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Abstract:



Thermal radiant heating through distinct heat sources is of interest for the thermal loading of thin objects as it is used in residential applications, furnaces, and insulator designs. In this paper, an optimal design for a thermal radiant system by discrete suspended heat sources is analyzed in a side open cavity used for heating the top plate, while the bottom plate is kept at a constant temperature, using the entropy generation minimization method. To avoid pressure fluctuations, the semi-implicit method for pressure linked equations method is used, which solves the continuity, Navier-Stokes, fluid energy, and surface energy equations simultaneously. The system is optimized based on the characteristic length of discrete heat sources, height of discrete heat sources from the bottom plate, the distance between discrete heat sources, the number of discrete heat sources, and the aspect ratio of the cavity that finds the optimal location of heating elements. In addition to the geometrical parameters, the effects of the thermal loading parameters on the optimal position are investigated.
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1. Introduction


The design of thermal radiative heating of horizontal thin plates is of particular interest in numerous industrial uses as noted by [1,2,3,4,5,6,7,8]. The efficient design of a radiant thermal heating system is interesting to many engineering fields, such as thermal plasma processing [1], metallurgical furnaces [2], hot structure thermal tests [3], coal fired utility boilers [4], thermal loading systems [5], residential heating applications [6,7,8], etc. Since optimizing the performance of a system to obtain the maximum energy efficiency at the minimum possible economic cost (optimal thermal management) is a worthwhile investigation for those fields. For a typical radiant heating system where the heaters are at the bottom and the object is positioned at the top, the efficiency of the system can be evaluated by the ratio of the heat absorbed (enhanced heat transfer rate) at the top plate and total heat input to the system through the heaters [7]. As well the uniformness of the heat flux received by the top plate, obtaining a specific heat flux profile on the top plate as a vendor request could be another objective function that could be possible through the modification of the system configuration and thermal energy input of the system [6].



The role of discrete heaters and free convection in square and triangular cavities are analyzed with the heat-line concept by Das and Basak [9]. They found an efficient heating strategy based on the optimal positioning of discrete heaters. As well as this, the effect of different cases based on the heater position in enclosures is studied in [10]. Optimization of discrete heat sources in a vented enclosure is done by Radhakrishnan et al. [11]. Radhakrishnan et al. optimized the problem of discrete staggered heat sources in a vented enclosure numerically and experimentally. They found the coolest heater to maximize heat loading at the minimum temperature deviation by the response surface and trial and error methods. Madadi and Balaji [12] found the optimal location of discrete heat sources with a constant heat flux in a ventilated cavity to minimize the maximum temperature on heat sources using the genetic algorithm method.



Other than optimization based on energy efficiency and thermal management, the designs based on entropy study are explored in the literature. A comprehensive review of entropy generation in natural convection for various enclosure shapes is done by Biswal and Basak [13]. Entropy generation and irreversibility of various fluid types, such as non-Newtonian [14], nano-fluid [15], micro polar fluid [16], Williamson fluid [17], power law fluid [18], etc., is done throughout the literature. The study of entropy generation is a base for entropy generation minimization (EGM) to design a system. Oztop et al. [19] considered the geometrical parameters (opening ratio and center of opening), as well as thermal parameters (Rayleigh number), for optimization. They found that the geometrical parameters are dominant. The effect of obstacles in natural convection is considered by Hussain et al. [20]. It is known that obstacle’s position affects the total generated entropy. Moreover, surface thermal radiation can increase the amount of entropy generation by as much as five times [21]. Recently, the entropy generation in the thermal radiative loading of structures with distinct heaters has been studied by Jamalabadi et al. [22]. As shown in most of the cavity (other than zone around the lamps), entropy generation is caused by fluid motion rather than heat transfer. As well as an increase of heating ratio, the heat source number and aspect ratio of irreversibility increases.



Based on the study conducted by Jamalabadi et al. [22], a code was developed using finite volume method with SIMPLE algorithm that solves the governing equation of motion. The code was first validated by comparing the results to those of the benchmark solution from the natural convection of air in a square cavity [23] and also a simulation of a natural convection investigation with a high Rayleigh number in a square cavity [24].



The entropy generation minimization is a type of thermodynamic optimization method, which can be used for optimizing the finite-size systems and finite-time processes [25]. In [25], Bejan demonstrated that the maximum power from a power plant is equivalent to the minimum entropy generation case. This method is consistent with various laws of physics, such as the Bernouli equation (thermodynamics of an inviscid flow) [25], and can be applicable in engineering design problems, such as optimizing a fin length [26], distribution of heat exchanger area [27], intermediate heat transfer of insulation systems [28], optimal heat storage system subject to time constraint [29], extracting maximum power from fluid flow [30], collector design of a solar-thermal power system [31], minimization of heat leak entropy generation for refrigeration systems [32], and several other time dependent processes [33,34,35,36,37,38,39].



As shown by the detailed review of optimization based on energy efficiency throughout free convection in enclosures of various shapes, fluids, and processes, the study of the optimal design of free convection in open enclosures with discrete heat sources based on entropy generation minimization has not yet been conducted. The goal of the current research is to optimize the thermal radiative heating of horizontal thin plates by the entropy generation minimization method. This optimization is based on thermal and geometrical parameters with the entropy generation as the objective function.




2. Mathematical Modeling


Open cavity with discrete heat sources considered here is shown in Figure 1. The system studied in the current paper (Cartesian coordinates) consists of a side opened cavity that has thermal interaction with constant temperature sources: the environment (inlet at Tin = T∞ and adiabatic outlet flow) and the bottom plate (solid wall at Tc = T∞). In accordance with thermal insulator tests and to obtain the highest possible temperature on the top plate, adiabatic conditions are assumed. Discrete heat sources with known characteristic length (DL) and constant gap distance (XL) are suspended at a specific height (hL) from the bottom plate. The working fluid is compressible and Newtonian. The gravity acts in a downward direction. The summary of equations and boundary conditions are shown in Table 1 and Table 2, respectively. Although the three-dimensional (3D) numerical analysis is relatively more accurate when compared to a two-dimensional (2D) one, its computational cost is significantly higher. Hence, due to avoiding a high computational cost and also the simplicity of the problem (less parameters for study), the 2D domain is assumed to simulate the system. Although a 2D analysis neglects the ending effect of heaters and the extension of natural convection cells in the third dimension, this approach is widely used for analyzing a natural convection problem when the length of heaters is comparable to the third direction.


Figure 1. Open cavity with discrete heat sources.
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Table 1. Summary of equations.







	
Equation

	
Formula






	
Continuity
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Equation of State
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Momentum
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Fluid Energy
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Surface Energy
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Table 2. Boundary conditions.







	
Location

	
Velocity

	
Temperature






	
Solid Walls
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-




	
Heat Source Surface
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Symmetry [image: ]
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Vent [image: ]
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Boundary conditions of solid walls (Table 2) are set as no-slip boundary condition, while a constant heat flux is set to the heat source surfaces. Because of symmetry, a half of the system is modelled to simulate the computational domain (origin of coordinate system is fixed at this line). The temperature gradients that are normal to the symmetric line should be zero, and the horizontal components of the velocity profile at that place would be zero as well. The vent boundary condition is obtained from Jamalabadi et al. [6]. The unknown values of velocity vector (u, v), pressure, temperature, and density through each point of domain (x, y) could be obtained by solving the continuity equation, Navier–Stokes equations, ideal gas equation of state, fluid energy equation, and solid energy equation where listed in Table 1. The non-dimensional (by kf/L2) volumetric rate of irreversibility through the system is given by:


[image: ]



(1)








3. Results and Discussion


A code in FORTRAN software (G95, IBM, New York, NY, USA) is developed based on the finite volume method to solve the system of equations. The results of grid dependence tests and comparison with previous works are presented in Table 3 and Table 4, respectively.



Table 3. Grid dependence tests at N = 11, AR = 1 and Nr = 55.31.







	
ΔX

	
Max (Ψ)

	
Relative Error Percent

	
Nusselt

	
Relative Error Percent






	
0.1

	
285.46

	
2.3668

	
53.12

	
9.5522




	
0.05

	
274.93

	
1.4093

	
57.37

	
2.3157




	
0.01

	
280.15

	
0.4626

	
58.72

	
0.0170




	
0.005

	
278.86

	
0.0

	
58.73

	
0.0










Table 4. Comparison of current study with benchmarks.







	
Rayleigh

	
Nusselt




	
De Vahl Davis [23]

	
Dixit and Babu [24]

	
This Study






	
103

	
1.116

	
1.120

	
1.13




	
104

	
2.242

	
2.286

	
2.25




	
105

	
4.531

	
4.563

	
4.54




	
106

	
9.035

	
8.800

	
8.9










The optimization results using three lamps with Nr = 1 and AR = 0.3 are shown in Figure 2. As shown, the generated entropy decreases in direct relation to the increase of the lamp distance from the bottom plate. For the values of hL that are higher than 0.021, an increase in the lamp distance from the bottom plate causes to increase the irreversibility Therefore, the optimal distance of discrete heat sources is 0.021. The dimensionless quantities of Nr = 10 and AR = 1/2 are arbitrarily selected to study the effect of the parameters on the system’s behavior. The value of the Prandtl number is used here and is adapted with the value of air (Pr = 0.71). An increase in the lamp distance from the bottom plate causes a decrease in the entropy generation due to the heat transfer as a result of a decrease in temperature gradients. When the distance of the heat sources from the bottom plate increases, the action region of heat sources at the cooling plate increases, which leads to a decrease in the temperature gradients. At the same time, an increase in the lamp distance from the bottom plate causes an increase in the entropy generation due to the friction as a result of an increase in the natural convection force. The increase of distance of the heat sources from the bottom plate also lets a higher space of the natural convection. Consequently, since the length of the path that fluid gains energy increases, the velocity increases. It then causes higher amount of vorticity generated entropy.


Figure 2. Generated entropy vs. the lamp distance from the bottom plate for Nr = 10 and AR = 1/2.
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The one parameter optimization of the system is done around the condition of N = 13 (Number of heat sources), AR = 0.3 (aspect ratio is defined by height to length ratio of the cavity), Nr = 1 (heating number = q″/σT∞4), DL = 0.01 (the ratio of heat source characteristic length to length of the cavity), hL = 0.02 (the ratio of the height of heat sources from the bottom plate), and xL = 0.02 (the ratio of the gap between the heat sources to length ratio of the cavity) as shown in Figure 3, Figure 4, Figure 5 and Figure 6.


Figure 3. Generated entropy vs. the lamp diameter for Nr = 10 and AR = 1/2.
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Figure 4. Generated entropy vs. the aspect ratio for Nr = 10.
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Figure 5. Generated entropy vs. the gap between lamps for Nr = 10 and AR = 1/2.
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Figure 6. Generated entropy vs. the lamp number for Nr = 10 and AR = 1/2.
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Figure 3 depicts that, for Nr = 10 and AR = 1/2, the generated entropy decreases when the lamp diameter is increased. As shown in this figure, the optimal diameter of discrete heat sources is equal to DL = 0.011. When the lamp diameter increases, an increase in the lamp perimeter causes a decrease in the surface temperature, which results in a decrease in the heat component of irreversibility production. In addition, at a constant distance between lamps, an increase in the lamp diameter causes an increase in the surface of heat transfer while it intensifies the fluid flow inspired by natural convection motion. The confrontation of these two effects meets at the point of DL = 0.011 for current study. Figure 4 shows that, for Nr = 10, an increase in the aspect ratio causes to decrease the generated entropy. It can be observed that, in the range of 0.29 < AR < 0.36, the irreversibility reaches its minimum value. When the aspect ratio increases, the entropy generation due to the heat transfer decreases as a result of a decrease in the temperature gradients. Moreover, the distance between two heat sources and heat sink in the system increases, which results in a decrease in the temperature gradients. An increase in the aspect ratio also causes an increase in the entropy generation due to the friction as a result of an increase in the natural convection force. A higher aspect ratio causes a larger size of natural convection. Since the distance of the path that fluid obtains energy increases, the velocity increase. Consequently, it results in a higher amount of vorticity generated entropy.



The generated entropy as a function of the gap between lamps for Nr = 10 and AR = 1/2 is plotted in Figure 5. It is clear that xL = 0.02 is the optimal location of the heaters. As the gap between lamps increase, the total distance of the region of the heat sources increases. This causes both components of the entropy production to decrease until the total length of the region is extended to near the natural convection cell at the outlet of the system. At that point, the entropy production due to the friction demolishes suddenly, which causes an increase in the entropy generation. The confrontation of these two effects meets at the point xL = 0.02 in this study.



The generated entropy as a function of the lamp number for Nr = 6 and AR = 0.3 is plotted in Figure 6. It can be observed that an increase in the heat source number causes an increase in the irreversibility constantly. Therefore, the optimal number for the heaters is one heater. An increase in the heat source numbers causes an increase for both components of the entropy productions, including the friction and the heat transfer, which produce irreversibility through the system. Hence, it is found that using less heat sources is efficient based on the second law analysis.



Figure 7 shows the distribution of the dimensionless total rate of entropy generation (by kf/L2) for three discrete heat sources with Nr = 1 and AR = 1/2. For this configuration and input heat flux, most of the irreversibility is produced at the open side of the cavity. The zone near the lamps where the highest temperature gradient occurred does not contain the highest entropy generation, while the open side that contains the highest magnitude of vortex generation has the highest values of irreversibility and most energy quality is lost at that zone. The maximum entropy generation rate occurred at the inlet of air near the heated top wall.


Figure 7. Dimensionless rate of total entropy generation for N = 3, Nr = 1, and AR = 1/2.
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The contribution of various parts of entropy generation is clearly expressed by Figure 8. The ratio of heat transfer contribution in terms of total entropy generation is defined by the Bejan number. Figure 8 shows the contours of the Bejan number for N = 13, Nr = 1, and AR = 0.3, and it is obvious that the dominant heat transfer zone is restricted to near the discrete heat sources and extends to the heated top plate. The rest of the cavity has a Bejan number of less than the value of 0.05. It means that more than 95 percent of the entropy is generated by fluid friction. That viscous heating is aroused by natural convection through the cavity.


Figure 8. Bejan number for N = 3, Nr = 1, and AR = 1/2.
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Other than the one parameter optimization done in Figure 3, Figure 4, Figure 5 and Figure 6, in many applications it is necessary to optimize the system parameters together. Figure 9 reveals the variation of dimensionless total entropy generation rate per unit volume (kf/L2) throughout the open cavity for N = 13 and Nr = 1 as a function of the aspect ratio and the height of discrete heat sources from the bottom. The 2D profile of that 3D surface is plotted in Figure 10 to make its values clear. As shown, based on the value of the aspect ratio, there are different optimums in the range that is used for the height of discrete heat sources from the bottom. The saddle shape surface shown in Figure 10 has a dent near the surface of AR = 0.3. The point hL = 0.02 is the optimum point for AR = 0.31, but it is the worst choice when AR = 0.65. Hence, the recommended values should be used in the specified condition and could not be used in all of the ranges.


Figure 9. Dimensionless rate of total entropy generation for N = 13, and Nr = 1 as a function of aspect ratio and the height of discrete heat sources from the bottom.
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Figure 10. Dimensionless rate of total entropy generation for N = 13, and Nr = 1 as a function of the height of discrete heat sources from the bottom for various aspect ratios.
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It was also shown in [22] that the total entropy generation rate per volume throughout the open cavity is increased for Nr higher than one (for lower values where the heat conduction is dominant, it is almost constant), but these conditions are not true in all of the cases. Proof of this is plotted in Figure 11, which demonstrates the role of heat source number and heating ratio in entropy generation, while the total rate of entropy generation per volume surface is schemed against the heating ratio for various numbers of heat sources in the open cavity. As shown for the values of heat source number over 15, entropy generation suddenly decreases. That happens because in those conditions most of the cavity space is filled by heat sources. Therefore, the zone near the open side is restricted by heat sources which produces the highest amount of irreversibility (due to fluid friction). Hence, the greatest contribution of the generated entropy would be based on the thermal radiation heat transfer mode and the natural convection heat transfer mode.


Figure 11. Dimensionless rate of total entropy generation as a function of heat source number and the heating ratio.
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4. Conclusions


The results of our comprehensive investigation on thermal radiant heating by distinct heat sources on the thermal loading of thin objects were presented. The schemed problem is used in residential applications, furnaces, and insulator designs. In this research, the optimal design of a thermal radiant system by discrete suspended heat sources in a side open cavity is used to heat the top plate while the bottom plate is kept at a constant temperature was performed via the entropy generation minimization method. The SIMPLE method is used to solve the continuity, Navier-Stokes, fluid energy, and surface energy equations, simultaneously. The optimization of the system is done around the condition of N = 13, AR = 0.3, Nr = 1, DL = 0.01, hL = 0.02, and xL = 0.02. Optimization was performed based on the characteristic length of discrete heat sources, height of discrete heat sources from the bottom plate, distance between discrete heat sources, number of discrete heat sources, and aspect ratio of the cavity to find the optimal location of heating elements. As well as geometrical parameters, thermal loading parameters effects are investigated for optimal positions. These limitations should be considered in practical applications of the method and results of this paper. The results are summarized as follows:

	(1)

	
In the range of 0.29 to 0.36 the aspect ratio has minimum irreversibility.




	(2)

	
The optimal gap between the heat sources is 0.02 of the length of the cavity.




	(3)

	
The optimal height of the heat sources from the bottom plate is 0.02 of the length of the cavity at an aspect ratio of 0.3.




	(4)

	
The optimal characteristic size of heat sources is 0.011 of the length of the cavity.




	(5)

	
By increasing the number of heat sources entropy generation increases. The optimal value occurs in one heater.




	(6)

	
The maximum entropy generation rate occurred at the inlet of air near the heated top wall.




	(7)

	
The dominant heat transfer zone is restricted to near discrete heat sources and extends to the heated top plate. The rest of the cavity has a Bejan number of less than the value of 0.05.




	(8)

	
The point hL = 0.02 results in the minimum entropy generation when AR = 0.31. It also results in the maximum entropy generation when AR = 0.65. Hence, the recommended values cannot be used in all of the ranges, but is applicable in a specific condition.




	(9)

	
For the values of heat source number over 15, the natural convection zone is choked by the presence of heat sources and entropy generation suddenly decreases.
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Nomenclature




	AR
	Aspect ratio (H/L)



	Be
	Bejan number



	Br
	Brinkmann number



	Cp
	specific heat at constant pressure (J·K−1)



	Gr
	Grashof number (gβL4q″/ν2)



	Fij
	Configuration factor



	Fb
	body force



	g
	acceleration due to gravity (m·s−2)



	H
	Enclosure height (m)



	k
	thermal conductivity (W·m−1·K−1)



	L
	characteristic length (m)



	n
	number of heat sources



	Nr
	heating number (q″/σT∞4)



	Ns
	entropy generation number



	Nu
	local Nusselt number



	p
	pressure (Pa)



	P
	dimensionless pressure ((p-p∞)L2/ρα2)



	Pr
	Prandtl number (ν/α)



	q″
	Heater heat flux (W·m−2)



	Ra
	Rayleigh number (gβL4q″/να)



	Re
	Reynolds number



	S‴
	entropy generation rate per volume



	S
	dimensionless entropy generation



	Sθ
	dimensionless local entropy generation due to heat transport



	Sψ
	dimensionless local entropy generation due to fluid friction



	Sθ, total
	dimensionless total entropy generation due to heat transport



	Sψ, total
	dimensionless total entropy generation due to fluid friction



	Stotal
	dimensionless total entropy generation due to heat and fluid friction



	T
	temperature of the fluid (K)



	Th
	temperature of hot wall (K)



	Tc
	temperature of cold wall (K)



	U
	x component of dimensionless velocity (vx L/α)



	V
	y component of dimensionless velocity (vy L/α)



	v
	velocity vector



	vx
	x component of velocity (m·s−1)



	vy
	y component of velocity (m·s−1)



	x
	distance along x coordinate (m)



	X
	dimensionless distance along x coordinate (x/H)



	y
	distance along y coordinate (m)



	Y
	dimensionless distance along y coordinate (y/H)







Greek Symbols




	α
	thermal diffusivity (m2·s−1)



	β
	volume expansion coefficient (K−1)



	δij
	Kronecker delta



	ϵ
	surface emission factor



	θ
	dimensionless temperature



	μ
	dynamic viscosity (kg·m−1·s−1)



	ρ
	density (kg·m−3)



	ζ
	dimensionless heat flux (q″/σT∞4)



	Φ
	viscous dissipation functions



	ϕ
	irreversibility distribution ratio



	ψd
	dimensional streamfunction (m2·s−1)



	ψ
	dimensionless streamfunction







Subscripts




	∞
	bulk, ambient value



	m
	mean, modified, spatial average



	f
	fluid



	eff
	effective properties of fluid



	s
	solid



	total
	summation over the domain







Superscripts




	e
	element
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