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Abstract

:

The influences on thermal and optical performances of light emitting diode (LED) bulbs with three different filament arrangements are investigated in detail. The average junction temperature, temperature of the surface of the bulb, and luminous flux of three samples all increased with increasing power. The thermal performance test results show that between the average junction, temperature and power were linear. The junction temperatures of the three samples at a power of 3.5 W were 102.48, 98.46, and 88.88 °C. The optical performance test results revealed that the luminous flux and efficiency in the two vertical filament arrangements were closely related to each other and higher than that of the horizontal filament arrangement. A numerical model of LED filament bulbs was established by the Floefd 17.2 software for analyzing the temperature distribution of the cross section and the gas flow path inside the bulb. The simulation results illustrated that the average temperatures of three samples were 105.88, 101.83, and 96.12 °C. Additionally, the gas flow inside the bulb of the two vertical filament arrangements was subject to forming a thermal cycle during operation work more than that of the horizontal filament arrangement. As a result, the flexible spiral LED filament bulb is feasible as a new light source.






Keywords:


thermal; optical; filament arrangement; led filament bulb












1. Introduction


As a new light source, light emitting diodes (LEDs) are regarded as the fourth generation of solid-state lighting sources owing to their advantages of environmental friendliness, energy saving, long lifetime, quick start up, and so on [1,2,3,4]. So far, environment protection and energy saving have generated considerable research interest, the white light emitting diodes (WLEDs) have been developed rapidly in the commercial market and widely used in various lighting fields [5,6,7]. Early devices only provided lighting in one direction and could not meet the requirements for omnidirectional luminescent applications [8,9,10]. The flexible spiral LED filament bulbs combine the bulb shell of traditional incandescent bulbs with a new LED filament to achieve 360-degree illumination [11,12]. However, there is no effective radiator installed in the limited space, which seriously affects the thermal and optical performance of the filament. The heat generated by the chip is difficult to dissipate from inside of the bulb to the environment [13,14,15,16].



The study of the effect of filament overheating, is of great value to the thermal design and management of LED filament bulbs. The properties of phosphors, such as the diameters, shapes, thickness, and concentration, may affect the luminous flux and junction temperature [11,17]. Liu [17] et al. reduced the average junction temperature of the LED filament by optimizing the size of the bulb and the structure of the phosphor. Moreover, heat generated from LED chips is transferred to the surface of the filament by conduction, then transferred to the bulb shell by convection, and finally dissipated to the environment [18,19]. LED filament bulbs mainly rely on convection heat dissipation and have a poor heat dissipation performance [17,20,21]. The previous report put forward several plans.



High thermal conductive materials and high thermal conductive gases are chosen to decrease the average junction temperature of the LED filament [15,22,23]. To increase the flow of gas inside the bulb, Xu [24] et al. used ionic wind to improve the heat dissipation ability of LED filament bulb. It was also necessary to consider the optical and thermal properties with various currents [24,25,26]. Nevertheless, they did not study the effect of different filament arrangements on the thermal and optical performances, nor did they design and simulate the temperature distribution and gas flow path inside the bulbs, so it was worthwhile to analyze the thermal and optical performances during the operating time.



Hence, the purpose of this paper is to investigate the thermal and optical performances of flexible spiral LED filaments bulbs with three different filament arrangements. The junction temperature, temperature of surface bulb, luminous flux, and luminous efficiency of LED filament bulbs are studied. In addition, for better analysis and understanding of the principle of heat dissipation of LED filament bulbs, simulation models were carried out.




2. Experimental Method


2.1. Flexible Spiral Light Emitting Diode (LED) Filament Bulb Structure


The main work of this paper is to examine the thermal and optical performances of LED bulbs with different filament arrangements. In addition to the driving equipment and the lamp cap, the typical flexible spiral LED filament bulb is mainly composed of two parts: a flexible spiral LED filament with made by aluminum or aluminum alloy and a glass bulb shell with filling air. There are 99 chips evenly distributed on the flexible spiral filament substrate with a length of 26 cm. A few commercially available LED filament bulbs, which rate their voltage at 260 V, were bought from Zhejiang Emitting Optoelectronic Technology Co., Ltd., and tested to obtain valid and reliable data.



As mentioned above, the flexible spiral LED bulbs have three different filament arrangements, namely a horizontal filament arrangement and two vertical filament arrangements with different stretch height, as shown below in Figure 1.




2.2. Experimental Measurement


To obtain the thermal and optical data, two experiments were done. In one experiment, the average junction temperature, temperature of the surface bulb and thermal resistance of three different filament arrangements were measured by instrument (LED-T300B, as shown in Figure 2a) with an accuracy of ±0.15 °C from LEETS Lighting Shanghai Co., Ltd., which is based on the forward voltage mothed. Figure 2b shows the thermocouples attached to the surface of the vertically placed bulb. The relationship between the temperature and power of these LED devices was recorded at steady state and is shown in Figure 3. The temperature was measured by at least two thermocouples during the operation, so the data is the mean value. In another experiment, the optical performance of these LED devices, including luminous flux and luminous efficacy, was tested through an integrating sphere from the EVERFINE corporation, with the results as shown in Figure 4.




2.3. Simulation Model


A 3-D computational model was established to enable a more intuitive observation and analysis of the temperature distribution and the gas flow of inside the bulb. Figure 5 shows the multi-block unstructured meshes which was generated by FLOEFD 17.2 software in all the domains. The computational model is composed of 3842886 grids for thermal behavior simulation. Some hypotheses completing the numerical model were made as shown below:




	(1)

	
Wires are neglected in the simulation model.




	(2)

	
The thermophysical properties of each material are independent of temperature.




	(3)

	
All the material interfaces in the spiral flexible LED filament are perfectly connected.




	(4)

	
The thermal radiation of the LED filament can be ignored owing to its small contact area.




	(5)

	
The GaN chip is a volume heat source with a power of 2.45 W.




	(6)

	
The laminar flow was three dimensional and steady.




	(7)

	
The ideal gas flow was used to compute the densities of gases, whose other physical characteristics of gas depend on temperature and pressure.




	(8)

	
The ambient temperature is set at 20 °C.









The major thermal physical parameters of LED filament bulbs were shown in Table 1. At present, the efficiency of LED converting input power into heat is 70%–80% [17,27,28], so the total heat dissipation rate is 2.45 W when the power is 3.5 W for the thermal design. The simulation results of temperature distribution and gas flow path of three different filament arrangements are shown in Figure 6.





3. Results and Discussions


In order to illustrate that the thermal and optical performances of three different filament arrangements of flexible spiral LED bulbs, the average junction temperature, temperature of the surface bulb, and thermal resistance were measured for analyzing the effects on heat dissipation. The luminous flux and luminous efficacy were also measured to analyze the optical characteristics. Furthermore, the design and simulation of three different filament arrangements was carried out to analyze the temperature distribution and the gas flow inside the bulb. Due to the different filament arrangements, the LED filament bulbs exhibit different thermal and optical properties.



3.1. Temperature Performance of LED Filament Bulbs


Figure 3 shows the temperature performance of three different filament arrangements at different power levels. Both experiments were carried out at room temperature of 20 °C. As shown in Figure 3a, the average junction temperature of three different arrangements has a wide gap, which all increased with increasing power and are linear. The temperature–power coefficients of the sample 1, 2 and 3 are 22.87, 22.24, and 22.10   K / w ,   respectively. Table 2 lists the linear fitting expressions of the three different filament arrangements. The linearity is the absolute difference between the actual value and the theoretical value divided by the actual value, and the formula is   δ =  (  Δ Y / Y  )  × 100 %  . As given in Figure 3b, the average junction temperature at a power of 3.5 W for the three different filaments is 102.48, 98.46, and 88.88 °C, respectively.



The average junction temperature of sample 1 was increased by 4.08% and 15.30% compared with sample 2 and 3. This is because when the filament bulb is placed vertically, it is more difficult for a horizontal filament arrangement to form convection within the bulb. Additionally, the heat source volume of samples 1 and 2 is larger than that of sample 3. Figure 3c shows the temperature of the surface of the bulb of the three different filament arrangements rising slowly with increasing power. Figure 3d shows the thermal resistance characteristics of the three different filament arrangements at different power levels. Thermal resistance decreases slowly with the increase of power. This is because the thermal power consumption of LED filament bulbs increases with the increase of power. According to the expression of thermal resistance and power:


   R  t h   =    T j  −  T a   P   



(1)




where    T j    is the junction temperature of the LED filament, and    T a    is the temperature of the surface bulb. As can be seen, the thermal resistance of sample 3 is the lowest compared to sample 1 and 2, which is attributed to good convection heat dissipation. Generally, it can be concluded that the lower junction temperature and thermal resistance is associated with the vertical filament arrangement with a stretch height of 5 cm.




3.2. Illuminance Performance of LED Filament Bulbs


Figure 4 shows the optical performance of three different filament arrangements with increasing power. The luminous flux and luminous efficacy of LED filament bulbs were all considered. The luminous flux of LED filament bulbs increases with the increase of power. However, the luminous efficacy is opposite to the luminous flux, and decreases with the increase of power. The luminous flux and efficacy of sample 1 at all input powers is lower than that of the others owing to its high junction temperature and poor heat dissipation. Without appropriate heat dissipation, the junction temperature of the chip increases with the increase of power, which seriously reduces the efficiency of the photoelectric conversion of the chip. In addition, the luminous flux and efficacy curves of sample 2 and 3 are very closely related to each other and higher than that of sample 1, indicating that the vertical filament arrangement seems to be effective for the illuminance performance of flexible spiral LED filament bulbs.




3.3. Simulation Results of LED Filament Bulbs


Figure 5 shows the multi-block unstructured meshing which was generated by FLOEFD 17.2 software in all the domains. The simulation results of the three different filament arrangements are shown in Figure 6. The simulation average junction temperatures of the three different filament arrangements are 105.88, 101.83, and 96.12 °C, and the error with the actual results of the three different filaments arrangement are 3.21%, 3.31%, and 7.53% respectively. Therefore, these models aere available.



The left-hand of Figure 7 illustrates the temperature distribution of cross sections of LED filament bulbs. As can be seen, the heat of samples 2 and 3 is mainly concentrated on the top end of the filament due to the filament formed by the geometry of the chimney prompting heat convection, and that of sample 1 concentrated on the middle of the filament due to the lack of thermal cycling inside the bulb. The intermediate figures in Figure 7 illustrate the gas flow path inside the bulb of three different filament arrangements. The plume of heated gas rose from the bottom of the bulb shell, then turned downward along the inner surface of the bulb shell, and then arrived at the top part of bulb shell. Comparing sample 2 with sample 3, we find that the thermal cycling path inside the bulb is relatively longer and symmetrical resulting in a large aspect ratio of heat source volume, further promoting natural convection to improve heat dissipation performance [19]. Moreover, the heat of sample 1 rises from both ends of the filament to the top of the bulb and falls along the inner surface of the bulb shell, but it is difficult to pass through the filament to form a thermal cycle in limited space.



Based on the above experiment and simulation, the orientation of the bulb has an important influence on the junction temperature [24]. As shown in Figure 8, when the direction of gravity was the same as the direction of the filament, the bulb has the lowest junction temperature and exhibits excellent convective heat dissipation performance. The LED filament bulb with a stretch height of 5 cm has the lowest temperature in all three directions. The results show that the heat source formed by the filament was smaller and easier to release heat.





4. Conclusions


This paper investigated the thermal and optical performances for examining heat transfer characteristics of LED bulbs with three different filament arrangements, which including a horizontal arrangement and two vertical arrangements with different stretch heights. The average junction temperature, temperature of surface bulb, thermal resistance, luminous flux, and efficiency of these devices were measured and compared. The average junction temperature of three different filament arrangements all increases with rises of power and are linear. The junction temperature of sample 1 and sample 2 at a power of 3.5 W were improved by 47.24% and 10.78% compared with sample 3 at −90°. The luminous flux of the three different filament arrangements also increases with increasing power, but the thermal resistance and luminous efficiency of three different filament arrangements decreased due to the increased power consumption. Meanwhile, the optical characteristics of samples 2 and 3 are close to each other and higher than that of sample 1, indicating that the vertical filament arrangement has the best thermal and optical performances.



Simulation models of the LED bulbs with three different filament arrangements were built to analyze the temperature distribution of the cross section and air flow path of the inner bulb. The simulation of average junction temperature of three different filament arrangements were 120.99, 101.83, and 96.12 °C. Compared to sample 1, the gas inside the bulbs of samples 2 and 3 is subject to forming a thermal cycle. From the results of the analysis, the vertical filament with a stretching height of 5 cm showed excellent thermal and illuminance performance characteristics. The presented results may serve as a guide in the heat dissipation design of high-power LED filament bulbs.
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Figure 1. Three different filament arrangements of flexible spiral light emitting diode (LED) bulbs. (1) Horizontal filament arrangement with a stretch height of 3 cm. (2) Vertical filament arrangement with a stretch height of 3 cm. (3) Vertical filament arrangement with a stretch height of 5 cm. 
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Figure 2. (a) Junction temperature testing instrument (LED-T300B). (b) LED filament bulb with thermocouple. 
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Figure 3. Temperature performances of three different filament arrangements: (a) Junction temperature under different powers. (b) Steady state process of junction temperature at a power of 3.5 W. (c) Temperature of surface bulb. (d) Thermal resistance. 
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Figure 4. Luminous flux (a) and luminous efficiency (b) of the three different filament arrangements under different powers. 
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Figure 5. Mesh of the numerical simulation model. 






Figure 5. Mesh of the numerical simulation model.



[image: Applsci 10 01373 g005]







[image: Applsci 10 01373 g006 550] 





Figure 6. Temperature distribution of three different filament arrangements. 
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Figure 7. The cross-section temperature distribution and the gas flow path of three different filament arrangements (a–c) of LED bulbs. 
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Figure 8. The junction temperature of LED filaments in various measuring orientations. (a) Measuring orientations of LED filament bulb; (b) Simulation results of three different filament bulbs. 
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Table 1. Thermal physical parameters of LED filament bulbs.
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	Item
	Thermal Conductivity
	Reference





	LED chip
	150
	[7,12,13]



	Substrate (Al)
	237
	[13,16]



	Phosphor
	0.3
	[7,11]



	Glass bell
	0.9
	[15,16]
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Table 2. Linear fitting results of three different filament arrangements.






Table 2. Linear fitting results of three different filament arrangements.





	Item
	Linear Fitting
	Linearity (δ)





	Sample 1
	    Y  = 22.87 X + 22.44   
	1.05%



	Sample 2
	    Y  = 22.24    X  + 21.34   
	1.07%



	Sample 3
	    Y  = 20.09 X + 19.50   
	1.16%











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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