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Summary. Using the method of electrothermal analogy, a mathematical model of the thermal
stabilization system of the LED matrix with a heat pipe was developed. The system of differential equations is
solved, including the stationary equation of heat conduction and the equation of heat generation, which are
supplemented by boundary conditions of conjugation for heat fluxes and temperatures. The calculated temperature
distribution in the structural elements of the thermal stabilization system depending on the power of the LED
matrix, heat pipe parameters and the temperature of the environment. It is shown that the use of the proposed
thermal stabilization system will allow to increase the luminous flux of the LED-matrix (increase the light power)
without increasing the temperature of its active zone. This will allow to reduce the number of LED-matrix in the
semiconductor lamp and its cost without shortening the service life.
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Formulation of the problem. Massive introduction of semiconductor light sources has
resulted in a significant reduction in power consumption for various types of lighting. However,
despite the high efficiency of LEDs, almost 70% of the supplied electrical energy is converted
into heat.

Violation of the thermal regime of LEDs and their operation at a core temperature higher
than the critical temperature (7c = 125°C) causes degradation of light characteristics: reduced
brightness and light output, deteriorated colour rendering, reduced light transmittance of the
optical system, etc. This factor requires the search for effective ways of thermal stabilisation.

To stabilise the thermal regime of modern high-power LED matrices (HPLMSs), active
cooling systems are widely used, based on the forced circulation of cold air or liquid in the
circuit [1]. However, active cooling is associated with noise generation. Electric motors of the
fans and the air flow itself create sound vibrations that are usually undesirable. In particular,
when lighting residential premises, concert halls, classrooms, etc. In addition, they require
additional maintenance. All this suggests the need to consider alternative thermal stabilisation
systems. Heat pipes (HPs) are one of the most efficient methods of heat extraction and transfer.

A heat pipe is a passive two-phase heat transfer device designed to improve the performance
of heat transfer from a source to standard radiators. The transfer process takes place through a cycle
of evaporation and condensation of the working fluid contained in a vacuum-sealed capsule. As a
rule, HPs are used when the heat from a semiconductor element cannot be moved or dissipated
efficiently enough by standard radiators. Due to the use of latent heat of vapour for heat transfer, its
effective thermal conductivity is thousands of times higher than that of copper or aluminium,
reaching ~10° W/m K. High thermal conductivity and the easy bending and shaping of heat pipes,
as well as their long service life, make them ideal when heat needs to be transported from areas that
are difficult to access to the cooling or condensing zone.

Analysis of available research results. Thermal stabilisation of electronic equipment
with heat pipes shows the high efficiency of these devices [2]. Obviously, they can also be
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effective for stabilising the thermal regime of LED matrices. In particular, [3] experimentally
investigated the system of thermal stabilisation of LED matrices, which operates on the
principle of a heat pipe. It is proved that the considered thermal stabilisation system provides
the required thermal regime of LEDs in a wide temperature range. In [4], a system for thermal
stabilisation of an LED under different operating conditions of a heat pipe was studied. The
authors experimentally verified its higher efficiency compared to a radiator with an identical
profile and surface area. However, only practical designs were considered in these works. Thus,
the thermal mathematical model of the thermal stabilisation system was not considered and no
theoretical analysis was carried out.

Objectives of the research are to develop a thermal mathematical model of the LED
matrix thermal stabilization system based on a heat pipe and calculate the temperature
distribution in its structural elements.

Statement of the problem. By means of theoretical analysis, to establish analytical
relationships between the power of the LED matrix, the parameters of the heat pipe, the
temperatures of the medium and the active zone of the matrix. This will make it possible to
rationally select a thermal stabilisation scheme to ensure an adequate thermal regime of the
LED matrix.

The computational model of the LED matrix is based on the principle of electro-thermal
analogy [7]. In particular, the similarity of the differential equations describing the electric field
in the conductor and the temperature field outside the heat sources. To calculate the thermal
regime of the LED matrix, a thermal mathematical model of the LED matrix mounted on the
heat pipe body will be considrered as a basic one. It will be assumed that all the generated heat
power is completely absorbed by the hot end of the HP

R=FR, 1)

and excess power is removed from the surface through convective heat exchange with the
medium. To intensify the heat transfer, the surface of the HP has cooling fins. We assume that
the pipe is in an environment with a constant temperature Ta.
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Figure 1. Scheme of the thermostabilization system of Figure 2. Scheme of the thermal circuit of
LED-matrix with a heat pipe. Here 1 — LED-matrix, thermostabilization of LED-matrix.
2 —active zone, 3 — contact pad, 4 — heat pipe. Tj —the Thermal supports:
temperature of the active zone of the LED-matrix, Th ®jn — active zone-contact area,
and T, — the temperatures of the hot and cold ends of Onc — contact area — radiator,
the heat pipe, Ta — the temperature of the medium O, — radiator- medium

Heat propagation in a heat pipe is described by the stationary heat conduction
equation [6]

Vi-y%=0, 2
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and the Joule equation of heat generation

Pt:(l—ﬂe) Uy, 3)

where V = i§+]£+ﬁg is the Hamiltonian operator, Us is the forward voltage, I is the
X
forward current, 77, is the quantum efficiency of the matrix,

t=T-T @

a

T is the temperature of the tube surface, T, is the temperature of the medium, y =./ap/«S , p
and S are the perimeter of the side surface and the cross-sectional area, « is the heat transfer

coefficient between the surface of the HP and the medium.
We assume that the heat flux is uniformly distributed across the cross-section of the

pipe. For the heat flux density, we obtain:

P
o zgt- (5)

At the edges of the structural elements, we set the traditional interface conditions for

heat fluxs and temperatures

dt dt
K |x:0: qt’ K0 |x:l =at |x:l . (6)

dx dx

The solution to the differential equation is:

t(x)=Ce™ +Ce ™, (7)

where C, and C, are the integration constants, which we find from the boundary conditions

c :i(l_zj e
"2\ xy )| sh +(e/xy) chyl ’ (8)

Cz :&(1+£J eyl .
2y &y )\ shyl+(a/xy) chyl 9)

As a result, for the surface temperature HP we obtain:

T(X)=T, + %
" aS| shyl+(a/xy) chyl

chy(I-x)+shy(1-x) | (10)
Ky
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Find the temperature of the hot end of the HP. Assuming x = 0 we obtain

1+ th #I
T =T+ (/) hl 1o (11)
aS| (a/xy)+thyl )&y
Similarly, for the cold end temperature, when x =1 we have
P 1 o
T =T,+—L —. 12
as{(a/l(}/)-l-th 71 J’(’}’ (12)

For the thermal stabilisation process, an important parameter is the temperature
gradient averaged over the pipe surface. Taking into account expressions (11) and (12), we
have:

T-T. P(a) th 1
I = = — .
A0 | aS [K‘}/j (a/xy)+th ¥l (13)

In the case of a long HP, the average temperature gradient is

2
. . P a th »1
limA(y) = lim | — =0. 14
yl—0 (7/) yl—0 as(wj (a/’(?/)"—th 7| ( )

This suggests that the surface of the heat pipe is isothermal, and the entire surface of the
heat pipe is simultaneously involved in heat exchange with the medium. This ensures uniform,
fast and efficient heat transfer to the medium.

The temperature of the core zone of the LED-matrix T, is determined by the method of
electro-thermal analogy from the Ohm's law for a thermal circuit [7]

T =T, +0;R (15)
then
e (l+eth g
T =T +P| 2|22 li0, |
b {aS(aHhﬂ] ’h} (16)

here ¢ =a/ky, g = ylis effective length of the pipe.

As the pipe length increases, the core temperature will decrease asymptotically
approaching the limit value

1
Tj=Ta+P{—+®jh} 17)
K-p

Obviously, there is an optimal length of the HP, above which it is not rational to increase
its value.

8 . ISSN 2522-4433. Scientific Journal of the TNTU, No 4 (112), 2023 https://doi.org/10.33108/visnyk_tntu2023.04


https://doi.org/10.33108/visnyk_tntu2023.0

Volodymyr Zakordonets, Leonid Movchan, Volodymyr Hetmaniuk

Analysis of numerical results. For the analysis, we select a white medium-power
LED SMA2550, the parameters of which are presented in the table. Its quantum efficiency is
ne=0.25, and thermal resistance 6j, = 0.01 K/W.

Table

White LED characteristics

Min Emission Max.
Max. driver | Max. Luminous ' diameter | temperatu
: thermal
Series current power flux resistanc of the re of the
(mA) (W) (Im) e (KIW) surface active
(mm) zone (C°)
XL1516CMA | 700-1050 41 14004800 0.02 9 125
XL1825CMA 350-525 61 12150-7300 0.02 9 125
XL1840CMA 500-900 87 3300-10300 0.02 14 125
XL2550CMA | 1400-2100 122 | 4400-15000 0.01 19 125
XL3090CMA | 1200-1800 174 | 7300-21700 0.01 23 125

Under free air convection conditions, the heat transfer coefficient varies in the range
a = 5+25 (W/m?K), and under induced convection in the range a = 10+200 (W/m?K).

200

Figure 3. Dependence of the temperature of
the active zone of the CMA2550 matrix with a
power of P=122 W on the reduced length of
the HP at the temperature of the medium
Ta =20 C and at different heat exchange
coefficients. Curve 1 — during forced
convection (¢=0.1), 2 - during free convection
(e=0.05), 3 — for a solid metal rod of a similar
profile during forced convection (¢=0.025)

50
0.5

As can be seen from the graph, when the surface of the heat pipe is blown by air
jets, the core temperature of the LED-matrix is always below the critical temperature,
even when operating at maximum power. On the other hand, in the case of free air
convection, the temperature regime of the LED-matrix deteriorates. This is particularly
true for short HPs.

When a solid metal rod of a similar profile is used as a heatsink, even with active
blowing of its surface, the temperature of the core of the LED matrix is always higher than the
critical temperature at any length. Apparently, this will not allow the device to be operated in

the P, mode.

Thus, the thermal stabilisation system of the LED-matrix with a heat pipe integrated
into the radiator has a significantly higher efficiency compared to a solid metal rod with a
similar profile and surface area. This advantage is due to the uniform temperature distribution
over the surface of the heat pipe, which means more efficient heat dissipation.
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An alternative to efficient and silent cooling of high-power LED-matrices is the use of
thermoelectric cooling [8, 9].

Conclusions. Heat pipes (HP) are one of the most effective passive devices for thermal
stabilization of semiconductor elements, including LED matrices. Moreover, the cooling
efficiency increases with the increase of its length, perimeter, heat transfer coefficient and
thermal conductivity. The use of HP will significantly reduce the size and weight of the thermal
stabilization system.

The system of thermal stabilization of the LED matrix with heat pipes has a higher
efficiency compared to the system that uses metal rods with a similar profile and surface area.
This advantage is due to the uniform temperature distribution over the surface of the heat pipe
and more efficient heat dissipation.

The use of the described thermal stabilization system will increase the luminous flux of the
LED matrices (increase the luminous output) without increasing the core temperature. This will
reduce the number of LED matrices in the luminaire and its cost without reducing its service life.

One of the drawbacks of HPs is the fact that they have a relatively narrow temperature
range for effective use. In particular, when a certain critical temperature is exceeded, the entire
coolant can turn into vapor without the possibility of condensation, and vice versa, at
insufficient temperature, the liquid evaporates poorly. This will lead to a sharp decrease in the
thermal conductivity of the thermal stabilization system of the LED matrix with all the negative
consequences.
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PO3PAXYHOK CUCTEMM TEPMOCTABLII3AILIIL
CBITJOAIOJHUX MATPHUILb TEIIVIOBUMU TPYBKAMH

Boaogumup 3akopaonens; Jleonix MoBuan; Bosoaumup I'ermaHiok

Tepnoninbcokuu Hayionanrbhuu mexuivHuu ynigepcumem imeni leana 1lynios,
Tepnoninw, Ykpaina

Pe3tome. Tomanvhe 8npo8aodiceHts HANIBNPOBIOHUKOBUX Odcepel C8Imaa 00360UNO0 Pi3KO 3MEHUUMU
sumpamu enexmpoenepeii Ha piznomanimui éuou oceimnenns. Heszsaocarouu na eucoxuii KKJ ceimnoodiodis,
matixce 70% nideedenoi enexkmpuunoi enepeii nepemeoproemocs 8 menao. llopywieHns meniogozo pexcumy
HAanignpoGiOHUKOBUX Oxcepes C8imd i iX eKChiyamayis npu memnepamypi akmuHoi 30Hu OLIbWill KPUMUYHOL
(Tc = 125°C) cnpuyunse oecpadayiio c8imio8ux XapaKkmepucmux: 3MeHuYyEMbCa ACKpasicmy i ceimnogiooaua,
nO2IpUYEMbCA AKICMb KObOPONEPeOasanHts, 3HUNCYEMbC NOKAZHUK CEINI080I NPOHUKHOCII ONMUYHOI cucmemu
ma in. I{a obcmasuna smywye wykamu egekmueni uiaxu mepmocmadinizayii. B oanuii uac ons cmabinizayii
Mennn8020 PeX*CUMY CYYACHUX NOMYHCHUX C8Iimaodioonux mampuys (CHAM) wupoko euxopucmosyiomscs
AKMUBHI cucmemu 0Xo100%ceHHs. B ocrosi ix pobomu nedxxcums npumycosa yupKyiayis X0100H020 nosimps abo
piounu 6 koumypi. OOHAK AKMUBHE 0X0I00XCeHHs N0 sizane 3 eenepayieto wymy. Tennosi mpyoxu (TT) € oonum
3 HatleghekmugHiwuUx Oe3uyMHUX Memodie 6i000PY [ nepeHecenHs: mennogol enepeii. B pobomi 3 euxopucmanusim
Memooy  enlekmpomenyiogoi amanocii. noOyo008aHo MAMEMAMUYHY MOOelb CUCHEMU MEePpMOCmadinizayil
C8imn00io0H0i Mampuyi meniosoio mpyoxow. Po3ze’sizano cucmemy ougepenyianvnux pieHanv, Wo 6KIOYAE
cmayioHapue pieHAHH MenonpoGiOHOCMI Ma PiGHAHHS mepmoz2enepayii, AKi OONOBHEHT ePAHUYHUMU YMOBAMU
CNpsAdiceHHs. Ol Menyiogux nomokie i memnepamyp. Po3paxoeano po3nodin memnepamypu 6 cmpyKmypHux
elleMeHmax cucmemu mepmocmaoinizayii 3a1exdcHo 8i0 NOMYAHCHOCMI C8IMI00I00HOI mampuyi, napamempis
mennogoi mpyoxu 1 memnepamypu cepedosuwya. Iokasano, wo cucmema mepmocmabinizayii CIM meniosumu
mpyoKamu mae uugy epekmugHicmyv y NOPIGHAHHI 3 CUCMEMOI0, KA BUKOPUCOBYE Memanesi CMepiCHi 3
ananoziuHum npoghinem i niowero nosepxwi. Taxa nepeeaza 3ymMosienHa piGHOMIPHUM PO3NOOLIOM MeMnepamypu
no nogepxui TT, i egpexmusHiwum 8i08edenusM mennogoi enepeii. /losedeHo, wo 8UKOPUCTNAHHS 3aNPONOHOBAHOL
cucmemu mepmocmaobinizayiii  0ozeonums  30invwumu  ceimnrogui nomix  C[AM  (30inbwumu  ceimaosy
nomyaicHicms) 6e3 30invuenns memnepamypu i axmuenoi 3o0nu. Ile 0ozgonumsv 3menwumu Kinokicmo C/IM y
HanisnpoiOHUKOBOMY CEIMUNLHUKY 1 1l020 8apmicmb 6e3 CKOpPOUeHHs MePMIHY eKCILyamayii.

Kniouosi cnosa: ceimnodioona mampuys, CimaA0GUll NOMIK, MENI0BUl PelCuUM, Menioull Onip,
mepmocmaoinizayis, meniosa mpyoxa.
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