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Abstract: Direct Numerical Simulations have been carried out to study the forced convection heat transfer of flow through fixed prolate particles for a variety of aspect ratios ar = {5/4, 5/3, 5/1} with Reynolds number (Re) up to 100. Three variations of the solid volume fraction c = {0.1, 0.2, 0.3} with four Hermans orientation factors S = {−0.5, 0, 0.5, 1} are studied. It has been found that changes in S cause prominent variations in the Nusselt number. In general, Nusselt number increases with the decrease of S. For all three aspect ratios, the Nusselt number remains a linear function of S at different c and Re. Therefore, it is concluded that, for heat transfer from prolate muti-particle system, the effects of orientations cannot be ignored. A new correlation for Nusselt number has been developed for arrays of prolate particles using the simulation data as a function of Re, c, S and ar.
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Nomenclature


	c	solid volume fraction

	D	particle equivalent diameter

	U	superficial gas velocities

	Re	Reynolds number

	S	Hermans orientation factors

	figi	distribution functions

	τf,τg	relaxation factors

	FAF,i(F)	source term in momentum equation

	QAQ,i(Q)	source term in heat equation

	k	fluid thermal conductivity

	h	convective heat transfer coefficient

	Nu	Nusselt number

	⟨Tf⟩	average temperature of slice

	Vslice	volume of slice

	Nslice	number of slices

	ap	specific surface area

	Qslice	heat flux from particles to the fluid phase

	η	signed level set function

	uz	gas velocity in flow direction

	φ	angle

	a, b	particle semi major and minor axis

	ar	aspect ratio

	n	number of solid particles

	L	length of cubic computational domain

	ν	kinematic viscosity

	α	thermal viscosity

	Pr	Prandtl number




1  Introduction

Gas-solid flows are defined by the flow of gases through suspended particles of solids. These flows are present in many industrial processes and arise in several natural phenomena as well. These flows are encountered in processes such as drying of food items, particulate pollution control, pneumatic transport, combustion of coal, solid waste ignition, sand blasting, plasma-arc coating, rocket propellant combustion and fluidized bed mixing [1–7]. Gas-solid flows are also found in solar energy transport by graphite suspension flows and in nuclear reactor cooling. The optimal design of the engineering processes and precise interpretation of the natural phenomena that involve such flows require a systematic understanding of the principles of these flows.

Computational fluid dynamics (CFD) plays an essential role in the analysis of the performance of the reactor hardware. To enhance the role of CFD for the estimation of the performance and safe operation of these reactors, various models are used to explore such physical processes. Direct numerical simulations (DNSs) are an important CFD technique that can be used for the prediction of heat transfer between gas and solid phases. Generally, researchers use Nusselt number correlations developed by Gunn [8] and Wakao et al. [9] for spherical particles. In a previous study, DNS combined with the immersed boundary method (IBM) was used to study heat transfer of particulate flows [10]. Temperature field and fluid velocity were computed by solving the improved energy and momentum equations. Huang et al. investigated heat transfer in assemblies of spherical particles using the immersed boundary thermal lattice Boltzmann method [11]. Influences of particle velocity fluctuations were studied in detail. A new technique has been used to solve the dense fluid particle system heat transfer by Deen et al. [12]. Cup mixing average temperature was used during this investigation and a fixed Eulerian grid was utilized in the computational domain. At higher values of superficial velocities, a considerable amount of bed expansion was obtained. In another investigation, DNSs were used to solve the heat transfer problem of bidisperse arrays of spherical particles [13]. Chen et al. [14] used thermal lattice Boltzmann with immersed boundary method to simulate the heat transfer of stationary spherical particles for different values of solid volume fractions and Reynolds number.

Heat transfer of non-spherical particles not only depends on the solid volume fraction and Reynolds number but their orientation may play a significant role in forced convection. In practical applications ellipsoidal particles of different sizes are available. However, most of the particles encountered in practical applications are not spherical in shape, and the particle orientation and shape considerably affect the heat transfer in gas-solid flows. There is a great need to investigate the effect of particle orientation and shape on the heat transfer performance. Ke et al. [15] studied the flow and heat transfer characteristics of scalene single prolate ellipsoidal particles having different aspect ratios (ar). Nusselt number and drag coefficients were calculated and their correlations were presented with Reynolds number range of 25 to 200. Furthermore, they analyzed the effects of orientations of particles on Nusselt number with respect to flow direction. Chen et al. investigated the heat transfer from quadric cubes to the surrounding fluid for Reynolds number range of 1 to 100 using the immersed boundary thermal lattice Boltzmann method [16]. They confirmed the validation of method by performing numerical simulations of heat transfer from single ellipsoidal particles with ar = 2 for two different orientations. It was reported that the Nusselt number of assemblies of spherical particles is smaller as compared to the assemblies of superquadric cubes. Alawadhi [17] computed the forced convection flow of elliptical array with different inclinations by using the finite element method. Five cylinders were placed in a row and their inclination angle was increased from first to the last one. Reynolds number was varied from 125 to 1000 for the simulations and ratio of minor to major axis of the particles was kept as 0.5. He found that the change in inclinations of ellipsoidal particles placed in a row resulted in heat transfer enhancement. In another research work, effect of variation of angles of cubic and ellipsoidal particles with the flow direction was investigated using ANSYS Fluent [18]. Drag and Nusselt number correlations were presented that included an additional term to consider the effect of orientations. For Reynolds number of 200, change in angles of attack from 0 to 90 degrees resulted in a variation of up to 12% for ellipsoidal particle and up to 7% for cubic particle in their Nusselt numbers.

The solid volume fraction and Reynolds numbers are also very important in the non-spherical particles system. He et al. [19] performed the numerical simulations of ellipsoidal particles for a variety of solid volume fractions (0.1 to 0.35) and Reynolds numbers (10 to 200). They utilized the Generalized Incompressible Direct and Large Eddy Simulation of Turbulence (GenIDLEST) based in-house code. They developed a Nusselt number correlation for ellipsoidal particles with ar = 5/2 using the simulation data. Li et al. [20] used DNS to study the effects of orientations of prolate particles on the drag force in creeping flow regime. They found that drag force decreased with the increase of Hermans orientation factor S when flow was parallel with the reference direction. Basit et al. [21] performed the heat transfer studies of prolate particles with ar = 5/2 using the immersed boundary thermal lattice Boltzmann method proposed in [11]. Four different S in the range of [−0.5, 1] were used with three different solid volume fractions, i.e., 0.1, 0.2 and 0.3. The results showed that Nusselt number increased with the decrease of S. It was demonstrated that the impact of orientations on the heat transfer of prolate particulate system was evident. For solid volume fraction of 0.2 with aspect ratio of 5 and Reynolds number of 20, Nusselt number for S = −0.5 was found to be 28% higher than the arrays of particles with S = 1. The literature related to the heat transfer of prolate particles for various shape is very limited. Moreover, the available literature only consider the effect of solid volume fraction on the forced convection heat transfer. There is a great need to explore the effects of variation of orientations on forced convection heat transfer from prolate particle assemblies of various aspect ratios because particles of various sizes are usually used in practical engineering operations [22,23]. Moreover, to the best of the knowledge of the authors, no investigation of the heat transfer problem of flows through arrays of prolate particles for various aspect ratios, solid volume fractions and Hermans orientation factors has been reported in the literature.

Hence, in the present work, DNSs are performed to investigate the heat transfer in gas-solid flows with prolate particles. Flows with particles of three aspect ratios, i.e., ar = {5/4, 5/3, 5/1} at Reynolds numbers of up-to 100 are simulated. For each aspect ratio three different solid volume fractions c = {0.1, 0.2, 0.3} with four Hermans orientation factors S = {–0.5, 0, 0.5, 1} are considered. Three realizations are used for each case and the results are averaged out to reduce the statistical errors. The effect of S, c and ar on the heat transfer phenomenon for the arrays of prolate particles has been formulated in the form of Nusselt number correlation.

2  Numerical Method

The adopted three dimensional immersed boundary thermal lattice Boltzmann method is implemented with D3Q19 model [11,24]. Governing equations of the present method are listed below:

fi(x+eiΔt,t+Δt)−fi(x,t)=−1τf(fi(x,t)−fieq(x,t))+ΔtFAF,i(F)(1)

gi(x+eiΔt,t+Δt)−gi(x,t)=−1τg(gi(x,t)−gieq(x,t))+ΔtQAQ,i(Q)(2)

Eqs. (1) and (2) are the basic equations in the Lattice Boltzmann method representing the momentum and energy equation respectively. fi and gi are the distribution functions which show the histogram representation of frequency of occurrence. ei is the lattice velocities, fieq is the equilibrium distribution function; τf and τg are the relaxation factors. The last terms in these equations represent the source terms of momentum and energy. More details about this method can be found in the literature [25]. The last term of Eq. (2) is the heat source term and described in [11]. In Eq. (2) the relation with Q was presented by Seta [26] in the literature. To incorporate the source term in immersed boundary thermal lattice Boltzmann method implicit temperature correction method has been used [26]. The kinematic (ν) and thermal viscosity (α) can be calculated by using the ν=c23(τf−12) and α=c23(τg−12), respectively, where c is the lattice speed c=Δx/Δt (Δx is the lattice spacing).

2.1 Nusselt Number Calculations

Nusselt number represents the dimensionless temperature gradient at the surface and it provides a measure of the convective heat transfer occurring at the surface. It is defined as:

Nu=hDk(3)

In Eq. (3), h is the convective heat transfer coefficient, k is the fluid thermal conductivity and D is the particle equivalent diameter. The equivalent diameter is defined by 2(ab2)1/3, where a and b are the lengths of semi major axis and semi minor axis of the prolate particle respectively Reynolds number is obtained by using equivalent diameter and superficial gas velocities (U) from Re = ρUD/μ. In the present research, the Nusselt number is obtained by the creation of slices of unit thickness along the stream-wise direction. Average temperature of a slice is calculated by:

⟨Tf⟩=∫Aηuz(x,y,z)T(x,y,z)dxdy∫Aηuz(x,y,z)dxdy;η∈[0,1](4)

More details of this method can be found in [11]. hf,slice and Nuf,slice are basically the local convective heat transfer coefficient and Nusselt number of the slice, respectively. Furthermore, to calculate these quantities following method has been used.


hf,slice=QsliceapVslice(Ts−⟨Tf⟩)


Nuf,slice=hf,sliceDk

Nuoverall=∑Nuf,sliceNslice(5)

where Vslice is the volume of slice (L2) and Nslice is the number of slices. The specific surface area is represented by ap which is identified by 6c/D. The Prandtl number is defined by using the expression of Pr=2τf−12τg−1, which is the ratio of kinematic and thermal viscosity.

2.2 Generation of Random Arrays with Different Orientations

Random assemblies of prolate particles with different S are generated using the Monte Carlo method [20]. Hermans orientation factor S is normally used in polymer processing to describe the orientations of polymer chains [27]. In a three-dimensional case, where the particles make many different orientations, S proves to be a good parameter to quantify these orientations [28]. Functional form of S is given as:

S=3⟨cos2φ⟩−12,φ∈[0,π2](6)

where φ is the angle amongst semi major axis of the prolate particle and the reference direction. In this work, the reference direction is aligned with the positive z direction. For generation of arrays of prolate, values of S, average angle φ and its deviations need to be specified for a given solid volume fraction. More details about the generation of arrays can be found in the [20]. Range of S has been varied from −0.5 to 1, where S = 0 displays random orientations of particles, S = 1 represents the absolute alignment of particles along the reference direction, whereas S = −0.5 signifies placement of particles normal to the reference direction as shown in Fig. 1. During the generation of assemblies, contact of the particles is not allowed and if such an event occurs, the placement of particle is dismissed at that point and another position is searched for that particle. In a fluidized bed, position of solid particles is arbitrary in nature, therefore, present strategy offers a reasonable representation of the process of placement of particles in the arrays. Aspect ratio and solid volume fractions are defined below:

aspectratio(ar)=ab,{aprolatesemimajoraxisbprolatesemiminoraxis

c=4πnab23L3,{nnumberofsolidparticlesLlengthofpackedcubicsection(7)
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Figure 1: Prolate arrays ar = 5, c = 0.1 (a) S = −0.5 (b) S = 0 (c) S = 0.5 (d) S = 1

3  Geometry Definition and Code Validation

3.1 Geometry and Boundary Conditions

Domain size of 1.4 L is used in the following simulations where L is the side length of packed cubic unit. Inlet and outlet section of size 0.2 L has been used. An illustrative depiction of the computational domain is presented in Fig. 2. The boundary conditions are the same as used in [21]. Prolate particles are kept at higher temperature of 1 and fluid temperature at the inlet is specified to be 0. Prandtl number is chosen as unity. Gas flows parallel to the positive z direction. The fluid phase stands still at the initial state. It is driven by a constant pressure gradient implemented in the computational domain. Temperature gradient has been set equal to zero at the outlet. The simulations have been performed for low Reynolds number range, i.e., up to 100. Prolate particles with ar = {5/4, 5/3, 5/1} and c = {0.1, 0.2, 0.3} are studied. For each c, arrays with four Hermans orientation factor, i.e., S = {−0.5, 0, 0.5, 1} have been simulated. Three different grid sizes, i.e., d/Δx = 8, 12, 16 are used for each case, where d is the length of the minor axis diameter of the particles. The result for each configuration is obtained by applying Richardson Extrapolation method using the data from the three grids for each case. Final results are averaged from three different configurations for each combination of c, Re and S. Each configuration signifies a realization for the prescribed simulation parameters.
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Figure 2: Schematic depiction of computational domain (ar = 5, S = 0, c = 0.2)

3.2 Code Validation

In [21], extensive validation of the present IB-LBM code was performed by the authors for multi-particle system with aspect ratio of 5/2 (ar = 2.5, S = 0) and the results were compared with those of He et al. [19]. Detailed heat transfer studies of prolate particles (ar = 2.5) for a variety of c, Re and S were performed using the present code. In the present work, validation of code is further performed for a single prolate particle with ar = 2. The results are compared with the correlation presented by Richter et al. [18] who used ANSYS FLUENT™ V14.0 package for the simulation of a single ellipsoidal particle. The single particle is placed at a 45-degree angle with the flow direction in the computational domain. Nusselt number of the single particle at the dilute limit (c = 0) is obtained by extrapolating the results from five different solid volume fractions ranging from 0.002 to 0.03. This is because it is not possible to perform such simulation in a finite computational domain with zero solid volume fraction. The maximum deviation of the obtained results at c = 0 from the correlation presented by Richter et al. [18] is less than 3% as shown in Fig. 3. The comparison shows a good agreement with the literature results.
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Figure 3: The Nusselt number of a single ellipsoidal particle (ar = 2) placed at 45-degree angle with the flow direction

4  Results and Discussion

After performing the validation of the computer code, the effects of various parameters on Nusselt number are studied. Based on the simulation data, a correlation for Nusselt number is formulated. Further details on the simulation results and the proposed correlation are presented in the following sub-sections.

4.1 Arrays of Prolate Particles with ar = 5/4

A series of DNSs are performed for prolate particles with aspect ratio of 5/4. Three solid volume fractions are considered for four different values of S. Nusselt number at the start of energy exchange process has a higher value due to large temperature gradient, however, it approaches a steady state value after some time as shown in Fig. 4.
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Figure 4: Average Nusselt number with non-dimensional time (αtht/D2)

Particles, placed with their major axes normal to the flow direction (S = −0.5), are simulated for three solid volume fractions and the results are plotted in Fig. 5a. The data points in the figure have been obtained from the DNS whereas the curved lines have been plotted from the correlation developed from the simulation data, which is presented in Eq. (8). This graph shows that Nusselt number increases with the solid volume fraction and Reynolds number. The heat transfer from an array of randomly oriented prolate particles (i.e., S = 0) is studied and the results are shown in Fig. 5b.
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Figure 5: Nusselt number of prolate particles with ar = 5/4 for different Reynolds numbers, solid volume fractions and Hermans orientation factors. Flow direction is parallel to reference direction. Error bars denote standard deviation in Nusselt number found from three different samples of configurations. Curves are obtained from the correlation given in Eq. (8). (a) S = −0.5, (b) S = 0 (c) S = 0.5, (d) S = 1

To further explore the effects of the orientations on Nusselt number, assemblies with S = 0.5, and S = 1 are also simulated and the results are shown in Figs. 5c and 5d, respectively. By closely observing these graphs, it can be concluded that forced convection strength is the lowest for S = 1 when compared with other orientations. This is because the particles of this orientation have smaller projected cross-section area along the flow direction. The fluid phase could flow smoothly along the particle surface with less velocity fluctuations, which results in smaller Nusselt number. Generally, the arrays containing the particles which are placed with their major axes perpendicular to the flow direction display higher values of Nusselt number. It should be mentioned that Li et al. [20] found that the drag force experienced in arrays decreased as S increased. This could also be used to explain the decreasing trend of Nusselt number with the increase of S considering that drag reduction generally causes reduced heat transfer between the fluid and particle phases. At 0.1 value of solid volume fractions S = −0.5 shows 16% increase in Nusselt number when compared with S = 1 for Reynolds number of 80. Moreover, it is also observed that at the lower values of Reynolds numbers the effect of solid volume fraction is small. For random orientation with S = 0 at Reynolds number of 80 the increase in Nusselt number is 15% for solid volume fractions variation from 0.1 to 0.2.

Similarly, DNSs of flow past arrays of prolate particles with ar = 5/3 and 5/1 are performed in this work. The decreasing trend of Nusselt number with the increase of S becomes more evident. Nusselt number of prolate particles with ar = 5/3 and 5/1 for different Reynolds numbers, solid volume fractions and Hermans orientation factors are shown in Figs. 6 and 7, respectively. Symbols are obtained from the DNSs and the curved lines are obtained from the correlation given in Eq. (8). By using the simulation data of all the aspect ratios with different orientation, Nusselt number correlation has been developed which is given below:

Nu=(1.57−0.88(1−c)+0.078(1−c)2)[2.5−0.042Re1.07Pr13]+(1.115−0.62(1−c)−0.08(1−c)2)Re−0.0039ar+0.702Pr13+(−S+0.08)−c(ar−2c+1.4)(8)

where c is the solid volume fraction, ar is the aspect ratio of particle, S is the Hermans orientation factor, Re is the Reynolds number. The Nusselt number increases with the Reynolds number for all the four values of Hermans orientation factor as it is the main driving force in the forced convection process. Moreover, at a fixed Reynolds number Nusselt number rises with the increase in solid volume fraction. In the case of random orientation for aspect ratio of 5/1 this increment at Reynolds number of 80 is 14% for the increase of solid volume fraction from 0.1 to 0.2 (Fig. 7b). Furthermore, at Reynolds number of 20 for aspect ratio of 5/1 and solid volume fraction of 0.1 arrays with S = −0.5 shows 30% more Nu when compared with S = 1 arrays (Fig. 7).
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Figure 6: Nusselt number of prolate particles with ar = 5/3 for different Reynolds numbers, solid volume fractions and Hermans orientation factors. Flow is parallel to the reference direction. Error bars denote standard deviation in Nusselt number found from three different samples of configurations. Curves are obtained from the correlation given in Eq. (8). (a) S = −0.5, (b) S = 0 (c) S = 0.5, (d) S = 1
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Figure 7: Nusselt number of prolate particles with ar = 5/1 for different Reynolds numbers, solid volume fractions and Hermans orientation factors. Flow is parallel to the reference direction. Error bars denote the standard deviation in Nusselt number found from three different samples of configurations. Curves are obtained from the correlation given in Eq. (8). (a) S = −0.5, (b) S = 0 (c) S = 0.5, (d) S = 1

The Nusselt number for the single particle depends only on the two parameters which are the Reynolds number and Prandtl numbers. However, in the case of many particles the effects of c are also very important. In the present research the effects of ar and S in addition with the variation of Re and c have been studied on the Nusselt number. Therefore, the variations of new terms have been accommodated by adding extra terms which incorporate their effects on Nu as mentioned in Eq. (8). Power of the Prandtl number in the correlation is set to be equal to 1/3 which comes theoretically from the boundary layer theory. All the other coefficients are set in such a way that it fits well with the simulations data. Selection of the term –S + 0.08 in Eq. (8) has been made on the basis that the maximum values of Nusselt number exist at S = −0.5 and minimum values of Nusselt number occur at S = 1. Also, the trend of the variation of the Nusselt number with the Hermans orientation factor outcome with a linear variation, therefore, the power of S has been selected to be unity. The trend of linearity of Nu with S remains obvious for all the aspect ratios of particles. Hence in the case of non-spherical particles, the Nusselt number depends on the Hermans orientation factor which has been discussed in more detail in the next section.

5  Impact of Hermans Orientation Factors

The Herman orientation factor is an important factor in forced convection heat transfer of prolate particle. Therefore, for a clearer illustration of the varying trend of Nusselt number with S, the results from different S at the same solid volume fraction of 0.3 are shown in Figs. 8 and 9 for ar = 5/3 and 5/1, respectively. It can be seen that, at ar = 5/3, when Re is around 100, the Nusselt number decreases approximately 12% as S increases from −0.5 to 1. While at ar = 5/1, the decreasing trend is more significant and the decrease becomes 14%. Figs. 8 and 9 show that dependence of the Nusselt number on the Hermans orientation factor is prominent for both aspect ratios.
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Figure 8: Effect of Hermans orientation factor on Nusselt number for ar = 5/3, c = 0.3. The line is depicted by Eq. (8)
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Figure 9: Effect of Hermans orientation factors for ar = 5/1, c = 0.3, correlation given in Eq. (8)

The impact of Herman’s orientation factor is pronounced for a range of aspect ratios for different values of solid volume fraction and Reynolds number. All these effects have been incorporated in Eq. (8) in previous section. The correlation developed in Eq. (8) has been plotted in Fig. 10 with the all simulations data. It can be observed that the deviation of the correlation with simulation values is less than 13% for majority of the data points with some of the data points having deviation of 20%. The values of different variables are ar = {5/4, 5/3, 5/1}, S = {–0.5, 0, 0.5, 1}, c = {0.1, 0.2, 0.3}. The selection of different coefficients in Eq. (8) ensures that the maximum deviation of correlation results the simulation data remains less than 13% for majority of the data points [29].
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Figure 10: Comparison between Nusselt numbers of the simulations and correlation in Eq. (8)

The correlation presented in Eq. (8) is a modified form of the correlation put forth by the authors in a previous work [21]. The presented correlation has been improved by including the effect of aspect ratios. The correlation presented in [21] was valid only for an aspect ratio of 5/2, but Eq. (8) has been formulated based on the aspect ratios of {5/4, 5/3, 5/1}. Therefore, this correlation can predict the Nusselt numbers from arrays of prolate particles with aspect ratios in this range. A comparison of the data of [21] for an aspect ratio of 5/2 with the new correlation (Eq. (8)) is plotted in Fig. 11. Maximum deviation of the results of present correlation with the data of [21] remains within 10%. Therefore, it can be concluded that the new correlation is applicable for a range of aspect ratios of multi-particle systems. Moreover, it is equally valid for a range of Hermans orientation factors, solid volume fraction and Reynolds number. Non-spherical particulate systems are important to explore due to their applicability in the industry. Therefore, the present research will provide a new road map in the heat transfer process.
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Figure 11: Comparison between the simulated Nusselt number of [21] and obtained from the correlation in Eq. (8) with aspect ratio of 5/2

From the correlation presented in Eq. (8), the variation of Nusselt number with Hermans orientation factors for two different values of Reynolds number = 20, 80 is presented for different aspect ratios in Fig. 12. The arrays oriented perpendicular to the flow direction (S = −0.5) show higher values of Nusselt number as compared with other arrays. From these graphs, it can be concluded that prolate particles with aspect ratio of 5/4 and 5/3 show linear variation with S for both Reynolds number of 20 and 80. Prolate arrays having an aspect ratio of 5/4 with c = 0.2, Reynolds number of 80 for S = −0.5 result in Nusselt number enhancement of 5%, 9% and 14% over S = 0, S = 0.5 and S = 1, respectively. For the arrays with S = −0.5 for an aspect ratio of 5/3, c = 0.2 and Reynolds number of 80 show 5%, 10% and 14% increase in forced convection over S = 0, S = 0.5 and S = 1, respectively. Prolate particles with larger aspect ratios are like needle shape ellipsoids which behaves as the bluff and slender bodies for S = −0.5 and S = 1, respectively [30,31]. Needle shaped arrays with ar = 5/1, c = 0.2 and Reynolds number of 80 for S = −0.5 result in 6%, 11% and 17% enhancement in heat transfer over S = 0, S = 0.5 and S = 1, respectively. With the increase of aspect ratio, the particles transform into more needle like shapes that are more susceptible to the effects of variations in S. Furthermore, it can be concluded that the Nusselt number depends on the Hermans Orientation factors and effects of particle orientations on heat transfer from arrays of prolate particles cannot be ignored even for smaller aspect ratios. The maximum percent increase in Nusselt number caused by S can be calculated using Eq. (9) which is given below:

Nusselt number enhancement=%increase=NuS=−0.5−NuS=1NuS=−0.5×100(9)

where NuS=−0.5 depict the maximum Nusselt number at S = −0.5 and NuS=1 represents the minimum Nusselt number at S = 1.
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Figure 12: Nusselt number vs. Hermans orientation factor first row ar = 5/4, second row ar = 5/3, third row ar = 5/1 (a) Re = 20 (b) Re = 80

Fig. 13 presents the percentage increase in Nusselt number calculated from Eq. (9). This graph shows that for an aspect ratio of 5, Nusselt number enhancement of 13 to 46 percent is obtained for three different solid volume fractions due to the variation of S. With the increase of Reynolds number, the percent increase in Nusselt number decreases for all values of the solid volume fraction.

[image: images]

Figure 13: Nusselt number enhancement caused by S for various c with ar = 5

6  Summary and Conclusions

Heat transfer from prolate particles for three different aspect ratios, i.e., 5/4, 5/3 and 5/1 has been simulated using the immersed boundary thermal lattice Boltzmann method. Arrays of particles have been created using the Monte Carlo method for three different solid volume fractions i.e., {0.1, 0.2, 0.3} and four different values of Hermans orientation factors, i.e., {−0.5, 0, 0.5, 1}. It is found that the Nusselt number increases with the rise of the solid volume fraction and Reynolds number. A more important finding is that, even for smaller aspect ratios, changes in S cause a significant variation in the Nusselt number. For prolate particles with various aspect ratios, the Nusselt number increases linearly with the decrease of S. Particularly, the Nusselt number enhancement vary between 46% to 13% for the solid volume fractions from 0.1 to 0.3 for ar = 5. Therefore, the effect of particle orientation should be considered in simulations of practical fluid-particle flows with prolate particles. The developed model of the present research can be used in the Computational Fluid Dynamic–Discrete Element Method (CFD-DEM) for the heat transfer analysis of the prolate particles. This work only performs simulations for prolate particles. The investigation of heat transfer properties of flows past arrays of other non-spherical particles is left as future work.
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