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LED lightings have made significant contributions to global energy saving, where one major challenge is the
overheating of LED chips since the light output and lifespan of LED chips decrease exponentially with increasing
operating temperature. Restricted by cooling capacity, the power input and light output of a LED bulb is limited.
At present the luminous flux of commercial LED bulbs (A19 size) is usually limited to 800 Im with the related
power consumption within 9 W. Therefore, there is an urgent market need for high-lumen bulbs while main-
taining the size and shape as conventional incandescent bulbs. We report herein a novel design which could make
full use of the entire outer surface of LED bulb as heat dissipating surface under passive cooling conditions. The
novel design contains a chimney inside the bulb and an external heat sink, enabling two parallel heat dissipating
paths, ie., chips - heat sink - environment and chips — chimney — lampshade - environment. In conventional design
with an external heat sink for cooling, the lampshade functions only to transmit light rather than dissipate heat.
However, in the novel design the chimney inside the bulb could thermally activate the lampshade to dissipate
heat as well. Upon properly distributing thermal loads to the two heat dissipating paths, cooling capacity of the
novel bulb was optimized. With this design strategy, the passive cooling capacity was significantly improved to
be 1.57 times higher than the conventional design and the commercially available bulbs of the same size and
shape. Most importantly, the design strategy may be extended to other passive cooling scenarios such as indoor
small cells for 5G communication.

1. Introduction

The rapid growth of world energy consumption and its impact on
environment have attracted much attention to energy conservation [1].
Grid based electric lighting consumes 19% of total global electricity
production [2], and constitutes up to 20-40% of the total energy con-
sumption in buildings [3]. The energy demand will continue to increase
with the continuous growth of population, increasing demand for
buildings comfort and the rise of time spent inside the building [1].

Therefore, it is of great importance to upgrade lighting devices to
address energy and environmental challenges by using energy-saving
light sources and proper lighting control system [4]. Light-emitting di-
odes (LEDs) have shown great potential as an energy-saving lighting
source, due to its long lifespan, dynamic lighting effect and great design
flexibility [5]. Compared to traditional fluorescent lamps, LED lamps use
75% less energy but have 9-10 times longer lives [4], which achieve
56% to 62% energy savings in a typical six-story office building [6].
LEDs are therefore considered to be the next generation of lighting
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technology. For instance, China’s LED industry started in the 1970s and
dominated the entire lighting industry after more than ten years of rapid
development [7]. The market share of LED lighting is gradually growing
nowadays in China in terms of various application scenarios such as
reading lights, window lights, outdoor lightings, spotlights, household
lightings, automotive headlights etc [7]. However, overheating is the
major threat to the lifespan and performance of LED chips which convert
nearly 80% of the input electrical power into heat and the rest into light
[8]. The operating temperature of LED chips determines its reliability,
durability and efficiency, because the light output and lifespan expo-
nentially decrease as the chip temperature increases [5]. High temper-
ature would also cause significant thermal stress and failure at the
interface of the chips [9]. Therefore, it is of great importance to develop
efficient cooling technologies for LED lighting.

To keep the operating temperature lower of a certain value between
100 and 110 °C (since semiconducting materials can’t resist high tem-
peratures) [10], various cooling strategies have been developed by using
either active cooling (e.g., liquid cooling [11,12], jet impingement [13],
forced air convection [14], microspray cooling [15], liquid metal [16],
ionic wind cooling [14], piezoelectric fan [17]) or passive cooling
technologies (e.g., heat pipes [18,19], heat sinks [20-23], metal foam
[24-26], thermal interface materials [14,27]). Although the active
cooling approaches usually have higher cooling capacity than the pas-
sive cooling, they need a pump or fan to drive the motion of cooling
fluid. By contrast, the passive cooling technologies are more reliable,
cost-effective and lightweight [28], thus are more preferable for LED
bulbs subjected to strict space and weight constrains. Conventional LED
bulbs usually use a heat sink (termed as metal block hereafter) for heat
dissipation, as shown in Fig. 1(a). To enhance the cooling capacity, some
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designs installed extruded fins on the external surface of the metal block
[5]. Other efforts included utilizing the venting or chimney effects to
enhance the heat transfer of bulbs. For example, Jang et al. [29] installed
a vertically aligned structure of PCB inside the bulb with perforated
vents on the lampshade of the bulb. Petroski [10] proposed a hollow
cylindrical shaped LED bulb which resembled to a chimney. Feng et al.
[30] installed a chimney-like frame inside the LED bulb to enhance the
heat transfer inside the bulb as shown in Fig. 1(b), which thermally
activated the external surface of the lampshade for heat dissipation to
environment.

Despite numerous efforts have been made for cooling the LEDs, it is
still challenging to design high-lumen LED bulbs such as 75 W and 100
W equivalent to incandescent bulbs while maintaining the size and
shape of the bulb as the conventional products [10]. At present the lu-
minous flux of commercial LED bulbs whose size meets the A19 standard
is usually limited to 800 Im with the related power consumption within
9 W [31]. The difficulty of thermal design for LED bulbs is due to the size
and shape of the bulb are subjected to strict constrains [10]. Although
the active cooling (such as fan or liquid cooling) methods are efficient,
they are not desirable for light bulbs from a consumer point view. The
existing passively cooled high-lumen bulbs usually require larger sizes,
failing to meet the size and shape constraints. Therefore, it is meaningful
to increase the passive cooling capacity while maintaining the size and
shape of the bulbs.

In this paper, we proposed a novel design of LED bulb with a passive
cooling capacity of 11.7 W (corresponding to a power input of 14.6 W),
which is 1.57 times higher than the conventional bulb of the same size
and shape. The novel design contains a chimney inside the bulb and an
external heat sink (i.e., heat dissipating metal block) for cooling, thus

Design 3
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Fig. 1. Schematics of the three conceptual designs of LED bulbs investigated in the study: (a) conventional LED bulb with only a metal block for passive cooling; (b)
chimney-based passive cooling bulb; (c) present novel bulb combining a metal block and a chimney for enhanced passive cooling.
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can make full use of the entire outer surface of the bulb exposed to the
surroundings for heat dissipation. For comparison, three conceptual
designs of bulb configurations were considered with the same size and
shape: 1) conventional bulb with only a metal block for heat dissipation;
2) bulb with only a chimney and 3) the novel design with both a
chimney and a metal block. The remaining sections of the paper is
organized as follows. In Section 2 the three conceptual designs are
introduced. The Section 3 presents the numerical model used to evaluate
the cooling capacity of the bulbs. The cooling capacity, heat transfer
mechanisms and optimization of the considered LED bulbs along with
comparison with Philips bulbs are discussed in Section 4, followed by
conclusions in Section 5.

2. Three conceptual designs of LED bulbs

For comparison, three conceptual designs of LED bulbs were inves-
tigated, including the conventional bulb with only a heat dissipating
metal block, the bulb with only a chimney [30], and the novel design
containing a metal block and a chimney (Fig. 1). For fair comparison, the
three configurations had exactly the same size and shape as the bulb
investigated by the authors in Ref. [30]. In the conventional design
(design 1), as shown in Fig. 1(a), the waste heat of the chips was first
conducted to the metal base then to the metal block and finally dissi-
pated to the environment. For the bulb with only a chimney (design 2),
as shown in Fig. 1(b), the waste heat of the chips was first transferred to
the chimney then from the chimney to the inner surface of the lamp-
shade and finally dissipated to the environment from outer surface of the
lampshade. For the novel bulb design 3, as shown in Fig. 1(c), part of
waste heat from the chips was released to the environment by the metal
block and the remaining by the lampshade. More details on the con-
figurations of the three designs were summarized as below:

(1) The conventional bulb (i.e., design 1) contained a lampshade, a
metal base, a metal block and 48 LED chips, where all the chips
were placed on the metal base whose periphery was thermally
contact with the metal block.

(2) The bulb with only a chimney (i.e., design 2) contained a lamp-
shade, a chimney and 48 LED chips placed on the chimney. The
chimney was a metallic, hollow, eight-sector revolving body with
a contraction neck at the top. The top neck was initially designed
for placing several chips to ensure uniform light emission from
the bulb [30].

(3) The present novel bulb (i.e., design 3) included a lampshade, a
metal base, a metal block, a chimney and 48 LED chips [32],
where some chips were placed on the metal base and the others
on the chimney. The chimney was straight without contraction
neck at the top. To allow uniform light emission, several chips
were placed at the center of the metal base.

It is worthy to note that the chimney in design 2/3 was connected to
the base of bulb with a wire-frame made of thin metal. It was found that
the wire-frame did not influence thermal and fluid flow in the bulb.
Therefore, the wire-frame was not simulated in the model.

3. Numerical methods

In this section, the numerical methods for evaluating the passive
cooling capacity of the above LED bulbs are detailed.

3.1. Computational domain, governing equations and boundary
conditions

The entire heat dissipation process of LED bulbs includes heat
transfer in the bulb and coupled heat transfer between the bulb and the
atmosphere. Correspondingly, the computation domain should cover
each necessary components of the bulb, gas domain inside the bulb and
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outside air enveloping the bulb (Fig. 2). The outside sphere of air domain
should be big enough to avoid any size effects, whose radius was varied
from two to five times the height of the bulb with negligible effects
found. Due to the rotational periodic structure of the bulbs, the
computational domains have only covered the minimum unit cell of a
bulb (ie., 1/16, 1/8, 1/4 of the whole bulb for the design 1/2/3,
respectively) to save the computational cost. The sub-domains alone
with their materials make for the three designs are listed in Table 1.

The problem involves heat conduction, natural convection and ra-
diation heat transfer. Standard heat conduction equation was used for
heat transfer in solid components of the bulb such as LED chips, metal
base/block, lampshade, etc. Navier-Stokes equations with buoyancy
force term were used for natural convection both inside and outside the
bulb. The discrete ordinates model (DO model) which supports periodic
and symmetry boundary conditions was chosen to determine radiative
heat flux in the energy equation. More details on the numerical model
can be referred to our previous work [30]. Other assumptions made to
complete the numerical model are summarized as below:

(1) The flow was three-dimensional, laminar and steady;

(2) Densities of the gases were computed using ideal gas law, while
other relevant thermal physical properties of the gases were
temperature dependent;

(3) Thermal physical properties of the solids were constant;

(4) The gases were optically thin and transparent to thermal
radiation;

(5) The lampshade (made of glass) and LED chips were opaque media
and optically thick, therefore thermal radiation could not trans-
mit through them;

(6) All solid surfaces were gray and diffuse.

Based on the above assumptions, governing equations are listed as
below [30].
Continuity equation:

V-(pr) =0 @

Momentum equation:

D
pﬁ‘; = —Vp+4V?*v +F (forz — direction F. = —pg) 2)
Energy equation:
DT
Py = V-(AVT) + S, 3)

Radiative transfer equation (DO model):

T 4 - =
V-(I(7, )5 ) + (a+ o) (7, 5) =an’Z—+ 2 [ 1(7,5)0(5 -5 )dQ
n  A4r ),
(€3]
Solid region energy equation:
V-(AVT)+S, =0 5)

where v is the velocity vector, p is the fluid pressure, F is the buoyancy
force, g is the gravity acceleration, and T is the temperature; p, cp, and 5
are the density, specific heat and viscosity of gas, respectively. A is the
thermal conductivity. I is the radiation intensity depending on the po-
sition vector (7°) and direction vector (5). o is the Stefan-Boltzmann
constant. a, o5, and n are the absorption coefficient, scattering coeffi-
cient and refractive index respectively of each medium. For gas medium,
they were set to be 0, 0, 1 respectively, due to the transparent
assumption. For the solid medium, these coefficients will not influence
the computational results since radiation could not transmit through the
solid boundaries. While Sy, in Eq. (3) represents the radiation source
term, the coupling strategy between the energy equation and the radi-
ation equation can be referred to Ref. [33]. Volumetric heat source (Sp)
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Fig. 2. Numerical model: (a) computational domain and (b) computational mesh used in the numerical simulation.
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Table 1

Sub-domains for the three designs of bulbs along with the materials make.

Sub-domains LED chips Metal base Metal block Chimney Lampshade Gas inside bulb Outer sphere
design 1 yes aluminium aluminium glass air /optimum mixture gas air
design 2 yes no no aluminium glass air/optimum mixture gas air
design 3 yes aluminium aluminium aluminium glass air/optimum mixture gas air

in Eq. (5) was used for LED chips to simulate the waste heat.

The thermal conductivities of LED chips, glass and aluminum were
set to be 147 W/(m-K), 0.7 W/(m-K) and 202.4 W/(m-K), respectively.
Unless specified, the bulb was filled with air. The thermal conductivity,
viscosity and specific heat of air were correlated as functions of the
temperature as [34]:

4 = (0.0067T + 0.6172) x 1072 (6)
n = (0.0429T + 5.8441) x 107° @)
¢, = 0.00047% —0.20137 + 1031.1 (8)

In some cases, the bulbs were filled with a mixture of 73% helium
and 27% xenon (termed as the “optimum gas mixture” thereafter) which
could maximize the natural convection heat transfer inside the bulb
[30]. The thermal conductivity, viscosity and specific heat of the opti-
mum gas mixture were calculated using the formula given in Ref. [30].

Pressure inlet boundary condition was prescribed at surface of the
outer sphere with ambient pressure and temperature to simulate the free
ambient condition. Volumetric heat source was imposed for each LED
chip. Since all LED chips were connected in series, the volumetric heat
source of each chip was assumed identical. Non-slip boundary condition
was applied at all the solid—fluid interfaces, with unity emissivity set at
each interface.

3.2. Numerical methods

A multi-block unstructured mesh incorporating fully tetrahedral el-
ements was generated in Gambit 2.4.6 for all the sub-domains (Fig. 2).
Grid density should be fine enough to resolve the velocity and temper-
ature gradients in the domain. Usually, large velocity and temperature
gradients exist nearby a solid surface due to flow and thermal boundary
layers. Therefore, the mesh nearby a solid surface should be refined to
resolve the boundary layers whilst the mesh density in the core can be
smaller to save the computational cost. To this end, a non-uniform mesh
was generated using the “size function” embedded in Gambit as shown
in Fig. 2. To check the grid independency, the number of elements was
tested from 1 million to 4 million, and the results showed no difference.

A commercial CFD code (ANSYS Fluent 14.5) was used to solve the
current problem as formulated. Since pressure variation was insignifi-
cant compared to temperature variation in the problem, incompressible-

ideal-gas law was chosen for the density of gases. The SIMPLE algorithm
was applied to couple the pressure and velocity for numerical analysis. A
second-order upwind scheme was applied to discretize the convective
terms of governing equations. The values of angular discretization and
pixilation were set to be 4 x 4 and 3 x 3 respectively in Fluent [30]. The
iterative convergence criterion was chosen as 10 for momentum
equation and 10°® for energy equation, which had been verified to be
small enough to ensure the prediction results independent of the
selected values.

The numerical results of design 2 had been validated against
experimental results in our previous study [30]. Since exactly the same
numerical setup and meshing strategy were applied for design 2 and
other configurations, the simulation results in the present study would
be credible.

4. Results and discussion

The numerical methods used to evaluate the cooling capacity of LED
bulbs have been described in Section 3. In this section, thermo-fluid flow
distributions, heat transfer mechanisms and cooling capacity of the
three bulb designs is presented first in Section 4.1. Then the novel
configuration of design 3 is optimized by altering the chip distribution
and structure of chimney, which will be presented in Section 4.2.
Finally, the optimal bulb of design 3B is compared with existing bulbs in
Section 4.3.

4.1. Thermo-fluid flow distributions, heat transfer mechanisms and
cooling capacity of the three designs of bulbs

4.1.1. Thermo-fluid flow distribution characteristics

Fig. 3(a-c) present flow streamlines and temperature distributions of
the gas filled in the three LED bulbs, respectively. Given the same
thermal load of 7 W, the gas temperature in design 2 was significantly
higher than the other two designs, which can be explained by the fact
that in design 2 there was no metal block to conduct out the waste heat.
By contrast, in the design 1/3 with a heat dissipating metal block, part of
waste heat was conducted out of the bulbs by the metal blocks, so less
heat was transferred into the gas inside the bulb. Therefore, it is pref-
erable to maintain the heat dissipating metal block to reduce the tem-
perature level inside the LED bulb. Moreover, flow circulations can be
clearly observed in all of the three bulbs due to natural convection of gas
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Fig. 3. Numerical results for temperature and streamline distributions of gas inside bulbs of design 1-3 (a-c) and for temperature distributions of solids (a’-c’) of the

three bulbs. All bulbs were filled with air at a thermal load of 7 W.

within the bulbs. However, natural convection flow in design 2 and 3
was intensified by the chimney structure in comparison to design 1,
which can be inferred from the different densities of flow streamlines of
the three bulbs.

Fig. 3(a’-c’) show temperature distributions of solid components of
the three designs of bulbs respectively. For the bulb of design 1, the
highest temperature located at the metal base where the chips were
placed on, followed by the metal block and the lampshade. For the
design 2 with a chimney, the hottest component was the chimney; and
temperature level on the lampshade was significantly higher than that of

Design 1 [ Waste heat from chips

19% (convection 6.4% & radiation 12.6%)

Design 2 [ Waste heat from chips

Design 3 [ Waste heat from chips

38%

Metal base

100% (convection 44% & radiation 56%)

38% (convection 18% & radiation 20%)

design 1, indicating more heat dissipation from the lampshade. For the
design 3, since the chips were distributed on the chimney and the metal
base, the two components were both heated up thus enabling two heat
dissipation paths: chips — chimney — lampshade — environment and chips -
metal base - metal block - environment.

4.1.2. Heat transfer mechanisms

A deep understanding of heat transfer process can help to optimize
the thermal design. To understand the heat transfer mechanisms within
the bulbs, Fig. 4 presents the heat dissipation paths of the three bulbs

Metal block
Lampshade

nvironment

nvironment

nvironment

nvironment

Fig. 4. Contribution of each heat transfer path to the total heat dissipation for the three designs of bulb.
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along with the contribution of each heat transfer process.

As shown in Fig. 4 for design 1, most of the waste heat (81%) from
the LED chips was conducted out by the metal base to the metal block
and eventually rejected from the metal block to the environment. The
remaining waste heat (19%) was transferred from the metal base to the
inner surface of lampshade via natural convection (6.4%) and radiation
(12.6%) heat transfer inside the bulb, which was eventually dissipated
to the environment from the outer surface of the lampshade.

For the bulb of design 2 with only a chimney, all of waste heat from
the chips was imposed to the chimney, and then transferred from the
chimney to the inner surface of the lampshade via natural convection
(44%) and radiation (56%) heat transfer inside the bulb, which was
finally dissipated to the environment from outer surface of the
lampshade.

For the novel design 3 combining a metal block and a chimney,
around 62% of the total waste heat was dissipated via the heat transfer
path of chips — metal base — metal block — environment. While the
remaining (38%) was taken away by the chimney, and then from the
chimney to the lampshade via natural convection (18%) and radiation
(20%) heat transfer inside the bulb, which was finally rejected to the
environment from the lampshade surface.

In summary, there are two parallel heat transfer paths in a bulb: 1)
direct heat conduction, i.e., chips — metal base — metal block — environment,
termed path 1 hereafter; 2) indirect natural convection and radiation, i.e.,
chips — metal base or chimney — lampshade — environment, termed path 2
hereafter. The two paths co-exist in design 1 and 3 whilst only path 2 in
design 2. Overall, the direct heat conduction (path 1) is more efficient
than the indirect natural convection and radiation (path 2). For
example, in design 1, the path 1 and path 2 stand for 81% and 19% of the
total heat dissipation respectively, which are 62% and 38% respectively
in design 3. For the indirect natural convection and radiation heat
transfer inside the bulbs (path 2), the contribution of natural convection
is slightly lower than radiation. It is worthy to note that, in design 2 and
3, the contribution of heat dissipation by path 2 is higher than that in
design 1, due to the chimney enhances the natural convection and ra-
diation heat transfer inside the bulbs.

4.1.3. Cooling capacity of the three designs of bulb

Since the reliability, lifespan and efficiency of LED chips all depend
on the operating temperature, the maximum chip temperature is
therefore used as the measure index to compare the cooling capacity of
the three designs. Fig. 5 displays the maximum chip temperatures
plotted as a function of heat dissipation for the three designs of bulbs
filled with (a) air and (b) optimum gas mixture. At given heat dissipa-
tion, the design 3 yielded the lowest chip temperature, followed by the
design 1 and design 2 sequentially. In other words, if the allowable
temperature rise of chips is fixed, the design 3 can dissipate more heat.

440
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[ — & Design2 A
Design 3
a0l —— V
X
g A
2
S 400[
3
="
£ r ]
@
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360 7.5 g 85
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4.2. Optimization of the conceptual design 3

As found in previous section, during the initial design the novel bulb
configuration of design 3 outperformed the other two competitors. In
this section, we shall show how to further enhance the cooling capacity
of design 3 via distributing the chips properly and optimizing the ge-
ometry of the chimney.

4.2.1. Optimization of chip distribution

As shown in Fig. 4, the design 3 enables two heat dissipation paths:
chips — metal base — metal block — environment (path 1) and chips — chimney
— lampshade - environment (path 2). For each path the cooling capacity is
limited. Therefore, in order to maximize the cooling capacity of the
entire bulb, one should properly distribute thermal loads applied to the
two paths to meet the individual cooling capacity of the two paths. To
this end, the total 48 LED chips were systematically varied to place on
the metal base and the chimney. Table 2 lists the different cases of chip
distributions along with the predicted chip temperatures. The left digit
in the case number of Table 2 means that the case was based on
configuration of design 3 as shown in Fig. 1, while the right digit means
the variation of chip distribution. Herein the total thermal load was fixed
at 7 W at an ambient temperature of 300 K and the optimum gas mixture
was filled in the bulb.

As shown in table 2, when the number of chips on the chimney was
decreased from 40 to 8 (chips on the metal base increasing from 8 to 40
accordingly), both the maximum and average chip temperatures first
decreased then increased. The maximum chip temperature achieved the
lowest value of 354 K when 16 chips on the chimney and 32 chips on the
metal base. This optimal chip distribution (16 on chimney and 32 on
metal base) again shows that cooling capacity of the heat dissipation
path 1 is larger than the path 2.

4.2.2. Optimization of chimney structure
In order to examine the effect of geometry of chimney on the cooling
capacity, we compared four architectures of the chimney: 1) straight

Table 2
Simulation cases of different chip distributions on the chimney and metal base
for the configuration of design 3.

Case Number of LED chips LED chip temperatures (K)
Chimney Metal base Maximum Average
3-1 40 8 369.8 361.7
3-2 32 16 364.0 354.2
3-3 24 24 358.1 351.4
3-4 20 28 355.3 351.8
3-5 16 32 354.0 352.8
3-6 12 36 357.6 354.7
3-7 8 40 360.6 357.2
400
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Fig. 5. Maximum chip temperatures plotted as a function of heat dissipation rate for the three bulbs filled with (a) air and (b) the optimum gas mixture.
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chimney without bottom feet, i.e., design 3; 2) straight chimney with
four feet at the bottom, i.e., design 3A; 3) chimney with contraction neck
at the top but no bottom feet, i.e., design 3B; 4) chimney with contrac-
tion neck at the top and bottom feet, i.e., design 3C, as shown in Fig. 6(a).
The top contraction neck was originally designed for locating chips on it
to ensure uniform light emission from the bulbs. For the chimney design
without top neck such as in design 3 and design 3A, light emission from
the top of bulbs can be compensated by placing several chips at the
center of the metal base. The chimney with four bottom feet such as in
design 3A and design 3C can simplify the installation of the chimney and
promote heat conduction between the chimney and the metal base.

Fig. 6(b) shows temperature distributions and flow streamlines in the
bulbs of design 3, 3A, 3B and 3C. As shown in design 3B and 3C, the neck
at top of the chimney hindered the flow circulation through the chimney
which increased the temperature of chips located on the neck. There-
fore, the top neck design is not ideal for the chimney structure. When
comparing design 3 with design 3A, the bottom feet of chimney in design
3A enabled heat conduction between the chimney and metal base which
can avoid local hot spot on the chimney and metal base.

Fig. 6(c) compares the maximum and average chip temperatures for
the four chimney architectures. It is noted that the optimal chip distri-
butions were found the same for the four architectures, i.e., 16 chips on
chimney and 32 chips on metal base. So results in Fig. 6(c) were all based
on the optimal chip distribution. Clearly, the design 3A having straight
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chimney with bottom feet is optimal which can minimize the lowest chip
temperature among the four chimney structures.

4.3. Comparison of the final design 3A with other bulbs

It has been found that the design 3A is the optimal design among the
investigated architectures. What is the maximal cooling capacity of the
best design? How about the cooling capacity of the optimal design when
compared with the conventional bulb and commercial bulbs? In order to
address these questions, the cooling capacity should be defined, i.e., the
maximal thermal power input of a bulb before the temperature of any
chip reaching to the allowable operational temperature of 100-110 °C
[10]. Take the allowable maximum chip temperature as 110 °C and the
ambient temperature as 30 °C, the allowable maximum chip tempera-
ture rise is then 80 °C. Fig. 7(a) plots the rate of heat dissipation as a
function of temperature rise for the bulbs of the final design 3A and the
conventional bulb of design 1. As shown in the figure, given the
allowable maximum chip temperature rise at 80 °C, the cooling capacity
of the final design 3A was 11.7 W against 7.4 W for the conventional
design 1.

Commercial LED bulbs usually provide the maximal electrical power
input rather than the maximum heat dissipation, i.e., the cooling ca-
pacity. Before comparison with the commercial products can be made,
one has to convert the maximal heat dissipation into the maximal
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Fig. 6. Comparison of chimney architectures: (a) CAD drawing for the designs 3, 3A, 3B and 3C; (b) temperature and flow streamlines; (¢) maximum and average
chip temperatures; Results were obtained under conditions of: thermal load 7 W, ambient temperature 300 K and bulb filled with the optimum gas mixture.
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Fig. 7. Cooling capacity of the present final design 3A and the conventional design 1 (a) and comparison of the present bulbs with Philips bulbs (b).

electrical power input for the bulbs investigated in the study. Due to
LEDs are not 100% efficient, much of the power running through an LED
is output as heat and the rest is converted to light,

P = PJX, ©)

where Pg and P; are the electrical power input and heat dissipation,
respectively; X; is the rate of input power to heat dissipation, which is
usually between 75% and 80% whilst for some advanced LEDs it reduces
to 50% to 60% [35]. To be conservative, assume LEDs convert 20% of
the input power to light and 80% as heat. Accordingly, the maximal
allowable power input of the final design 3A was calculated to be 14.6 W
against 9.3 W for the conventional design 1.

Fig. 7(b) presents the electrical power input as a function of bulb size
for the present final design 3A and conventional design 1 along with the
Philips bulbs for comparison. If the efficiency of LEDs is fixed, the higher
power input means more luminous flux output which is desirable.
However, the bulb size and shape restriction forces a small heat sink
which limits the cooling capacity and the power input of a bulb.
Therefore, the strong drive in the design of bulb architecture is to in-
crease the power input (or cooling capacity) as possible at given bulb
size. Here we selected the maximum dimension such as height of bulb as
the characteristic size for the comparison in Fig. 7(b).

As shown in Fig. 7(b) in general, the maximum power input of Philips
bulbs increases with the bulb size due to surface area of heat sink in-
creases. Remarkably, the maximum power input of the present final
design 3A is 14.6 W in comparison to the maximum power input of 9.5
W for the Philips bulbs of similar size. Although it is difficult to know the
exact definition of power input of Philips bulbs, e.g., allowable chip
temperature, ambient temperature, chip efficiency, the comparison be-
tween the present bulbs and Philips bulbs is still valuable. For example,
the maximal power input of the present design 1 (9.3 W) is very close to
the Philips bulbs (9.5 W) of the similar size, both have the same cooling
architecture.

The novel cooling architecture proposed in the study containing an
internal chimney and an external heat sink is an advantaged design
compared to the conventional bulb with only an external heat sink. It is
pointed out that, the study emphasizes the importance and how to
activate the lampshade for heat dissipation rather than the reported
value of cooling capacity of the novel bulb. Actually, the cooling ca-
pacity of the novel design can be further improved such as if adding
some fins on the heat sink. Moreover, in addition to the LED bulbs the
novel design strategy may be extended to other passive cooling scenarios
such as indoor small cells for 5G communication.

5. Conclusions

A novel cooling architecture was proposed for LED chips which al-
lows for the entire outer surface of the bulb dissipating heat to the
environment efficiently. The novel design contains a chimney inside the
bulb and a conventional heat sink where all chips are distributed onto
the two components, enabling two parallel heat dissipating paths: chips -
heat sink - environment (path 1) and chips — chimney — lampshade — envi-
ronment (path 2). The two paths account for 62% and 38% of the total
heat dissipation respectively, where the contribution from the path 2 is
an additional gain of the novel bulb compared to the conventional
design.

The cooling capacity of the novel bulb was optimized by properly
distributing the number of chips to the metal base and the chimney.
With the total number of chips fixed at 48, it was found that the dis-
tribution pattern of 16 chips on the chimney and 32 chips on the metal
base results in the lowest chip temperature. Four architectures of the
chimney were examined to investigate the effect of chimney geometry
on the cooling capacity of the novel bulb, where the straight chimney
with four bottom feet was found to be the optimal.

The novel bulb design has been compared with conventional design
and Philips bulbs to demonstrate the advantage. It was found that at
given heat dissipation the novel design could reduce the maximum chip
temperature by 10-40 K compared to the conventional design while
maintaining the size and shape. After optimization, the passive cooling
capacity of the final design of the novel bulb is 1.57 times larger than the
Philips bulbs of similar size and shape, thus allowing for more power
input and more light output at given bulb size. Compared with con-
ventional design, the novel LED bulb proposed in the study adds only a
simple chimney structure inside the bulb; since the manufacture is easy
and the material consumption is small, the cost of the new design is
competitive. Most importantly, the novel design strategy may be
extended to other passive cooling scenarios such as indoor small cells for
5G communication.
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