs attached on the CuO microchannel wall increases by 105.8% in the range between 293 K and 343 K. There are more attached NPs in microchannels with an irregular structure. The tendency of SiO2 NP to attach to the PDMS (polydimethylsiloxane), Fe and Cu walls is less significant than that for Al2O3 and CuO NP; Moreover, NPs detach from the PDMS microchannel wall more easily than from the Cu and Fe microchannel walls. The SiO2 attachment layer has the greatest influence on the heat transfer performance although its thickness is thinner than that for Al2O3 and CuO NPs under the same conditions.

Keywords: Double-distribution-function lattice Boltzmann method; lattice gas automata; microchannel; nanoparticle (NP); attachment



1  Introduction

In recent years, nanofluids that comprise a base fluid and nano-sized particles have been widely applied in microelectronics, aerospace, medical treatment, clean energy and chemical engineering owing to high specific surface area and high thermal conductivity [1–5]. For example, nanofluids can be used as potential heat transfer fluids in microchannel heat sinks due to their enhanced thermophysical properties [6,7]. Carbon nanotubes, copper oxide, aluminium oxide and silicon dioxide [8,9] are commonly used for nanoparticles while organic fluids and water are utilized for based fluid [10]. The attachment of nanoparticles (NPs) to microchannel walls, which has a significant influence on the heat transfer performance of microchannel devices in microflow systems, is an unavoidable phenomenon during the NP transport process in microchannels and probably results in abrasion and clogging of the equipment. Therefore, obtaining a good understanding of the behaviors of NP transport and attachment in microchannels is of great importance.

The NP attachment to a microchannel wall surface is often considered as a two-step process [11]. First, the NPs arrive at the vicinity of the surface via the action of the fluids. Then, the NPs attachment occurs through the specific interaction between the NPs and the microchannel surface. The transport and attachment of NPs may be affected by many factors, such as fluid temperature, NP size and material, fluid velocity, microchannel material and wall structure. Many attempts have been made to investigate the transport and attachment of NPs in microchannels. Wu et al. [12] found in experiments that Al2O3 NPs attached easily to the inner wall of a microchannel with the increase of the wall temperature. Decuzzi et al. [13] analyzed the effect of NP volume on the specific adhesive interaction between a non-spherical NP and a substrate and found that there existed an optimal volume for the maximum adhesive strength for a fixed shape of NP. Toy et al. [14] demonstrated experimentally that different NP materials displayed different depositions. Jeong et al. [15] and Lima et al. [16] found that fluid velocity had significant effects on NP transport and attachment for particles smaller than 600 nm. Thomas et al. [17] reported the effect of channel geometry on NP distribution in the bifurcation microchannel. Shah et al. [18] modeled the attachment dynamics of spherical and rod NPs and found that rod-shaped NPs had higher deposition probability than spherical NPs. Haunet et al. [19] analyzed experimentally the effect of the surface conditions of NPs and substrate on the attachment and detachment behaviors of a 210 nm NP. Generally, the NP attachment mechanism and forces acting on NPs in microchannels have not previously been comprehensively considered in numerical simulations and more detailed in-depth analysis of the effects of key influencing factors is needed.

To numerically simulate the particle movement, conventional numerical methods, such as Navier–Stokes equations for flow fields and Lagrangian approaches for particle motion, are usually employed to simulate liquid-particle flows [20–22]. The behaviors of NP transport and attachment in microchannels are complicated because a number of factors may strongly influence the particle movement, such as gravity/buoyancy, electrostatic force, van der Waals force [23], Saffman lift force [24,25], Brownian diffusion and local fluid velocity [26,27]. From a microscopic or mesoscopic perspective, the effect of the interactions between the fluid and NPs of the mixture can be considered better using the lattice Boltzmann method (LBM) and [28] the lattice gas automata (LGA) probabilistic model [29]. LBM is suitable for analyzing the mesoscopic characteristics of nanofluid transport in microchannels with complex structure and has high computational efficiency, in which a NP may stay at the original node or propagate to its nearest neighbor node, depending on the probability of NP motion. Furthermore, a corresponding double distribution approach [30,31] based on LBM was proposed to describe fluid flow and heat transfer process in mesoscopic systems.

This study aims to explore the mechanisms and behaviors of NP transport and attachment in a microchannel heat sink. A coupled double-distribution-function lattice Boltzmann model combined with LGA was established to numerically analyze the velocity and temperature distributions, NP transport in microchannels and NP attachment to channel walls. Furthermore, the investigation into the critical factors influencing the NP attachment to the channel wall was carried out, including NP size, flow velocity, NP and channel materials and channel structure. On this basis, we analyzed the effect of attachment layers on heat transfer performance of a microchannel heat sink with different NP and channel materials.

2  Modeling

As shown in Figs. 1a and 1b, there were 80000 NPs in the nanofluid with a low volume fraction (0.1%) and the NPs were injected in a 3.2 mm × 0.2 mm microchannel. Cold nanofluids passed through microchannels and carry away heat generated from MEMS devices. The velocity and temperature of the nanofluid were u0 and t0. It was assumed that the temperatures of the upper and lower walls were the same tw. The NPs concerned in this work are SiO2, Al2O3, and CuO NPs, and channel wall materials are Fe, Cu, and polydimethylsiloxane (PDMS).

[image: images]

Figure 1: Schematic diagram, (a) Geometrical model and (b) Physical model of the microchannel

The D2Q9 lattice model was utilized and the evolution equations [30] were written as:


fi(x+ciΔt,t+Δt)=fi(x,t)+1τf[fieq−fi]
(1)


gi(x+ciΔt,t+Δt)=gi(x,t)+1τg[gieq−gi]
(2)

where fi = f (x, ci, t) is the discrete density distribution function and gi = g (x, ci, t) is the discrete temperature distribution function.

The Chapman–Enskog expansion method [31] was applied to obtain the corresponding macroscopic equations of the fluid flow. The macroscopic density, velocity and temperature were calculated by 
ρ=∑i=08⁡fi
, 
ρu=∑i=08⁡cifi
 and 
ρT=∑i=08⁡cigi
, respectively. The upper, lower and right boundaries were non-equilibrium extrapolation boundaries [32], and the left boundary was velocity flow boundary. The effect of NPs on the fluid and the interaction between NPs were neglected due to the very low volume fraction (0.1%) and very small NP size in the dilute particle two-phase flows according to Elghobashi [33]. The nanofluid properties varied with temperature and the functional relations were set as those given in Popiel et al. [34–36].

2.1 Modeling of NP Transport and Attachment

The NP transport in microchannels can be influenced by the flow resistance, gravity/buoyancy, van der Waals force, Saffman lift force, static electricity and Brownian motion. Compared with other forces acting on the NPs, the electrostatic and van der Waals interaction forces between the NPs, gravity and buoyancy can be neglected [31] for the NPs with diameter less than 200 nm, and the influence of NP rotation was also negligible. The NP movement was described by the following:


ap=dupdt=u−upτp+ζab+aad+alift
(3)

where ap and up represent the acceleration and velocity of the NP, respectively; up was calculated by up = dxp/dt; u represents the velocity of the fluid and τp represents the relaxation time; ab, aad and alift are the accelerations caused by Brownian force, adhesive force and Saffman lift force, respectively. ζ represents the Gaussian random distribution number with a mean of 0 and a standard deviation of 1.

The Brownian force acting on NPs is expressed as Fb = 2kbT/dp [37]. When the NPs were transported to the vicinity of the microchannel walls, the adhesive force caused by the van der Waals force enabled the NP attachment [38,39]. In consideration of the influence of surface roughness on the adhesive force [40], the adhesive force could be described as:


Fad=−Adp12D02[rr+R+1(1+r/Do)2]
(4)

where A is the Hamaker constant listed in Tab. 1 and dp represents the diameter of NP; D0 is the distance of the closest approach between the NPs and the microchannel wall, and it is assumed to be D0 = 0.6 nm; r and R are the radius of the asperity and NP, respectively [41,42].

Table 1: List of Hamaker constant (×10-20J) used in the model [39,43–46]
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The Saffman lift force for a NP was given as [43,44]:


Flift=1.615ρυ0.5dp2(u−up)|∂u∂y|0.5sgn(∂u∂y)
(5)

where, ρ and v represent the density and kinematic viscosity of the carrier phase, respectively.

The NPs were dispersed in water to produce nanofluids and the thermophysical parameters for different NPs are listed in Tab. 2.

Table 2: List of parameters used in the model [47,48]
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By integrating Eq. (3) and up = dxp/dt, the NP velocity and displacement equation could be obtained as follows [45,46]:


up∗=upexp(−Δtτp)+(u+(ζab+aad+alift)τp)(1−exp(−Δtτp))
(6)


xp∗=xp+uΔt+(up−u)(1−exp(−Δtτp))τp+(Δt+(1−exp(−Δtτp))τp)(ζab+aad+alift)τp
(7)

where the time interval of NP transport is Δt = 10-5 s, xp* and up* represent the position and velocity of a NP, respectively.

The LGA was applied to calculate its actual migration position in the lattice [49,50]. The NPs were confined to move on the grid nodes and the probability Pi of NPs migrating to adjacent nodes was obtained from Eq. (8).


Pi=max(0,(upgei)ΔtΔx)=max(0,ΔxpΔxgei)
(8)

where △xp = xp* − xp. and ei represents the discrete velocity of D2Q9 model. The actual position xlp on the grid nodes was calculated as follows:


xpl=xp+λ1ce1Δt+λ2ce2Δt+λ3ce3Δt+λ4ce4Δt
(9)

where λi is a Boolean variable which is equal to 1 with probability Pi.

The physical units were converted to dimensionless lattice units based on the same dimensionless criterion number Re [51,52]. The characteristic length was the microchannel width and the characteristic velocity was the maximum fluid velocity. A grid-independence test was carried out and the mean Nusselt numbers was selected as criteria [53]. Four different meshes listed in Tab. 3 were checked and a grid system with 3200 × 200 (a grid spacing of 0.2 μm) was finally chosen for the simulations.

Table 3: Comparison of Nu for different mesh resolutions at Re = 100
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3  Results and Analysis

In the simulations, the numbers of NPs attaching to the microchannel wall at different times were counted in consideration of the randomness and uncertainty of Brownian motion of particles. To validate the correctness of the established model, the trajectory of a 3 mm-diameter particle in a square lid-driven cavity was simulated. There are similar moving trajectories between the simulated result and the experimental result as shown in Fig. 2. Furthermore, the model was validated by comparing the simulated Nusselt number with the result obtained from Balakrishnan et al. [54] and a good agreement was obtained.
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Figure 2: Particle trajectories in a lid-driven cavity: (a) Obtained by the simulation in this study and (b) Obtained from Tsorng et al. [55]

3.1 Effects of NP Diameter and Fluid Velocity

A change in NP diameter can significantly influence the values of drag force, Brownian force, van der Waals force, and Saffman lift force acting on the NPs. We analyzed the effect of NP size on the attachment behavior of SiO2 NPs in the PDMS microchannel at the Reynolds number of 100. As shown in Fig. 3a, compared with the 10 nm NP at time t = 3.0 s, the numbers of 25, 50, 100, and 150 nm NPs attaching to the microchannel wall decreased by 34.69%, 81.59%, 93.93% and 97.91%, respectively. The smaller NP diameters could cause more NPs to attach to the microchannel wall due to the increase in the Brownian force, improving the probability of the NP transport to the microchannel wall.

[image: images]

Figure 3: Effect of NP diameter on the number of attached NPs, (a) Over time and (b) At different Reynolds numbers; Effect of the fluid Reynolds number on, (c) The mean Nusselt number Nux and (d) The number of attached NPs; (e) Dimensionless temperature distribution in the microchannel at different fluid Reynolds numbers

The number of attached NPs with diameter larger than 25 nm exhibited an approximately exponentially decay with the increase of the NP diameter (Fig. 3b) at different Reynolds numbers. However, it is worthy of noting that its decay rate became slower when the NP diameter changed from 25 nm to 10 nm, which was inconsistent with the exponential trend. This is because the Brownian forces increased with the decrease of the NP diameter whereas the adhesive forces decreased, and it was more probable for the attached 10 nm NPs to detach from the microchannel when its Brownian force was greater than the adhesive force. The results were consistent with that proposed by Jeonget et al. [15,16] in which particles with lower shear rate and smaller size showed higher attachment possibility.

When the inflow temperature was 293 K and wall temperature was 343 K, the simulation results for 10 nm SiO2 NPs in the PDMS microchannel show that the Nux increased with the increase of Reynolds number (Fig. 3c). Comparing with Re = 50, the Nux increased by 8.01%, 15.94%, 22.62% and 28.83% for every 50 increase in fluid Reynolds number, respectively. The heat transfer performance increased with the increase of fluid velocity. As shown in Fig. 3d, the smaller the fluid velocity, the more NPs would attach to the microchannel. At time t = 3.0 s, the number of attached NPs decreased by 17.96%, 11.58%, 8.66% and 8.29%. The high fluid temperature (Fig. 3e) caused by low fluid velocity intensified the NP Brownian motion and led to greater probability of NP transport to the microchannel walls. Moreover, a low fluid velocity could extend the transport time of NPs in the microchannel and make it more probable for the NPs to move and attach to microchannel walls. To some degree, an increase in fluid velocity reduced the NP attachment and increased the heat transfer performance. However, the pump power of microchannel heat exchangers would increase with the increase of fluid velocity [56].

3.2 Effects of NP Material and Channel Material

Equations in display format are separated from the paragraphs of the text. Equations should be flushed to the left of the column. Equations should be made editable. Displayed equations should be numbered consecutively, using Arabic numbers in parentheses. See Eq. (1) for an example. The number should be aligned to the right margin.

The interaction between the NPs and channel wall is evidently affected by the NP material and channel material, which cannot be ignored for exploring how the NPs attach to the channel wall. In view of the commonly used materials in the microflow systems [57], the attachment behaviors of the Al2O3-H2O, CuO-H2O, and SiO2-H2O nanofluids in the PDMS, Fe, and Cu microchannels were analyzed. Figs. 4a–4c show the effects of NP and channel materials on the number of the attached NPs when the fluid temperature at the inlet and wall temperature were set to 293 K and 343, respectively. The numbers of SiO2 NPs attached on the PDMS and Fe microchannel walls decreased by 45.99% and 1.45%, respectively, compared with those on the Cu microchannel wall at the Reynolds number of 100. The SiO2 NPs had lowest attachment to the PDMS microchannel, followed by that to the Fe microchannel, and the attachment to the Cu microchannel was the highest. The reason is that after the NPs came into contact with the microchannel wall, the movement of the attached NPs was mainly affected by the Brownian force and the interaction between the SiO2 NPs and the microchannel wall, and this interaction for the Cu wall was strongest in comparison to those for the PDMS and Fe walls.
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Figure 4: Effect of NP and channel materials on the number of attached NPs, (a) SiO2 NPs; (b) Al2O3 NPs; (c) CuO NPs; (d) Different NPs in different channels

Fig. 4d shows that when the Reynolds number was set to 50, the numbers of the attached Al2O3 and SiO2 NPs decreased by 2.70% and 49.52% in the PDMS microchannel, respectively, compared with the CuO NPs. Furthermore, the numbers of the SiO2 NPs attached to the Cu and Fe microchannels increased by 95.80% and 97.08%, compared with those to the PDMS microchannel, respectively. When the SiO2 NPs migrated in the PDMS microchannel, the number of the attached NPs was the least compared with those of all the other groups. In contrast, when CuO NPs migrated in the Cu microchannel, the number of the attached NPs was the largest. The number of attached NPs is positively correlated with the Hamaker constant, and the Hamaker constant between CuO NPs and Cu wall was the maximum compared with others.

3.3 Effect of Microchannel Wall Temperature

The wall temperature will inevitably affect the Brownian force acting on NPs and the fluid properties. We analyzed its effect on the attachment of Al2O3 NPs in the Cu microchannel within the temperature range from 293 K to 343 K at a Reynolds number of 100. As shown in Fig. 5a, the higher fluid temperature caused more NPs to attach to the wall. At time t =3.0 s, the number of attached NPs increased by 29.38%, 21.29%, 15.03%, 7.75% and 5.89%, respectively. The fluid viscosity decreased with the increase of fluid temperature and the low fluid viscosity led to the low flow resistance acting on the NPs. It was easier for the NPs to migrate to the microchannel wall. Moreover, an increase in fluid temperature could intensify the NP Brownian movement. Taken together, the attachment probability became greater as the fluid temperature increased. Wu et al. [12] obtained similar results that NPs attached easily to the wall with the increase of temperature.
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Figure 5: Effect of temperature on the number of attached NPs, (a) with the change of time; (b) with the change of fluid velocity; (c) with the change of NP diameter; (d) for different NP-channel groups

Figs. 5b and 5c show the relationships between temperature difference and the number of attached Al2O3 NPs at different Reynolds numbers and NP diameters. For every 10 K increase in wall temperature, the number of attached NPs showed a variation of logarithmically increasing trend. When the Reynolds number increased by 50 and the temperature difference decreased from 50 K to 0 K, the number reduced by 52.21%, 51.41%, 48.94%, 47.22% and 45.91%, respectively. The effect of the temperature changes on NP attachment became weaker with the increase of the Reynolds number. A possible reason is that an increase in Reynolds number led to stronger drag force acting on the NPs whereas it would weaken the effect of the Brownian force on NP attachment. For every 10 K increase in temperature difference, the number of attached 10 nm NPs increased by 36.92%, 34.75%, 20.60%, 14.94%, and 8.08%, respectively. However, the effect of wall temperature on NP attachment became smaller with increasing the NP diameter and it could be ignored for 100 nm and 150 nm NPs. One possible reason is that the inertia of NPs increased with the NP diameter, which resulted in the less effect of temperature changes on NP motion.

Fig. 5d shows the attachments of two typical NPs (10 nm SiO2 and Al2O3) to different microchannels (Cu and PDMS). In the PDMS microchannel, when the difference of temperatures between the inlet fluid and the microchannel wall increased from 0 K to 50 K, the numbers of attached Al2O3 NPs and SiO2 NPs increased by 123.90% and 32.49%, respectively. The temperature change of microchannel wall had greater influence on the number of attached Al2O3 NPs than that of SiO2 NPs. This is because the adhesive force between the Al2O3 NPs and PDMS microchannel was larger than that for SiO2 NPs, causing easier detachment for the attached SiO2 NPs. However, in the Cu microchannel, the changes in wall temperature had larger influence on the number of attached SiO2 NPs than that of Al2O3 NPs. When the temperature difference increased from 0 K to 50 K, the number of attached Al2O3 NPs and SiO2 NPs increased by 105.81% and 129.93%, respectively. The level of the Brownian movement of Al2O3 (3700 kg/cm3) NPs was weaker compared with that of the SiO2 (2200 kg/cm3) NPs due to the larger mass of Al2O3 NPs.

3.4 Effect of Wall Structure

We established models of microchannels with irregular structures [35,53,58] to analyze its effect on NP attachment, as shown in Fig. 6a.
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Figure 6: Effect of wall structure on the number of attached NPs (a) Structures of different microchannel wall; (b) Dimensionless velocity distribution; (c) Dimensionless temperature distribution in the microchannels (Re = 200)

In Figs. 6b and 6c, the maximum velocity appeared at the centerline in the smooth microchannel whereas it moved to the side without ribs for irregular wall structures and there was a low velocity area behind each rib. The velocity difference in the x-direction in microchannel (I) was slightly larger than others and the flow velocities in microchannels (I), (II), (III) and (V) were greater than those in microchannels (IV) and (VI). The velocity components along the centerline (Fig. 7a) show that the velocity in irregular microchannels was greater than that in the smooth microchannel. The velocity component in microchannel (IV) was lowest compared with those in other microchannels with ribs.
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Figure 7: Effect of wall structure on the number of attached NPs, (a) Velocity component in x-direction at the centerline of microchannels (Re = 200); (b) Variation of Nu with Re; (c) Variation of the number of attached NPs (Re = 200); (d) For different NP-channel groups

To analyze the heat transfer performance, the dimensionless temperature ((T-T0)/(Tw-T0)) was calculated (Fig. 6c). Due to the small velocity behind each rib, the mean temperature of this region was greater than other parts of the flow filed. The low temperature regions in microchannels (III) and (IV) were slightly larger than those in other microchannels. As shown in Fig. 7b, the mean Nusselt numbers for the irregular microchannels were larger than that for the smooth microchannel. Compared with microchannel (VI), the mean Nusselt numbers of microchannels (I), (II), (III), (IV) and (V) increased by 21.12%, 21.99%, 24.35%, 24.69% and 24.49%, respectively, because the ribs not only disturbed the fluid flow but also increased the heat transfer area.

It is shown in Fig. 7c that the number of NPs attached to microchannel (IV) wall was the largest among all the microchannels. At the Reynolds number of 200, the number of attached NPs in microchannels (I), (II), (III), (IV) and (V) increased by 28.38%, 40.20%, 31.96%, 44.17% and 17.69%, respectively, compared with that in microchannel (VI) due to the larger region of low velocity. The offset rib increased the heat transfer area and the increased fluid temperature and intensified the NP Brownian motion. Similarly, there were more NPs attached to microchannels (II) and (IV) than microchannels (I), (III) and (V). Fig. 7d shows that the relative variation of SiO2 NP attachment in different microchannels was the same as that for Al2O3 NPs. The difference in NP attachment was impacted by the different interactions between SiO2-Cu and Al2O3-PDMS.

3.5 Effect of NP Attachment on Heat Transfer Performance

A simplified model (Fig. 8a) was established to analyze the effect of NP attachment layer. The left boundary was set to a t0 = 293 K and the right boundary of the attachment layer was set to an adiabatic condition. A constant temperature of tw was applied to the upper and lower walls. The thicknesses of the attachment layers for different NPs were deduced from the number of attached NPs obtained in Section 3.2 in view of burdensome calculation. Q/Q0 was defined to characterize the effect of NP attachment on the heat transfer performance, where Q0 and Q represent the heat exchanging quantity before and after the NP attachment.
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Figure 8: Effect of NP attachment on heat transfer performance, (a) Simplified model; (b) and (c) Temperature and velocity distributions after NP attachment; (d) Temperature distributions for different NPs; (e) Q/Q0 at different Reynolds numbers; (f) Q/Q0 for different NPs

The temperature and the velocity distributions are shown in Figs. 8b and 8c. At the Reynolds number of 50, the attachment layer thickness of SiO2, Al2O3, and CuO NPs were set to 13 μm, 24 μm and 2 μm, respectively. Fig. 8d shows that even if the attachment layer thicknesses of Al2O3 and CuO NPs were larger than that of SiO2 NPs, the temperature distributions in the heat sinks with Al2O3 and CuO NPs were more uniform. The SiO2 attachment layer had the greatest influence on heat transfer performance. A major reason for this is that the thermal conductivities of Al2O3 and CuO NPs are 20.7 and 54.4 times larger than that of SiO2 NPs, respectively, and the SiO2 attachment layer had a larger thermal resistance. For Al2O3 and CuO NPs, the average outlet temperature was 29.46% and 32.83% higher than that of the SiO2 NPs, respectively.

Fig. 8e shows that the value of Q/Q0 increased with the Reynolds number. This is because a higher Reynolds number led to a smaller number of attached NPs and thinner attachment layer, corresponding to a smaller thermal resistance. The values of Q/Q0 for the thickness of 5 μm, 10 μm, 15 μm, 20 μm and 25 μm (Fig. 8f) decreased by 4.33%, 6.21%, 9.52% and 13.05%, respectively, for the SiO2 attachment layer. Moreover, compared with the SiO2 NPs, the values of Q/Q0 of the sink using the Al2O3 and CuO NPs increased by 24.00% and 25.40%, respectively, when the attachment layer thickness was 20 μm.

4  Conclusion

This study investigated the mechanism and behaviors of NP attachment in a microchannel heat sink. The numerical simulation of NP transport in fluid flow and temperature distribution were carried out by the LBM-LGA method and the influences of key factors on NP attachment were deeply analyzed. It is concluded that the relatively larger NP size and higher Reynolds number within the applicable range (from 50 to 250) can decrease the number of attached NPs. The effects of wall temperature and irregular structure should be comprehensively considered because the NP attachment may be enhanced under the given temperature and structure condition although this condition is originally designed for improving heat transfer performance of the sink. The NP attachment and its effect on the heat transfer performance could be obviously affected by NP and microchannel materials. The attachment layer of SiO2 NPs was the thinnest whereas it had the greatest influence on the heat transfer performance compared with Al2O3 and CuO NPs under the same conditions. Results of this study can provide instructive information on the designs of NP and channel structure, material selection and operating parameter optimization for high efficiency application of a microchannel heat sink. In addition, the proposed model can be also used to investigate the transport behavior of nanocarriers in microvessels for NP-mediated drug delivery application. Our future work will be focused on the improvement of the model for its limitation of NP volume fraction rate.
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