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1. Introduction
Over the last few years, the light-emitting diodes (LEDs) are
attracting the attention of lighting applications industry, like LCD
displays, visual indicators in instruments and computers, interior
and exterior automotive lighting including headlights, displays,
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signals and luminaries, due to their lower power consumption and
long lifetime [1,2]. In fact, due to rapid technological development,
the luminous efﬁciency of LED has grown beyond 120 lm/W in
commercial products. The LEDs guarantee important energy savings with respect to the most common light sources, like incandescent and halogen lamps [3]. In addition, they are also considered
one of the most valuable light sources in 21st century [4,5] due to
their longer lifespan, lower power consumption and smaller size
with respect to traditional lighting.
Still, their use presents a thermal issue, since about 70% of their
total energy consumption is wasted as heat [6]. The heat management is an important challenge as the junction temperature increase determines the decrease of LEDs' lifetime, the failure of the

devices, the shift of color spectrum, and lower operational efﬁciency. Without appropriate thermal management, the efﬁciency of
LEDs can be reduced from a theoretical 90% to values as low as 20%
[7]. Thus, the efﬁcient thermal design is essential for improving the
LED's performances.
The thermal management and optical performance of an array
package assembly in air, with high-power white LEDs, in various
placement algorithms, is investigated in Ref. [8]. The analysis of
thermal interaction between LED array and placement design was
conducted. The thermal performance and design of LED lighting
source (with 18 red LED packages) and their impact on optimal
performances of LED module is investigated in Ref. [9]. Two thermal
schemes, application of thermal grease and of aluminum case with
a surface in heat sink type, are analyzed. The obtained results
revealed that improvements of light output power and radiant intensity can be achieved.
The thermal study of a 3 W blue LED, with thermal paste and
mylar tape as interface materials, by utilizing the dual interface
method is conducted in Ref. [9]. The thermal analysis of blue LED in
air and with water ﬂow as cooling system was carried out. The
variation of optical power with junction temperature and with
applied forward current, for the still air environment, was investigated. Ching and Devarajan applied the dual interface method for
determining the junction-to-board thermal resistance for high
power infrared LEDs, performing thermal measurements and optical test in case of thermal paste and thermal tape as interface
materials [10].
The blue LED covered with a phosphor layer (realizing a phosphor converted LED e pcLED), transforms the blue light into white
light [11]. The phenomenon of phosphor self-heating was investigated regarding the effect of phosphor layer relative position in LED
packaging [12], the thermal and optical interaction of phosphorbased white LEDs [13], the hot-spot location in high power phosphor converted white LEDs [14]. Luo et al. [15] investigated the
phosphor self-heating in the multiple high power LEDs modules.
The phosphor mixture layer was coated on LED chips mounted on a
heat sink cooled by a fan. Huang et al. [16] developed an electricheat-optical system dynamics model of a white LED lamp. The inﬂuence of driving current and variation of ambient temperature on
junction temperature, for a lighting module connected to a heat
sink in air, is investigated. Li et al. [17] proposed a thermal resistance analog model for an integrated chip-on-board LED chip with
a loop heat pipe heat sink with parallel condensers for LED cooling.
A thermal resistance network model for high-power LED arrays
fabricated on InGaN/sapphire chips, with 2 active cooling solutions
using water as refrigerant, was proposed in Ref. [18]. The junction
temperature calculations for different inlet ﬂow rates in the cold
plates were carried on.
A new heat management application of a refrigerating liquid
integrated within a fabricated prototype is proposed and investigated in Refs. [19], where an aluminum case with white LEDs placed
on its bottom was gradually ﬁlled with a silicon oil. The conducted
experiments revealed that the best thermal performances of the
prototype were achieved by totally submersing the white LEDs into
the dielectric refrigerant. However, the conﬁguration was reducing
the light characteristics, as the wavelengths in the range
530e630 nm were cut when the luminous radiation passed
through the liquid.
In this paper, the thermal and optical performances of a new
LEDs prototype are investigated. The fabricated prototype consists
of blue LEDs and uses as refrigerating liquid the silicon oil. The
luminous characteristics and thermal performances of the new
conﬁguration are experimentally investigated. The obtained results
are used for developing a thermal model of the proposed LED heat
management solution.

Fig. 1. Fabricated prototype.

2. Fabrication of blue LEDs prototype
The silicon ﬂuid, used as refrigerating agent in Refs. [19], improves the thermal conditions of the LEDs system (the junction
temperature decreases as the level of refrigerating liquid increases).
Still, important variations of the luminous radiation are occurring.
To overcome this bottleneck, the aforementioned conﬁguration can
be modiﬁed by changing the dielectric ﬂuid ﬁlling the case, or by
modifying the system's structure. In this paper, the second
approach is addressed.
The new proposed prototype of the LED lamp is illustrated in
Fig. 1. The 3D model exploded of the fabricated prototype is shown
in Fig. 2. The components, from top to the bottom, are: 1-the
removable heat sink, 2-the PCB (printed circuit board) LED (6 high
power LUXEON Rebel ES Royal blue LEDs, 700 mA, 12.7 W, by
General Luminare), 3-the upper closing plate, 4-the silicone gasket,
5-the lateral surface of the ﬂuid enclosure, 6-the glass with

Fig. 2. 3D model exploded of the prototype.

silicon ﬂuid temperature, and T∞ is the ambient air temperature.
The thermal resistances R1 and R2 account for the convective heat
transfer from the LEDs to both the ambient air and to the ﬂuid,
within the enclosure, through the PCB. The PCB can be separated in
Ring 1 and Ring 2 by the circle ideally connecting the electronic
devices, as shown in Fig. 4. Under the assumption of axial symmetry, each ring behaves as a circular ﬁn with the root at the LED
temperature. Hence, the associated thermal resistance is given by
Ref. [21]:

Rn ¼

Fig. 3. Thermal network model of the new LED prototype.

phosphor cover (Round ChromaLit™ Phosphor Element 3000 K, 80
CRI, by Intematix), 7-the silicone gasket, 8-the lower closing plate.
The most important elements of the prototype, that characterize
the studied LED system, are:
 the polydimethyl silicon ﬂuid (DOW corning 561 Silicon ﬂuid
[20]) that acts as refrigerant system;
 the glass with phosphor cover to convert the blue light into
white light;
 the blue LEDs designed speciﬁcally for use in remote phosphor
white light applications; dominant wavelength lD ¼ 440e460 nm.
The use of blue LEDs, whose luminous radiation is not inﬂuenced by liquid, allows to overcome the drawback of white LEDs
immersed in the refrigerating liquid due to the cutting of luminous
radiation wavelengths in the range 530e630 nm. The white light is
obtained deposing a phosphor layer with suitable spectral characteristics directly on the inner surface of the glass cover. The other
components are required to realize the cylinder that can be ﬁlled
with liquid or air.
The new proposed conﬁguration is investigated by setting up a
thermal model, and through performed experimental tests.
3. Thermal modeling and results
A steady state model based on thermal resistance network allows us to estimate the LED prototype operating temperature and
to assess the inﬂuence of various geometrical/physical parameters.
Assuming axial symmetry, a simpliﬁed representation of the main
heat ﬂow paths is shown in Fig. 3, where all the thermal resistances
are displayed. In Fig. 3, T1 is the junction temperature, Tf is the
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where A is the heat transfer area, and hf is the ﬁn efﬁciency deﬁned
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where I0 and K0 are the 0th order Bessel modiﬁed functions of the
ﬁrst and second kind, respectively; I1 and K1 are the 1st order Bessel
modiﬁed functions of the ﬁrst and second kind, respectively; ri and
re are inner and outer radiuses; m is the ﬁn parameter expressed as:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2$htot
m¼
kFR4 $t

(3)

where t is the PCB thickness, kFR-4 is the thermal conductivity of the
PCB material (mainly FR-4), and htot is the total heat transfer coefﬁcient as the sum of average convection heat transfer coefﬁcients
on both sides of the PCB. These convective heat transfer coefﬁcients
are calculated from suitable correlations.
The resistances R3 and R5 account for the convective radial and
axial heat transfer from ﬂuid in the case to the internal side of the
enclosure, respectively. Their general deﬁnition is [21]:

Rconv ¼

1
h$A

(4)

where h is the heat transfer coefﬁcient calculated from suitable
correlations according to the particular geometry and the cooling
ﬂuid. The resistances R4 accounts for conduction heat transfer of
the aluminum case, and R6 accounts for conduction of the phosphor
glass:

R4 ¼

1
re
$ln
ri
2$p$kAl $H
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L
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where H is the wall height, and L is the thickness of the plastic layer.
The resistances R7 and R10 account for heat transfer from the
external side phosphor glass and the external wall of aluminum
case, respectively, and the ambient. The resistances are generally
deﬁned by Eq. (4), but the heat transfer coefﬁcient is, in this case,
the sum of the convective heat transfer coefﬁcient, taken from
suitable correlations, and the radiant heat transfer coefﬁcient
expressed by linearization as:
3
hrad ¼ 4$ε$s$Tw

Fig. 4. Schematic of the PCB.

(7)

where ε is the surface emissivity, s is the StefaneBoltzmann constant, and Tw is the wall absolute temperature.

Table 1
Thermal properties of the polydimethyl silicon ﬂuid and geometric sizes of the
prototype.
Quantity

Unit

Value

FR-4 thermal conductivity
Aluminum thermal conductivity
Dow Corning 561 thermal conductivity
Dow Corning 561 isobaric expansion coefﬁcient
Dow Corning 561 kinematic viscosity
Dow Corning 561 Prandtl number
Surface emissivity
Board thickness
Inner radius for R1
Outer radius for R1
Inner radius for R2
Outer radius for R2
Wall height for R4
Inner radius for R4
Outer radius for R4
Thickness of the plastic window for R6
Inner radius for R8 and R9
Outer radius for R8 and R9

W m1 K1
W m1 K1
W m1 K1
K1
m2 s1
e
e
m
m
m
m
m
m
m
m
m
m
m

1
170
0.15
1.04,103
2,105
182
0.9
1.0,103
1.0,103
1.5,102
1.5,102
2.5,102
5.0,102
2.5,102
3.0,102
3.0,103
2.5,102
6.0,102

Table 2
Thermal resistances.

RPCB
Raxial
Rradial
Rtot

[K/W]
[K/W]
[K/W]
[K/W]

Fig. 6. Variation of radiance, for white LEDs with different refrigerating liquid level
heights and for the blue LEDs of the new fabricated prototype.
Manufacturer
data

DC-561

Relative difference
(DC-561 to manufacturer)

21
e
e
21

14.1
65.1
3.0
16.9

32.9%
e
e
19.5% minimum

Nu ¼

(9)

C and n are constants depending on the ﬂow regime as well as
wall geometry; Ra is the Rayleigh number referred to the same
characteristic length and given by:

The resistances R8 and R9 account for the heat transfer through
the aluminum mounting ﬂanges. In the assumed hypothesis of axial
symmetry, these resistances can be considered as circular ﬁns and
modeled as described by Eq. (1). The four screws, connecting the
two ﬂanges for sealing the case, act as thermal bridges. Within the
present analysis, the screws are neglected as preliminary thermographic measurements revealed that these are practically at
ambient temperature.
The thermal resistances expressed above involve a convective
heat transfer coefﬁcient. As free convection occurs in usual operating conditions, the convective heat transfer coefﬁcient can be
calculated from correlations of general form [21]:

Nu ¼ C$Ran

h$Lc
k

(8)

where Nu is the Nusselt number referred to a characteristic length
Lc, expressed as:

Ra ¼

g$b$DTc $L3c
n$a

(10)

where g is the gravitational acceleration, b is the isobaric expansion
coefﬁcient, DTc is the wall-ﬂuid temperature difference, n is the
kinematic viscosity, and a is the thermal diffusivity.
The thermal properties of the polydimethyl silicon ﬂuid [20] and
geometric sizes of the prototype used for evaluating the thermal
resistances, are reported in Table 1.
Table 2 reports the values of the thermal resistances along the
main heat transfer paths. The resistances are evaluated starting
from the geometrical data of the prototype and silicon oil data
sheet. The comparison between the manufacturer data relative to
air cooling and the obtained resistance results is reported is reported in Table 2.
In particular, the thermal network model of Fig. 3 can be
simpliﬁed and the following thermal resistances can be deﬁned:

Fig. 5. Schematic presentation of experimental setup for the thermal and optical performance of the LED lighting system.

Fig. 7. The four experimentally investigated conﬁgurations.

 thermal resistance through the PCB, RPCB:

RPCB ¼

R1 $R2
R1 þ R2

Rtot ¼ RPCB þ
(11)

The value of RPCB is 1.5 times lower than the junction to board
thermal resistance reported by the manufacturer.
 Raxial is the thermal resistance from the ﬂuid in the case and the
surroundings through the phosphor glass, and can be expressed
as:

Raxial ¼ R5 þ R6 þ R7

1
1
þ
Raxial
Rradial
1

(14)

The percentage relative difference between the manufacturer
data and the silicon ﬂuid conditions can be expressed as:

D¼

Rlc  Rac
$100
Rac

(15)

Based on the results reported in Table 2, the junction to board
thermal resistance is about 33% lower, while the junction to
ambient thermal resistance is reduced by at least 19%.

(12)
4. Experimental method

 Rradial is the thermal resistance from the ﬂuid in the case and the
surroundings, through the sides of the case and the mounting
ﬂanges and can be expressed as:

Rradial ¼ R3 þ R4 þ

1
R8

1
þ R19 þ R110

(13)

Finally, the junction to ambient thermal resistance can be
expressed as:

The fabricated prototype performances are investigated in terms
of illuminance output, voltage applied to the LEDs, electric current
absorbed by the LEDs, and operating temperatures of the LED
junctions. The experimental system setup established for the
thermal and optical performance of the LED lighting system is
shown in Fig. 5.
The illuminance was measured by a portable luxmeter (uncertainty ±1%) and two readings were recorded: one at the start of the

Fig. 8. Measured temperature differences of the 4 experimentally tested conﬁgurations.

Fig. 9. Variation of T* in time during the heating and cooling transient processes.

experiment (single reading), and the other in steady state conditions (three values averaged).
Other characteristics of the light radiation emitted by the prototype (color temperature and color rendering index) were not
analyzed, as previous investigations have shown that the silicon
liquid does not signiﬁcantly inﬂuence the emission spectrum of the
LED used [19]. In fact, as illustrated in Fig. 6, the 440e460 nm
wavelength range in which the blue Rebel LED emits is not subject
to cuts by the refrigerating silicon liquid. Thus, the color temperature and the color rendering index can be considered the same in all
investigated conﬁgurations.
For the electrical and thermal measurements, a digital multimeter connected to a PC was used to record and store data, with a
sampling frequency of 0.1 Hz during the entire duration of the
conducted experiment (heating, steady state operation, and
cooling).
The voltage measurement was carried out directly by the digital
multimeter (uncertainty 1%), while the measurements of electrical
current and temperatures were indirect. The electrical current is
converted into voltage by a Hall effect transducer and measured by
a digital multimeter (uncertainty 1%). The temperature was
measured by thermocouples (uncertainty ±0.2  C).
The conducted experiments had the purpose to investigate the
inﬂuence of heat sink and refrigerating ﬂuid (between the LEDs and
the glass with phosphor) on the previous presented measures. A

rectangular aluminum plate heat sink a (side length 40 mm,
thickness 1.5 mm) and a matrix (12 rows  12 columns) of pins
(height 16 mm, width 1.75 mm, and thickness 1.2 mm) has been
used. Two refrigerating ﬂuids were used: air and silicon oil (Dow
Corning PV-6010 [20]). As consequence, four experimental conﬁgurations were and denoted as shown in Fig. 7:
(a)
(b)
(c)
(d)

AN: cooling ﬂuid Air; heat sink installed: No;
AY: cooling ﬂuid: Air; heat sink installed: Yes;
ON: cooling ﬂuid: silicon Oil; heat sink installed: No;
OY: cooling ﬂuid: silicon Oil; heat sink installed: Yes.

4.1. Thermal test results and discussions
The temperature measurements were carried out, for all the
different conﬁgurations of Fig. 7, in some different points for
providing information on the temperature of different system's
components. In particular:
a) on the LED test point to indirectly determine the junction
temperature. According to the manufacturer, the LED junction
temperature is evaluated as [22]:

Tj ¼ Tb þ P$Rqjb

Fig. 10. Heating transient and transient time for the four experimented conﬁgurations.

(16)

Table 3
Time transient of heating and cooling process.

Table 4
Measured illuminance of lamp prototype at switch on, and in steady state.

Experimented conﬁguration Heating transient [min] Cooling transient [min]

Conﬁguration

Switch on [lux]

Steady state [lux]

AN
AY
OY
ON

AN
AY
OY
ON

42.5
42.5
42.8
43.8

41.3
41.4
42.0
41.8

33
43
42
47

82
78
96
110

where, Tb is the LED temperature on the board test point, Tj the
junction temperature, P is the LED power, and Rqjb is the known
thermal resistance junction-to-board;
b) on the inner part of the glass cover, where the phosphor layer
is placed;
c) at the center of the PCB board;
d) outside the prototype in the surrounding ambient.
The system, initially switched off, is electrically supplied. All the
temperatures and electrical measures were recorded. The ending
points of the transient processes are established based on the
measured temperatures, and can be expresses as:
 for the heating transient process:

Ti  Tair;i
0:99  Piþ60
 1:01
Ti
i

T
air;i
60

(17)

 for the cooling transient process:

0:99 

ðTs  Ti Þ
 1:01
Ts  Tair;i

(18)

where Ti is the generic lamp temperature at i-th sample, Tair,i is the
generic air temperature at i-th sample, and Ts is the generic lamp
temperature in steady state. The values of reported temperatures
are the averaged values of 60 samples (10 min acquisition interval).
Fig. 8 shows the obtained results in steady state condition.
Conﬁguration OY, with refrigerating silicon oil and heat sink, reports the lowest operating temperature. This occurs because the air
acts like a thermal insulator, the combined effect of the heat sink
that reduces the thermal resistance with the surrounding air, and
the refrigerating silicon oil inside the lamp, which is more suitable
than air as heat transfer ﬂuid. Moreover, the heat sink has a larger
effect on temperature reduction as oil, as the conﬁguration AY has a

lower operating temperature than conﬁguration ON. The surrounding temperature Tair was about 19.6  C during all the tests.
For comparing the obtained results during the heating and
cooling transients, two dimensionless temperatures were used,
expressed as:

T* ¼

TðtÞ  Tair ðt þ DTÞ
for heating
Tðt þ DTÞ  Tair ðt þ DTÞ

(19)

T* ¼

TðtÞ  Tð0Þ
for cooling
Tair ðt þ DTÞ  Tð0Þ

(20)

where T(t þ DT) is the average temperature calculated based on the
values recorded from time instant t to time instant t þ DT
(DT ¼ 10 min). The steady state condition is set-up when T* > 0.98.
In the following analysis, the LED experimentally recorded
temperatures on the LED test point Tb will be used for illustrating
the variation of T* in time, during the heating and cooling transient
processes. For exempliﬁcation, the heating and cooling transients
for the AN prototype (operating with Air and with No heat sink) are
illustrated in Fig. 9, as the trend is similar for all the operating
conditions.
Fig. 10 shows a comparison of the heating transient times for the
four different LED conﬁgurations experimented.
Table 3 reports the time required to reach the steady state
condition for the heating and cooling (T* > 0.98) of the experimented conﬁgurations. The results reveal that the transient time is
shorter in case of heating with respect to cooling. The difference
could be determined by the higher heat transfer coefﬁcient provided by the free convection on the board, which is immediately
activated by the almost instantaneous warming of the LEDs.
Furthermore, the transient times increase in the presence of oil due
to the larger heat capacity of oil with respect to air. Finally, the
experimentally tests of OY conﬁguration reveals heating and
cooling transients 30% longer than conﬁguration AY (characterized
by the shortest transient time).

Fig. 11. Black box for experimentally determination of illuminance.

The comparison between experimental results and simulated
equivalent circuit model described in Section 3 is carried out. In
particular, considering the junction-to-air temperature difference
of the two conﬁgurations AN and ON, we have:

D¼

Rja ðONÞ  Rja ðANÞ
$100 ¼ 20:0%
Rja ðANÞ

(21)

The result is in good agreement with the value of the heat
transfer model reported in Table 3, and predicting a percentage
reduction in the junction-to-air thermal resistance exceeding
19.5%.
The power consumption is about 12 W for all the four experimented conﬁgurations (AN, AY, OY, and ON).
4.2. Luminous radiation test results and discussions
The light radiation tests were performed considering only the
quantity of light emitted from the prototype (illuminance in a
speciﬁc point), investigating if lower operating temperatures
guarantee higher luminous efﬁciency. The quality of light (emission
spectrum, color temperature, and color rendering index) was not
investigated as already analyzed in a previous work [19]. In
particular, the illuminance of LED spotlight at point P was experimentally investigated (as shown Fig. 11).
The LED prototype was suspended at the center of the top face of
a 1 cubic meter opaque black box. The probe of the luxmeter was
placed at the center of the box's bottom face. The illuminance was
recorded at the time instant of the prototype switch on, when the
heating transient process was completed. Each measurement was
repeated for three times, at time intervals of 10 s of each other.
Table 4 reports the illuminance obtained results, revealing that
the behavior of the bright spot is consistent with what was expected. Although, with variations not particularly signiﬁcant, the
illuminance generated by the OY and ON prototypes are exceeding
the air-based tested conﬁgurations.
5. Conclusions
A new fabricated lamp prototype, based on blue LEDs and using
silicon ﬂuid as cooling liquid, is theoretically analyzed and experimentally validated for assessing the thermal and luminous performances. Four different conﬁgurations (air/silicon oil as cooling
agent, and with/without heat sink) were investigated. The experimental results reveal that the combination of heat sink and
refrigerating liquid provides the most efﬁcient thermal dissipation.
Hence, longer lifetime of the components can be achieved. Still, the
heating and cooling transients increase. A compromise between
the heat dissipation and transient process duration should be
addressed. Consequently, the heat sink successful design and

careful sizing of refrigerating volume should be performed. The pc
LEDs guarantees high luminous efﬁciency and uniform white light
emission of the source. In addition, a small increase in light ﬂux is
achieved too.
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