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Abstract

:

The thermal comfort and air-conditioning energy consumption of vehicles or trains are dependent on the thermal resistance of its envelopes, which could be enhanced by improving the radiation characteristics of the narrow cavities scattered in their envelopes. However, the study for a feasible method and its effectiveness has been given little attention. This paper introduces a method that involves pasting aluminum foil on the inner wall to change the radiation characteristics of the narrow cavity and analyzed its effects on narrow-cavity heat transfer by experimental and numerical methods. The results indicate that the radiation effect on heat transfer in a narrow cavity made of conventional material is dominant, with a rate larger than 75%, and that pasting aluminum foil is an effective and feasible method of weakening the radiation rate in narrow-cavity heat transfer, decreasing it to less than 10%. This paper will provide a reference to improve the insulation characteristics of vehicle enclosure.
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1. Introduction


Usually, coupled heat transfer involving various heat transfer forms occurs in a narrow cavity when there is a temperature difference between envelopes, of which the radiant heat transfer share could be significant. The thermal resistance of a vehicle/train envelope is one of the main factors determining thermal comfort and air conditioning energy consumption, and its improvement has always been of interest. Narrow cavities are commonly found in vehicle envelopes, sometimes to a large proportion, such as in the CEH3 high-speed train made in China, which has 50.2% [1]. It could be a promising method to strengthen the thermal resistance of vehicle envelopes by decreasing the radiant heat transfer share in cavities scattered in envelopes. The practicable method and its effectiveness are worth studying.



Most studies analyze the radiation characteristics of the heat transfer of narrow cavities, especially by a numerical method. Rincón-Casado et al. [2] provided a Rayleigh number (Ra) function containing the aspect ratio of the enclosed cavity. Hinojosa et al. [3] numerically determined the Reynolds number (Re) and inclination angle effect on natural convection in an open cavity. Didier et al. [4] experimentally analyzed the radiation effect on the Nusselt number (Nu), temperature and velocity in the cavity. El-Sherbiny et al. [5] and Kim et al. [6] numerically verified that the wall surface emissivity of a cavity affects its heat transfer dramatically. Based on different numerical methods, references [7,8,9,10,11] indicate that the average Nu increases with increasing surface emissivity in a cavity. References [12,13,14,15] investigated the relationship between the radiation effect and the heat transfer in the cavity based on different numerical models. References [16,17,18] numerically found that the radiant parameters significantly affect the characteristics of conjugate heat transfer in a closed cavity. It is clear that these studies focused on analyzing the thermal characteristics of various narrow cavities only. Although we can now conclude that the radiation effect could be significant in some narrow-cavity heat transfer processes, how to decrease the radiation share in cavity heat transfer by an effective and feasible method is uninvestigated, especially by experimental methods.



Based on the attempt to improve the insulation characteristics of the vehicle/train envelope, this paper will introduce a feasible method by pasting aluminum foil in the inner walls of the narrow cavity and combine experimental and numerical methods to indicate its enhanced effect on thermal resistance.




2. Experimental Studies


The narrow cavity is closed, with a thickness-to-height ratio of less than 0.06, and the four walls are adiabatic except for both large parallel walls; thus, the heat transfer could be regarded as a one-dimensional problem.



To obtain the aluminum foil effect on enhancing the thermal resistance of the narrow cavity: Firstly, the aluminum foil effect on the heat transfer of both horizontal cavities and vertical cavities will be studied by an experimental method (including 5 mm, 10 mm and 15 mm thickness); secondly, a numerical model and method for the narrow cavities will be built and verified by the test data; then, the aluminum foil effect on the heat transfer of the inclined cavities (30°, 45° and 60°) (including 5 mm, 10 mm and 15 mm thickness) will be studied by a numerical method. In the paper, CWOA refers to the narrow cavities without aluminum foil on the inner wall, CWSA refers to the narrow cavities with aluminum foil on one inner wall and CWDA refers to the narrow cavities with aluminum foil on both inner walls.



Based on the system in [19], this paper first carried out the test on the heat transfer characteristics of various narrow cavities, including horizontal cavities and vertical cavities with various radiation characteristics.



2.1. Experimental Platform


The experimental system is based on the principle of constant heat flow, which includes the test cavity and the auxiliary systems, such as an adjustable DC power, electric heating pad, both temperature test pads for the hot cold surfaces, cooling plate, constant temperature water bath and data acquisition system. Figure 1 shows the test facility and cavity specimen placed horizontally. The horizontal cavity, whose hot surface is on the bottom, is only considered because pure heat conduction will occur when the hot surface is on the top.



A Keithley 2700 multichannel data acquisition system with true six-and-a-half-bit (22-bit) accuracy from Keithley is used, and the wall temperature test pad shown in Figure 2 is composed of a serpentine copper wire and a based cloth, which is based on the relationship between the wire resistance I and its temperature T as shown in Equation (1) [20], where I0 is the wire resistance at 273 K and ξ is the wire temperature coefficient of resistance, which is 0.004286.


  I =   I   0   ( 1 + ξ T )  



(1)







In this paper, the cavity equivalent heat transfer coefficient K and the radiation heat transfer share r are used, which are defined as Equations (2) and (3).


  K =  q  Δ T   =    q r  +  q c  +  q h    Δ T    



(2)






  r =    q r   q   



(3)




where q is the heat flux density, including heat conduction, convection and radiation per unit wall area (qh, qc, qr), W/m2; ∆T is the temperature difference between both parallel large walls, K; and qr can be defined as Equation (4).


   q r  =  ε s  σ (  T  hm  4  −  T  lm  4  )  



(4)




where σ is the radiation constant, 5.67 × 10−8 W/(m2·K4); Thm and Tlm are the temperatures of the cold and hot surfaces, respectively, K; and εs is the system emissivity of the narrow cavity shown as Equation (5), of which ε1 and ε2 are both parallel surface inner emissivities.


   ε s  =  1   1   ε 1    +  1   ε 2    − 1    



(5)







The relative error could originate from the heat loss of the cavity adiabatic surface (δq/q) and the measured errors to cavity thickness (δδw/δw) and the surface temperatures, which can be evaluated according to Equation (6) [21], of which δq/q is the maximum 3.85%. Table 1 gives the error results, of which the maximum is not larger than 4.07%.


    δ K  K  =           δ q  q     2  +       δ  δ w     δ w       2  +       δ  T  hm      T  hm   −  T  lm        2  +       δ  T  lm      T  hm   −  T  lm        2      0.5    



(6)




where δw is the thickness of the cavity, m.




2.2. Test Specimens


The narrow cavities tested in this paper include vertical cavities with thicknesses of 5 mm, 10 mm and 15 mm and horizontal cavities with thicknesses of 10 mm, 15 mm and 20 mm. The cavities are made of 5 mm thick wood, and their radiation characteristics are changed by configuring the inner walls without aluminum foil, with single-sided aluminum foil, and with double-sided aluminum foil. Figure 3 shows the cavity geometry with double-sided aluminum foil. Table 2 shows the information of the cavity and its materials.




2.3. Experimental Methods


	(1)

	
First, the water temperature is adjusted to 297 K from the constant temperature water bath, and the heat flux density is set to 25.2 W/m2 by adjusting the DC power.




	(2)

	
Second, when the temperature change rates of the two cavity walls are less than 0.2 K/h, the thermal equilibrium is obtained, and the test data are recorded.




	(3)

	
Third, according to the wall temperature and the heat flux density obtained, the equivalent heat transfer coefficient K and its radiation share r of the tested cavity specimen is calculated.




	(4)

	
According to the above method, the equivalent heat transfer coefficient K of the tested cavity corresponding to the respective heat flux densities of 25.2 W/m2, 41.4 W/m2, 59.4 W/m2, 74 W/m2 and 91.84 W/m2 can be obtained.




	(5)

	
Then, in accordance with the principle described above, the tests are repeated by replacing different test specimens in turn.







During the test, the equilibrium state is determined when the temperature change rates of the two cavity walls are all less than 0.2 K/h. The cavity without aluminum foil (CWOA) takes approximately 400 min to attain an equilibrium state, the cavity with single-sided aluminum foil (CWSA) takes approximately 450 min and the cavity with double-sided aluminum foil (CWDA) takes approximately 550 min.




2.4. Experimental Results and Analysis


The ambient relative humidity is basically constant at 45%RH during the experiments, and the humidity effect on the heat transfer in the cavity is not considered. By testing, the thermal conductivities of specimens 1 and 2 are 0.173 W/(m·K) and 0.168 W/(m·K), respectively. After pasting the aluminum foil, the cavity system emissivity is changed from 0.941 (CWOA) to 0.039 (CWSA) and 0.02 (CWDA), respectively.



2.4.1. Vertical Cavity (90°)


Figure 4 shows the radiation share r in the vertical cavities with 5 mm, 10 mm and 15 mm thicknesses and their respective equivalent heat transfer coefficient K with the wall heat flux q.



It is known that the heat convection and radiation in the cavity will be enhanced as the wall temperature increases, and the radiation capacity is proportional to the fourth power of the wall temperature. When the heat flux density is increased from 25.2 W/m2 to 91.84 W/m2 in the same cavity, K and r both increase due to the higher wall temperature. The maximum increment ΔK is 0.69 W/(m2·K) in CWDA with 15 mm thickness, whose thermal resistance is maximum. It is assumed that the maximum increment Δr would also be in the cavity with the maximum resistance, but the maximum increment Δr is 1.6% in CWOA with 5 mm thickness, whose thermal resistance is minimum. The reason could be that convection was severely restricted in such a narrow cavity of 5 mm thickness.



Before the aluminum foil is pasted, r is dominant, with a maximum of 78.31% in CWOA with 15 mm thickness at 91.84 W/m2, and a minimum of 55.6% in CWOA with 5 mm thickness at 25.2 W/m2. After the aluminum foil is pasted, the sharp decrease of K and r indicates that the heat radiation effect on the heat transfer in the usual narrow cavities is dominant, and that it can be effectively suppressed by pasting the surface with low emissivity materials. Compared with CWOA of the same thickness at the tested heat flux density range, the average values of     K  ¯    and     r  -    in CWSA with 5 mm, 10 mm and 15 mm thickness are reduced by approximately 41%/91%, 57%/87% and 62%/85%, respectively. The aluminum foil effect in CWDA is slightly larger than in CWSA; the average values of     K  ¯    and     r  -    in CWDA with 5 mm, 10 mm and 15 mm thickness are enlarged by approximately 2%/47%, 5%/47% and 4%/47%, respectively.



When the cavity thickness increases, K decreases and r increases dramatically due to the thermal resistance, and the wall temperature increases. The average values of both     K  ¯    and     r  -    are 20.13/56.36,11.35/71.91 and 9.03/78.22 in CWOA with 5 mm, 10 mm and 15 mm thickness, respectively; 11.82/5, 4.9/9.68 and 3.44/11.9 in CWSA; and that are 11.58/2.65, 4.65/5.18 and 3.29/6.27 in CWDA. The difference between CWSA and CWDA is less.




2.4.2. Horizontal Cavity (0°)


Figure 5 shows r in the horizontal cavities with 10 mm, 15 mm and 20 mm thicknesses and their corresponding equivalent heat transfer coefficient K with q. The change trends and their reasons in the horizontal cavities are similar to that of vertical cavities, but the test data in both cavities are different. The average values     K  ¯    (W/(m2·K)) and     r  -    (%) are 11.45/71.95, 9.17/75.39 and 8.32/73.57 in CWOA with 10 mm, 15 mm and 20 mm thickness, respectively; 4.95/8.88, 4.72/9.44 and 3.93/9.43 in CWSA and 4.76/7.92, 4.42/4.6 and 3.85/4.56 in CWDA.



The maximum increment ΔK is 1.74 W/(m2·K) in CWDA with 15 mm thickness, which is larger than that in CWDA with 20 mm thickness. The maximum increment Δr is 8.7% in CWOA with 20 mm thickness, because radiation is greatly improved due to the increased wall temperature.



Before the aluminum foil is pasted, r is also dominant, with a maximum of 79.1% in CWOA with 15 mm thickness at 91.84 W/m2, and a minimum of 69.1% in the CWOA with 20 mm thickness at 25.2 W/m2 due to improved convection. After the aluminum foil is pasted, the sharp decrease of K and r also occurred. Compared with CWOA of the same thickness at the tested heat flux density range, the average value     K  ¯    and     r  -    values in CWSA with 10 mm, 15 mm and 20 mm thickness are reduced by approximately 57%/88%, 49%/88% and 53%/87%, respectively. The aluminum foil effect in CWDA is also slightly larger than in CWSA, with the average values of     K  ¯    and     r  -    in CWDA with 10 mm, 15 mm and 20 mm thickness enlarged by approximately 4%/11%, 6%/51% and 2%/52%, respectively.






3. Numerical Analysis


In practice, the inclined cavities with various angles could be more common in a vehicle/train envelope. To comprehensively reveal the aluminum foil effect on the heat transfer of the narrow cavity at various angles, the analysis of the heat transfer characteristics in the cavity with different thicknesses, inclination angles and system emissivity were carried out based on the previous experimental research results and the FLUENT software. Based on the finite volume method, FLUENT software has many mature models and advanced numerical methods, and its unstructured and adaptive mesh technique is also very effective, so the heat transfer problem can be quickly and accurately calculated. Figure 6 is the flow chart of the numerical calculation.



3.1. Physical Model


The two-dimensional physical model of a narrow closed cavity with a cross-sectional size of 500 × 500 mm and a thickness-to-height ratio of less than 0.06 is shown in Figure 7, where both large parallel surfaces are of equal heat flux and the upper surface is cooled while the other surfaces are adiabatic, and the constituent materials and parameters are the same as those in the experiment.




3.2. Numerical Model and Method


The heat transfer in the narrow cavity involves conduction, convection and radiation. In this paper, the problem is considered as a two-dimensional steady-state laminar flow model that ignores the viscous dissipation effect, and the radiation effect is considered by the DO model embedded in the FLUENT software. The control volume method is used to discretize the control equation, in which the convective diffusion term is in a second-order windward format. The SIMPLE algorithm [22] is used to solve the coupled velocity and pressure equations, in which the buoyancy effect is considered, and the body force is chosen for the pressure difference. As the convergence criterion to stop the calculation, a relative difference of 5% between the heat imported from the hot surface and the heat output by the cold surface is chosen. Except for the buoyancy force, the air parameters are set as constants, including 0.701 for the Prandtl number (Pr), 300 K for the initial temperature, 101.325 kPa for the reference pressure, 0.9 for the inner wall emissivity of the cavity without aluminum foil and 0.04 for the inner wall emissivity of the cavity with aluminum foil. Except for the formulas mentioned above, the control equations also include the following equations [23]. These equations are all suitable for the cavities mentioned in this paper, and the difference between these problems is dependent on their physical models.



Continuity equation shown as Equation (7):


    ∂ u   ∂ x   +   ∂ v   ∂ y   = 0  



(7)







Momentum equation shown as Equations (8) and (9):


  u   ∂ u   ∂ x   + v   ∂ u   ∂ y   + = −  1 ρ    ∂  p ′    ∂ x   + ν      ∂ 2  u   ∂  x 2    +    ∂ 2  u   ∂  y 2      − g β ( T −  T c  ) sin θ  



(8)






  u   ∂ v   ∂ x   + v   ∂ v   ∂ y   = −  1 ρ    ∂  p ′    ∂ y   + ν      ∂ 2  v   ∂  x 2    +    ∂ 2  v   ∂  y 2      + g β ( T −  T c  ) cos θ  



(9)







Energy equation shown as Equation (10):


  u   ∂ T   ∂ x   + v   ∂ T   ∂ y   = a      ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2       



(10)







The two-dimensional differential equation for thermal conductivity in the solid region of the two wood walls of the cavity is Equation (11):


   ∂  ∂ x   ( λ   ∂ T   ∂ x   ) +  ∂  ∂ y   ( λ   ∂ T   ∂ y   ) = 0  



(11)




where u, v, p′, and T are the velocity components, effective pressure and temperature, respectively; ρ, g, β, v, and a are the density, gravitational acceleration, coefficient of thermal expansion, coefficient of viscous diffusion, and coefficient of thermal diffusion, respectively; and λ is the thermal conductivity of the solid.



Equations (12) and (13) give the cavity wall boundary conditions at x = H/2 and x = −H/2, respectively.


    ∂ T  /  ∂ x   = 0    



(12)






  u = v = 0  



(13)







Equations (14) and (15) give the cold and hot wall boundary conditions of the cavity at y = −L/2 and y = L/2, respectively.


   - λ     ∂ T   ∂ y     = q   ,   u = v = 0   



(14)






   T =  T c    ,   u = v = 0   



(15)







Equations (16) and (17) give the cavity flow-solid coupling surface conditions at y = −δ/2 and y = δ/2, respectively, of which the equivalent conductivity λair at the air side includes surface air conduction and radiation effects and λaf refers to the conductivity of the aluminum foil.


  y = − δ / 2 ,   u = v = 0 ,          T    −  δ +  / 2   =    T    −  δ −  / 2   ,   −  λ  a f       ∂ T   ∂ x         −  δ +  / 2   =     −  λ  a i r       ∂ T   ∂ x         −  δ −  / 2    



(16)






  y = δ / 2 ,   u = v = 0 ,          T     δ +  / 2   =    T     δ −  / 2   ,   −  λ  a f       ∂ T   ∂ x          δ +  / 2   =     −  λ  a i r       ∂ T   ∂ x          δ −  / 2    



(17)








3.3. Meshing and Its Independence Verification


To reduce the element number impact on the calculation results, several sets of nonuniform grids are used to discretize the calculation area based on the 15 mm thick CWOA at a 30° inclined angle to assess the element independence, where the element is encrypted near the walls with larger velocity and temperature gradients. The result based on the final three grids is given in Table 3. Because the maximum relative error between both mesh systems is less than 5%, the minimum grid system of 100 × 25 was finally chosen to carry out the following numerical calculations based on the consideration of saving computer resources.




3.4. Validation of the Numerical Method


Values of K of vertical cavities with different thicknesses based on the experimental data were selected to verify the numerical model and method in this paper, and the results are shown in Figure 8.



It can be seen that the numerical results are in good agreement with the experimental data. The error between 2.5~13.63% could be from the difference of the physical parameters between the test and numerical calculations.




3.5. Results and Analysis


3.5.1. The Inclined Narrow Cavity at 30°


The temperature distribution in the 15 mm thick cavity at 30° under different heat flux densities and system emissivities are given in Figure 9. Figure 9c is the temperature distribution in the cavity without aluminum foil on the inner wall at 25.2 W/m2, and it indicates that the temperature difference is small and that only conduction is observed. The hot surface temperature of the cavity and the temperature gradient increase when the heat flux density is increased from 25.2 W/m2 to 91.84 W/m2. Figure 9a is the temperature distribution in the cavity without aluminum foil on the inner wall at 91.84 W/m2, and it indicates that as the hot surface temperature increases, convection and conduction occur. After pasting the aluminum foil, the thermal resistance, hot surface temperature and cavity temperature gradient all increase dramatically at the same flux density. The aluminum foil effect in CWSA is slightly greater than that in CWDA.



Figure 10 shows the equivalent heat transfer coefficient K and its radiation share r of the cavities with 10 mm, 15 mm and 20 mm thicknesses at 30° inclination when the heat flux density is increased from 25.2 W/m2 to 91.84 W/m2. The change trends and their reasons in the cavities at 30° are similar as that in horizontal cavities, but the corresponding values are lower.



The average values     K  ¯   (W/(m2·K)) and     r  -   (%) are 8.29/70.97, 7.78/75.94 and 7.8/75.86 in CWOA with 10 mm, 15 mm and 20 mm thickness, respectively; 3.66/7.15, 3.97/6.57 and 3.77/3.92 in CWSA and 3.49/3.92, 3.13/4.42 and 3.54/3.79 in CWDA. The changes in     K  ¯    and     r  -    with the cavity thickness are irregular because the effect of convection and radiation included in the heat transfer are changed when the cavity thickness is different.



Compared with CWOA, after pasting the aluminum foil,     K  ¯    and     r  -    values in CWSA with 10 mm, 15 mm and 20 mm thicknesses are reduced by 56%/90%, 49%/91% and 52%/91%, respectively, and that of the cavity with double-sided aluminum foil are 58%/95%, 60%/94% and 55%/95%, respectively.




3.5.2. Cavity Angle Effect


Based on the above model and method, the heat transfer processes in the cavities at 45° and 60° are numerically calculated, and the detailed information is summarized in Table 4.



The     K  ¯    value of the same cavity at 0° is the largest one because the convection effect could be the strongest, while the second largest is in the cavity at 90°, and the     K  ¯    value of the same cavity at 45° is the minimum. The change of     r  -    is irregular when the cavity angle and the cavity thickness are changed, but it is usually inverse to the change in     K  ¯   .



In CWSA at 30°, the maximum of     K  ¯    and the minimum of     r  ¯    are in the cavity with 15 mm thickness, while in CWSA at 45°, CWDA at 30° and CWDA at 45°, the minimum of     K  ¯    and the maximum of     r  ¯    are in the cavity with 15 mm thickness. Except for the above, in all other cavities at any angle,     K  ¯    decreases and     r  -    increases when the thickness is increased.






4. Conclusions


Because the vehicle/train envelope is filled with a large number of narrow cavities, enhancing the thermal resistance of these cavities is helpful for improving the insulation characteristics of the envelope. This paper provides an effective and feasible method to enhance the thermal resistance of a narrow cavity by pasting on aluminum foil, and combined experimental and numerical methods were employed to demonstrate its effect. The following conclusions can be drawn:



	(1)

	
The radiation effect on the cavity heat transfer is significant in the narrow closed cavity enclosed by conventional material, such as the vehicle/train envelope material. The system emissivity and the radiation heat transfer share of the cavity mentioned in this paper are 0.941 and 70%, respectively.




	(2)

	
Compared with the heat transfer of the narrow cavity made of conventional materials, after pasting aluminum foil or a similar coating to the inner wall of the cavity mentioned in this paper, the radiation share is decreased to less than 5% and the equivalent heat transfer coefficient is reduced by more than 50%.




	(3)

	
The method mentioned in this paper could be a reference to improve traffic energy consumption and thermal comfort.
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Nomenclature




	Ra
	Rayleigh number



	Re
	Reynolds number



	Nu
	Nusselt number



	Pr
	Prandtl number



	I
	Wire resistance, m2·K/W



	T
	Temperature, K



	Thm
	Hot surface temperature, K



	Tlm
	Cold surface temperature, K



	ξ
	Wire temperature coefficient of resistance, m2·K/W



	K
	Equivalent heat transfer coefficient, W/(m2·K)



	r
	Radiation heat transfer share



	qh
	Conduction heat flux, W/m2



	qc
	Convection heat flux, W/m2



	qr
	Radiation heat flux, W/m2



	εs
	Emissivity of narrow cavity, W/(m2·K4)



	δw
	Thickness of the cavity, m



	CWOA
	Cavity without aluminum foil



	CWSA
	Cavity with single-sided aluminum foil



	CWDA
	Cavity with double-sided aluminum foil



	u
	Velocity components, m/s



	v
	Velocity components, m/s



	p′
	Effective pressure, kg/(m·s2)



	ρ
	Density, kg/m3



	g
	Gravitational acceleration, m/s2



	β
	Coefficient of thermal expansion, m2/s



	v
	Coefficient of viscous diffusion, m2/s



	a
	Coefficient of thermal diffusion, m2/s



	λ
	Thermal conductivity, W/(m·K)



	∆
	Difference value
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Figure 1. The test system: 1-DC Power, 2-Resistance measurement, 3-Constant temperature water bath, 4-Data collector, 5-ComputerA. 
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Figure 2. Average temperature measurement pad: 1-Connect point, 2-Mat backing, 3-Copper wire, 4-Connect point. 
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Figure 3. The cavity geometry with double-sided aluminum foil. 
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Figure 4. K and r of the vertical cavity with (a) 5 mm, (b) 10 mm, and (c) 15 mm thickness. 
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Figure 5. K and r of the horizontal cavity with (a) 10 mm (b) 15 mm (c) 20 mm thickness. 






Figure 5. K and r of the horizontal cavity with (a) 10 mm (b) 15 mm (c) 20 mm thickness.



[image: Energies 16 04259 g005]







[image: Energies 16 04259 g006 550] 





Figure 6. Flow chart of numerical calculation. 
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Figure 7. Physical model of inclined closed cavity. 
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Figure 8. Comparison between numerical K and experimental K of the vertical cavity: (a) CWOA (b) CWSA (c) CWDA. 
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Figure 9. Temperature distribution of the 15 mm cavity for (a) CWOA at 91.84 W/m2; (b) CWOA at 59.4 W/m2; (c) CWOA at 25.2 W/m2; (d) CWSA at 59.4 W/m2; (e) CWDA at 59.4 W/m2. 
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Figure 10. K and r of the cavity at 30° with (a) 10 mm (b) 15 mm (c) 20 mm thickness. 
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Table 1. Instrument error analysis.
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	Parameters
	δq/q
	δδw/δw
	δThm/(Thm − Tlm)
	δTlm/(Thm − Tlm)
	(δK)/K





	Maximum Error (%)
	3.85
	0.03
	0.94
	0.94
	4.07
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Table 2. Information on the test specimens.
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	Specimen
	Information on the Specimens and Their Materials





	Aluminum foil
	The thickness is 50 μm, the surface emissivity is 0.04, and the conductivity is 271.6 W/(m·K).



	Insulation material
	The polystyrene board is 100 mm thick, with a conductivity of 0.12 W/(m·K).



	Specimen 1
	The wooden board without aluminum foil measures 500 mm × 500 mm × 5 mm; the surface emissivity is 0.97, and the conductivity is 0.173 W/(m·K).



	Specimen 2
	The wooden board is coated with single-sided aluminum foil of size 500 mm × 500 mm × 5 mm.



	Specimen 3~6
	The cavity without an aluminum foil surface (CWOA) is composed of both hot and cold walls without aluminum foil and 4 adiabatic surfaces, whose air layers are 5, 10, 15 and 20 mm in thickness. The walls are all wooden boards. The system emissivity is 0.941.



	Specimen 7~10
	The cavity with a single-sided aluminum foil surface (CWSA) is composed of both hot and cold walls and 4 adiabatic surfaces, whose air layers are 5, 10, 15 and 20 mm in thickness. The walls are all wooden boards, one of which is coated with aluminum foil. The system emissivity is 0.039.



	Specimen 11~14
	The cavity with double-sided aluminum foil surfaces (CWDA) is composed of both hot and cold walls and 4 adiabatic surfaces, whose air layers are 5, 10, 15 and 20 mm in thickness. The walls are all wooden boards, both of which are coated with aluminum foil. The system emissivity is 0.02.
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Table 3. Equivalent heat transfer coefficient.
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Number of Elements

	
100 × 25

	
75 × 50

	
100 × 50




	
Heat Flux Density (W/m2)

	






	
25.2

	
7.21

	
7.19

	
7.14




	
59.4

	
7.86

	
7.84

	
7.82




	
91.84

	
8.17

	
8.09

	
7.75











[image: Table] 





Table 4. Cavity angle effect on cavity heat transfer.
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Thickness

	
10 mm

	
15 mm

	
20 mm

	
10 mm

	
15 mm

	
20 mm

	
10 mm

	
15 mm

	
20 mm




	
      K  ¯  /   r  -    

	
CWOA

	
CWSA

	
CWDA






	
0°

	
11.5/72.0

	
9.2/75.4

	
8.3/73.6

	
5.0/8.9

	
4.7/9.4

	
3.9/9.4

	
4.8/7.9

	
4.4/4.6

	
3.9/4.6




	
30°

	
8.3/71.0

	
7.8/76.0

	
7.8/76.0

	
3.7/7.2

	
4.0/6.6

	
3.8/6.9

	
3.5/3.9

	
3.1/4.4

	
3.5/3.8




	
45°

	
8.5/68.6

	
7.6/76.7

	
7.4/78.9

	
3.1/8.6

	
2.6/10.3

	
3.0/9.0

	
2.9/4.6

	
2.5/5.5

	
2.7/5.2




	
60°

	
8.5/70.0

	
8.0/73.7

	
7.5/79.3

	
3.9/6.8

	
3.5/7.6

	
3.0/8.8

	
3.5/3.9

	
3.1/4.6

	
2.7/5.2




	
90°

	
11.4/71.9

	
9.0/78.2

	
-

	
4.9/9.7

	
3.4/11.9

	
-

	
4.7/5.2

	
3.3/6.3

	
-
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