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Abstract: In this paper, a new approach called the Eulerian species method was proposed for simulating the convective and/or boiling heat transfer of nanofluids. The movement of nanoparticles in nanofluids is tracked by the species transport equation, and the boiling process of nanofluids is computed by the Eulerian multiphase method coupled with the RPI boiling model. The validity of the species transport equation for simulating nanoparticles movement was verified by conducting a simulation of nanofluids convective heat transfer. Simulation results of boiling heat transfer of nanofluids were obtained by using the commercial CFD software ANSYS Fluent and compared with experimental data and results from another numerical method (Eulerian three-phase model). Good agreement with experimental data was achieved, and it was proved the Eulerian species method is better than the Eulerian three-phase model since it can give better simulation results with higher accuracy but needs fewer computation resources.
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Nomenclature



	aif
	Interfacial area per unit volume



	Ab
	The areas covered by bubbles



	CD
	Drag coefficient



	CL
	Lift coefficient



	Dw
	Bubble departure diameter



	f
	Bubble departure frequency



	Fd
	Drag force



	FL
	Lift force



	FLUB
	Wall lubrication force



	Ftd,l
	Turbulence dispersion force



	Nw
	Bubble nucleate site density



	p
	Pressure



	q
	Heat flux



	T
	Temperature



	t
	Time



	u
	Velocity



	Ub
	Fluid velocity near the wall



	hc
	Single-phase heat transfer coefficient



	hfv
	Latent heat



	H
	Enthalpy



	DNP,m
	Mass diffusion coefficient of the nanoparticles



	DT,NP
	Thermal diffusion coefficient



	YNP
	Mass fraction of the nanoparticles



	SNP
	Exogenous term of the nanoparticle component



	JNP
	Mass diffusion term



	Greek Symbols





	Γ
	Mass rate exchange between liquid and gas phases



	ρ
	Density



	α
	Volume fraction



	µ
	Dynamical viscosity



	θ
	Contact angle



	Subscripts





	c
	Convection



	E
	Evaporation



	l
	Liquid



	g
	Gas



	Q
	Quenching



	w
	Wall



	sup
	Superheat



	sat
	Saturation





1  Introduction

Enhancement of boiling heat transfer by modifying the physical properties of the working fluid has drawn considerable attention recently, and the application of nanofluids as the heat transfer medium is probably the most popular way and provides many opportunities to explore the new frontier but also poses great challenges in this research field [1]. Nanofluids, first reported and named by Choi et al. [2] in 1995, are a new kind of fluid composed of a base fluid and a small quantity of nano-sized particles that are uniformly and stably suspended in the base fluid and change the physical properties (e.g., thermal conductivity, viscosity) of the base fluid remarkably [3]. Nanofluids boiling, including pool boiling, flow boiling and jet impingement boiling, began to draw research interest in 2003 and has become an important research field [1]. The existing experimental investigations show much more cases of heat transfer enhancement than deterioration, the maximum enhancement is found in flow boiling of nanofluid with a 400% growth in heat transfer coefficient [4]. Although massive studies were conducted, there are still many issues unsolved about the nanofluids boiling heat transfer, so continuous long-term efforts need to be made, especially the numerical simulations and theoretical studies, because the experimental investigations account for about 95% of nanofluids boiling research so far [1].

Because of the co-existing of nanoparticles and vapor bubbles in the nanofluids when boiling occurs, it is quite complex to numerically simulate the boiling phenomena and heat transfer characteristic of nanofluids. It is simpler to simulate the convective heat transfer of nanofluids because there are no vapor bubbles generated by the boiling, and the numerical methods can be categorized as single-phase approach and two-phase approach, and the latter can be further divided into the Eulerian-Eulerian model and Lagrangian-Eulerian model. In the single-phase approach, the nanofluid is treated as a conventional single-phase (homogenous) fluid with the average physical properties of the particles and the base fluid by assuming the nanoparticles can be easily fluidized and the base fluid and particles are in thermal equilibrium and move with the same velocity [5]. In the two-phase approach, the nanoparticles and the base fluid are considered as two different phases with different velocities and temperatures; the movements of the solid particles and fluid must be solved, respectively, so it may get realistic results but need much more time and computation resources than the single-phase approach. Compared with the simulation of convective heat transfer of nanofluids, the boiling heat transfer simulation is more complicated, for one more phase must be computed, namely the vapor bubble phase generated by the boiling process, so the single-phase approach of nanofluids simulation will become a two-phase approach and the two-phases approach will become three-phases approach when the boiling heat transfer is simulated.

Abedini et al. [6,7] studied the subcooled flow boiling of Al2O3/water nanofluid using the two-phase mixture model (nanofluid liquid-vapor). The nanofluid was described as a single phase fluid with effective physical parameters, good agreement between their simulation and previously published experimental data was obtained, local flow characteristics of subcooled flow boiling such as axial volume fraction and distribution of temperature are well predicted. It was observed that the heat transfer coefficient for Al2O3/water nanofluid in subcooled flow boiling is higher than that of the base fluid and the heat transfer coefficient increases with increasing of the nanoparticles volume fraction. Li et al. [8] investigated the nucleate pool boiling of dilute water–silica nanofluid using the Eulerian–Eulerian two-fluid model. They developed correlations for active nucleate site density and bubble departure diameter in which the effect of wall wettability caused by nanoparticle deposition has been considered. A Comparison of numerical results against the pool boiling experimental data of pure water and dilute water–silica nanofluids demonstrated that the model accuracy was improved by including the effects of the improved surface wettability. However, the accuracy of the new model is still not satisfactory, which means further research is needed. The research conducted by Behroyana et al. [9] numerically investigated the heat transfer of nanofluids subcooled flow boiling using the Eulerian–Eulerian two-phase (liquid/nanofluid-vapor) model and the Eulerian–Lagrangian three-phases (liquid-vapor-particles) model, the changes on heating surface wettability induced by nanoparticles deposition was included in the cases via user defined functions (UDF) codes. The simulation results were compared between these two methods; for the heat transfer coefficient prediction, the Eulerian–Lagrangian three-phase model gives about 6% error, whereas the Eulerian–Eulerian model gives about 12% error when it is compared with Chen’s correlation. Heat transfer and the deposition of nanoparticles on heated walls were numerically investigated in a pool boiling flow on a single tube and four-tube bundle by Mostafa et al. [10]. The Eulerian-Eulerian two-phase approach was employed to model pool boiling, and the Lagrangian model was used to track the movement of the particles during the boiling process. New models are made through a user-defined function (UDF) for nucleation site density and bubble departure diameter to include the important effects of particles deposition and surface roughness. A good agreement is found that the percentage of deposition is dependent on the heat flux and particle concentration. Also, the heat transfer coefficient increases with expanding the horizontal distance between cylinders and then decreases to a fixed value.

In recent years, with the rapid development of the artificial intelligence, the machine learning and neural network have also used in the numerical study of the nanofluids research field [11]. The machine learning approaches were used to predict the physical properties (e.g., thermal conductivity [12,13], viscosity [14–16]) of nanofluids. The boiling heat transfer characteristic of nanofluids was also studied by the artificial intelligence methods [17], Artificial neural network and genetic algorithm were utilized to predict and optimize the boiling heat transfer coefficient as well as the wall superheat of the Fe3O4/water nanofluid at the atmospheric pressure on a precipitated surface by the nanofluid [18].

In general, the research on nanofluids heat transfer is still a hot topic in recent years. In this paper, an approach called Eulerian species method is proposed for simulating the convective and/or boiling heat transfer of nanofluids, where the species transport equation is solved to track the movement of the nanoparticles in the nanofluid. The Eulerian two-phase approach coupled with the RPI boiling model is used to compute the movements of the vapor phase and liquid phase of the nanofluids when the boiling process occurs. In the Eulerian species method, the nanofluid is treated as a homogenous liquid mixture consisting of the base fluid and the evenly distributed nanoparticles, which are considered as one species of the liquid mixture, so the nanoparticles are solved by the species transport equation.

2  Formulation of the Eulerian Species Model

2.1 The Basic Governing Equations

In this method, the boiling process of nanofluids is simulated by the Eulerian two-phase model coupled with the RPI boiling model. The basic governing equations, namely the Naiver-Stokes equations are solved for the nanofluids (liquid) and the boiling vapor phase, respectively, as follows:

The continuity equations for the nanofluids liquid and boiling vapor phase are:

∂ρ1,effα1∂t+∇⋅(ρ1α1u1→)=Γ1g(1)

∂ρgαg∂t+∇⋅(ρgαgug→)=Γgl(2)

where the Γlg, Γgl are the mass rate exchanged between the nanofluids liquid and boiling vapor phases caused by the boiling process.

The momentum equations for the nanofluids liquid and boiling vapor phase are:

∂ρ1,eff α 1u1→∂t+∇⋅( ρ l,eff α 1u1→u1→)=− α 1∇p+ ρ l,eff α1g→+∇[ α1 μ1e(∇u1→+(∇u1→)T)]+(Γlgug→−Γglu1→)+Flg(3)

∂ρgαgug→∂t+∇⋅(ρgαgug→ug→)=−αg∇p+ρgαgg→+∇[αgμg(∇ug→)]+(Γg1u1→−Γlgug→)+Fgl(4)

where Fgl and Flg are the interfacial forces between the nanofluids liquid and the vapor phases and will be explained in Section 2.2.

The energy conservation equations for the nanofluids liquid and boiling vapor phase are:

∂ρ1,effα1H1∂t+∇⋅(ρ1,effα1u1→H1)=∇[α1k1e(∇T1)]+(Γg1H1−Γ1gHg)(5)

∂ρgαgHg∂t+∇⋅(ρgαgug→Hg)=∇[αgkg(∇Tg)]+(ΓlgHg−ΓglH1)(6)

In the method proposed in this paper, the nanoparticles are treated as a component of the nanofluid, like one species of a liquid mixture, such as the salt ions (Na+, Cl−) in the brine, so the species transport model is used for calculating the distribution and transportation of nanoparticles in nanofluid. The equations are as follows:

∂∂t(ρl,effYNP)+∇⋅(ρl,effv→YNP)=−∇⋅J→NP+SNP(7)

Here the YNP is the mass fraction of the nanoparticles, SNP is the exogenous term of the nanoparticle component, and J→NP is the mass diffusion term. In the boiling process, there will be strong turbulence near the heating wall surface, so the influence of the liquid phase turbulence on the distribution of nanoparticles needs to be considered. In this equation, the diffusion of nanoparticles in the boiling turbulent flow is modeled using the following formula:

J→NP=−(ρDNP,m+μtSct)∇YNP−DT,NP∇TT(8)

where Sct is the turbulent Schmidt number, its value is 0.75, DNP,m is the mass diffusion coefficient of the nanoparticles, DT,NP is the thermal diffusion coefficient.

2.2 The Interfacial Force Model

The interaction forces at the interface between the nanofluid liquid and boiling vapor phases consist of the drag, lift force, turbulent dispersion force, wall lubrication force and virtual mass force, etc. Introduction of the forces is presented in following. The drag force correction model proposed by Ishii et al. [19] was adopted for the interphase exchange, since the wall boiling simulation is conducted:

Fd=18CDaifρl,eff|ug→−u1→|(ug→−u1→)(9)

CD=min(24Re(1+0.15Re0.75),23dpσg|ρq−ρp|)(10)

where aif is the interfacial area per unit volume, and CD is the drag coefficient.

The lift force model uses the modified model proposed by Tomiyama [20]:

FL=αgρl,effCL(ug→−u1→)×(∇×u1→)(11)

where CL is the lift coefficient.

The wall lubrication force of the nucleated bubble boiling region adopts the wall lubrication force model proposed by Antal et al. [21]:

FLub=Cwρkαv|ug→−u1→|2n→(12)

Cw=max(0,Cw1dl+Cw2yw),Cw1=−0.01;Cw2=0.05(13)

The turbulence dispersion force adopts the modified model proposed by Bertodano [22]:

Ftd,l=−Ftd,g=CTDρl,effkl∇αg(14)

where CTD is a user-modifiable constant, the value of 0.1 is used in our simulation.

2.3 The Boiling Model

The RPI model developed by the Kurual et al. [23] is adopted as the boiling model, this model assumes that the total heat flux is partitioned into three components: heat flux due to convection q˙c, heat flux due to surface quenching or transient conduction q˙Q and that due to microlayer evaporation q˙E.

q˙w=q˙c+q˙Q+q˙E(15)

Heat transfer due to turbulent convection q˙c can be determined from [24]:

q˙c=hc(Tw−Tl)(1−Ab)(16)

where hc is the single-phase heat transfer coefficient; Tw, Tl are the wall and liquid temperature, respectively; and Ab are the areas covered by bubbles:

Ab=KNwπDw24(17)

where K is the empirical constant.

When the liquid is in contact with a hot surface, heat is mainly transferred to the liquid through transient conduction. This part of the heat flow can be determined from:

q˙Q=2klπλltT(Tw−Tl)(18)

Heat transfer due to microlayer evaporation q˙E can be determined from [25]:

q˙E=π6Dw3Nwρvhfvf(19)

where Dw is the bubble departure diameter, Nw is the nucleate site density, ρv is the evaporation phase density, hfv is the latent heat of evaporation, and f is the bubble departure frequency. f can be determined from Cole correlation [26]

f=1T=4g(ρl−ρv)3pPlDw(20)

The nucleate site density can be corrected by the superheat of the surface, and can usually be calculated as [27]:

Nw=2101.8(Tw−Tsat)1.805(21)

The bubble departure diameter usually adopts the empirical correction formula proposed by Unal [28]:

Dw=2.4210−5p0.709(abφ)(22)

where

α=ΔTsup2ρghfvρsCpsksπ(23)

b={ΔTsup2(1−ρgρl)e(ΔTsub−12)ΔTsup≤3ΔTsup2(1−ρgρl)ΔTsup>3(24)

φ=max((UbU0)0.47,1.0)(25)

where Pl is the fluid pressure, ΔTsup is the superheat of the heating wall, ΔTsup=Tw−Tsat, hfv is the latent heat of evaporation, and Ub is the fluid velocity near the wall.

Since these correlations were originally developed for conventional fluids like water, the applicability of them is open to question. Due to the deposition of nanoparticles on the wall surface, it will affect the nucleate site density in the wall evaporation and boiling, thereby further affecting the bubble departure diameter. In this study, a modified model of nucleate site density proposed by Unal [28] was used:

Nw=1.206×104(1−cos⁡θ)(Tw−Tsat)2.06(26)

where θ is the contact angle between the liquid and the heating wall surface, under the corrected nucleate site density, the corrected model of bubble departure diameter can be calculated according to the following formula:

Dw=0.629772+3cosθ−cosθ24[σg(ρl−ρg)]0.5(27)

3  Results and Discussions

In order to verify the proposed method for nanofluid simulation, in other words, to check the validity and accuracy of the species transport model for simulating the nanoparticles movements in nanofluids before it is used in the boiling simulation, the simulation of convective heat transfer (without boiling) of nanofluids in a channel was firstly conducted, since there is no boiling vapor phase in the simulation, so the simplified version of the proposed Eulerian species method was used.

The simulation results were verified by comparing with the experimental results from Zeinali et al. [29] as shown in Fig. 1. The nanofluid heat transfer experiments were conducted in a round channel with the length of 1 m and diameter 6 mm, constant wall temperature condition was used. The simulation was carried out according to the configuration of the experiments. Nusselt number as a function of Reynolds number (in the range 3000–8000) at various volume fractions (0.1%, 0.5%, 1%, 1.5%) were shown in the figures, as we can see, the simulation can reproduce the nanofluids convective heat transfer characteristic, a good agreement between the simulations and experiments was obtained, especially in the low volume fraction cases (0.1%, 0.5%). For larger volume fraction cases, good agreements were also obtained at high Re cases, the discrepancy at low Re cases, might be caused by nonuniform distribution and aggregation of the nanoparticles, which occurs easily at larger volume fraction and lower Re number cases. In general, the proposed new method can be used to simulating the nanofluids flow and convective heat transfer.

[image: images]

Figure 1: Comparison of nusselt number at different Re and volume fractions

Since the validity of the proposed new method applied in convective heat transfer simulation was confirmed, then this method was applied in the simulation of nanofluids boiling heat transfer for validity and accuracy verification. For comparison, the same simulation was also carried out by the Eulerian three-phases method, where the base fluid is regarded as a continuous phase, and the particles and the vapor bubbles are represented by two discrete phases, so three sets of governing equations were solved to get the movement of each phase, respectively, and the interfacial force models were set to be the same as those in the Eulerian species models. In order to compare with the experimental data, the simulation configuration was set to be identical to that of experiments conducted by Abedini et al. [30], the boiling heat transfer occurs in a circular channel with a length of 1000 mm and an inner diameter of 10 mm as illustrated in Fig. 2a, to get a high computation efficiency, the flow channel in the experiments was simplified to a 2D model in the simulation by using its feature of axial-symmetry as illustrated in Fig. 2b. The working fluid is set to be a nanofluid composed of TiO2 nanoparticles and pure water as the base fluid, which is the same with the experiments [30].

[image: images]

Figure 2: Configurations and boundary condition setup of the boiling simulation

The heat transfer coefficient at different position of the channel was given in Fig. 3, as can be seen, the Eulerian species method proposed in this paper can achieve very good agreement with the experimental data at both the 0.5% and 2.5% volume fractions (only experimental data at these two volume fractions were given in reference [30]), and it achieved better simulation results than the Eulerian three-phases method, especially for the positions near the exit of the channel, where the Eulerian three-phases method givers a large discrepancy from the experimental data. In Fig. 4, the wall temperature at various positions of the channel was given and the simulation results obtained from the two methods were very similar and both showed a good agreement with the experimental data, except the only data at position of 0.4 m in Fig. 4a, which might be caused by some unknown reasons. In Fig. 5, the heat transfer coefficient averaged over the whole channel was illustrated, the simulation results predicted by the Eulerian species method show a decrease tendency with the increase of the volume fraction of the nanoparticles, which is in accordance with the experimental data, however, the Eulerian three-phases method gives an opposite increase tendency.
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Figure 3: Heat transfer coefficient at different positions
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Figure 4: Wall temperature at different positions
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Figure 5: Average heat transfer coefficient at various volume fraction

In general, the new proposed Eulerian species method is better than the Eulerian three-phases method, because it not only can give more accurate results as discussed above, but also has a higher efficiency and needs less computation resources, since it solves only two sets of governing equations when the boiling heat transfer is simulated, instead of three sets of governing equations as needed in the Eulerian three-phases method. The validity of species transport equation for tracking the nanoparticle movement in the nanofluids were verified and can be explained by that the nanoparticles are treated as a component of the nanofluid, like one species of a liquid mixture.

4  Conclusions

A new method called the Eulerian species method was proposed for nanofluids boiling/convective heat transfer simulation; the species transport equation is used to track the movement of the nanoparticles based on the assumption that the nanoparticles are uniformly distributed in the nanofluids and can be treated as one species in a liquid mixture. Good agreements with experimental data are achieved for both the convective and boiling heat transfer of nanofluids. Compared with other methods available for nanofluids heat transfer simulation, this new method can provide good simulation results with a high accuracy but at a low computational cost.
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