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Cooling of Led Modules with Thermal
Accumulators Based on Phase Change Materials

The purpose of this study is to design and develop a silent, passive cooling system based
on phase change materials capable of maintaining the temperature of LED arrays within
an optimal range for extended periods. The system operating principle utilizes the latent
heat of fusion of the working substance and allows for the temperature of the semiconductor
light source to be precisely fixed. The main condition for its normal functioning is that the
melting point of the working substance does not exceed the maximum permissible
temperature of the LED element. Depending on the maximum permissible temperature of
the cooled elements, wax, paraffin, salt hydrates, etc. can be used as working substances.
A disadvantage of phase change materials is their high thermal resistance, which hinders
rapid charging and discharging of the thermal accumulator. To reduce the overall thermal
resistance of the working substance, the thermal accumulator uses a modular design, in
which the accumulator consists of several modules filled with phase change materials with
different melting points. The defining feature of a temperature stabilization system is the
constant temperature of the working substance during the melting process, which results
in a constant temperature of the LED array active area. Thermal stabilization systems
based on thermal accumulators offer a significant advantage: they are autonomous and
independent of changing external conditions.

Keywords: LED module, luminous flux, thermal accumulator, phase change materials, thermal
resistance, thermal stabilization, enthalpy.

Problem statement

Modern semiconductor lighting devices require thermal stabilization, since almost 70 %
of the electrical power consumed by them is converted into heat. In order for the LED array to
have the declared technical characteristics, it is necessary to ensure adequate thermal operation.
As is known [1, 2], when the temperature of the LED active zone increases by every 10 °C, the
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luminous flux decreases by approximately 2.5 %. For instance, if the manufacturer indicates
that the luminous flux of the CXA 1310 array at an active zone temperature of 25 °C is 1000 Im,
then with poor-quality heat dissipation, the temperature can increase to 125 °C, and the
luminous flux will decrease by 25 %. In addition, high operating temperature worsens several
important parameters at once — light output, color temperature, service life, and in total, the
economic efficiency of using semiconductor lighting devices.

Active thermal stabilization systems are widely used to cool modern powerful LED
arrays. Their operation is based on the forced circulation of air or liquid in the circuit. However,
active cooling is often associated with noise generation. The electric motors of the fans and the
air flow itself create acoustic vibrations, which are often undesirable. In addition, they require
additional maintenance. All this forces us to look for alternative thermal stabilization systems.

Heat pipes are one of the most efficient and silent methods for extracting and transferring
thermal energy from semiconductor devices operating in confined spaces [4—6]. Heat pipe
cooling systems are often used in conjunction with air radiators.

The thermoelectric cooling system makes it possible to reduce the temperature of the LED
array to values lower than the ambient temperature [7]. This is especially important in conditions
where the ambient temperature is close to the critical operating temperature of the LED arrays.

Analysis of known research results

The simplest thermal accumulators are metal structures of lighting devices, radiators,
fasteners, housings, etc. This method of cooling and heat removal can be used if the total heat
capacity of the structure is sufficient for thermal stabilization of the operating mode. Otherwise,
it is necessary to increase the mass and volume of the structure, which is not always possible,
and often not rational.

In recent years, thermal energy storage using phase change materials (PCMs) has attracted
considerable interest. Cooling semiconductor lighting fixtures with thermal accumulators using
materials with latent heat of phase transition ensures a constant temperature during melting and
high storage density [8—10]. This allows for a fairly stable temperature control of LED elements.
The amount of heat absorbed by the accumulator depends on the specific heat of fusion of the
PCM, its heat capacity, mass, and temperature rise.

The purpose of the work is to calculate and create a silent, passive cooling system based
on phase change materials capable of maintaining the temperature of LED elements in the
optimal range for a long time.

Design and calculation of a thermal accumulator
During the operation of LED array, the thermal power is generated as follows
B=01-n)-U,-I,, (1)
where 1, and U, is direct current and direct voltage of LED array, 7, is quantum efficiency.

The released heat is transferred to the phase change material integrated in the 74. To
ensure cooling, the thermal power must be completely absorbed by the 7A, otherwise
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stabilization of the thermal regime will be impossible. We will assume that there is an ideal
thermal contact between the LED array contact pad and the 74 collector, then

B=F, (2)
where Pi is power absorbed by the accumulator.

The process of heat absorption by the PCM occurs at constant pressure. In this case,
according to the first law of thermodynamics, the amount of heat absorbed by the thermal
accumulator can be represented as

50|,=dU+p-dV=d(U+p-V)=dH , 3)

where U is internal energy of PCM, V is its volume, p is pressure,
H=U+p-V, (4)
H is enthalpy.

Enthalpy is a key thermodynamic function that describes the heat content of a system.
Enthalpy reaches a maximum in an isochoric process and is equal to the amount of heat
absorbed by the accumulator during the primary heating, melting, and secondary heating of the
molten working substance. In this case

AH =0, . )

Thus, the change in specific enthalpy during heating and melting of the working substance

is the sum of three separate processes:
- heating of PCM from the initial temperature 7, to melting point;

- phase change at melting point;
- heating of PCM from the melting point to maximum temperature 7, .

T,

Ah=[e,(T)-dr+A(T)+ [ e, (T)-dT . ©)

Ty
where ¢ (T) and ¢, (T) are the specific heat capacity of the working substance in the solid
and liquid states, respectively, k(T ) is the specific heat of fusion. Since these parameters are

weakly temperature-dependent, we will treat them as constant in the following calculations.

1

Fig. 1. Appearance of thermal accumulator Fig. 2. Schematic structure of the thermal
module on PCM with LED array accumulator. 1 — LED array, 2, 3, 4 — modules
(shown without external radiators) with working substances, 5 and 6 are external

and internal radiators, respectively
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Paraffins, fatty acids, salt hydrates, etc. are widely used as phase change materials. A
feature of PCMs is their high thermal resistance, which prevents rapid charging and discharging
of the thermal accumulator. To reduce the overall thermal resistance of the working substance,
a modular design is provided, in which the accumulator consists of several modules filled with
PCMs with different melting points.

] —/i/—
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Fig. 3. Temperature change of a phase change Fig. 4. Generalized model of the thermal

material upon heating of the solid phase, melting process of the LED array cooling system.
and heating of the liquid phase. 1 — naphthalene, 1 — heat source, 2 — switch, 3, 4, 5 — thermal
2 — stearic acid, 3 — sodium acetate trihydrate modules

To simplify the calculation, we will consider the idealized phases of the melting state of the
PCM, which are depicted in Fig. 3. Moreover, the melting points of the PCM decrease in the
direction opposite to the temperature gradient and perpendicular to the phase separation plane.
Each of the modules is equipped with a system of internal radiators (Fig. 2). Given the complexity
of describing the melting (solidification) processes in an interconnected multi-module system,
each of the modules of which is in a state of phase change, we introduce a simplification:

1. We assume that in 74, melting occurs in only one module at a time.

2. The substance in the module closest to the heat source begins to melt first.

3. After it is completely melted, the substance in the next module melts, and so on until
all modules are completely melted.

4. The operating time of the 74-based thermal stabilization system consists of the time
required for warming up and complete melting of the PCMs in all modules.

5. The analysis will be carried out under the assumption that all the heat coming from
the light source is consumed for melting the PCM in each module.

To intensify the heat exchange, the outer surface of the 74 has cooling fins. We assume
that the 74 is in an environment with a constant temperature 7. During operation, the main
part of the heat generated by the LED array due to the heat conduction process is transferred to
the PCM where it is absorbed due to the latent heat of fusion. Let us find the total enthalpy of
the thermal accumulator

AH:Zn:mi h :Zn:mi .|:Csi '(];i_n)+/1i+cfi'(Tm _Tﬁ)]’ )
i=1 i=l

where m;, is the mass of the working substance in the i-th module, 7 is the number of modules.

To increase the thermal stabilization time, the outer surface of 74 has cooling fins. We assume
that 74 is located in an environment with a constant temperature 7.

70 Journal of Thermoelectricity Nel, 2026 ISSN 1607-8829



V.S. Zakordonets
Cooling of Led Modules with Thermal Accumulators Based on Phase Change Materials

The minimum operating time of the cooling system t_. is determined from the heat

n

balance equation

AH =P - (r.+r.+rﬁ):B-tmin, ()

n
where 1, =1, +71,,+1,, 1= Z’Ei .T,; — heating time from the initial temperature to melting
i=1

point, t,, — melting time, 1, — time for heating the melt to the limit temperature 7, in the i-th

module. Whence

T =

min

AH
?t > (9)

Thus, the minimum operating time of the thermal stabilization system is determined by
the heating time and complete melting of the working substance in all modules and the thermal
power of the LED elements.

Table 1
Some types of internal heat exchange radiators
Ne Radiator Fin type
1. ! i Radial
2. - Cylindrical

3. ‘ Plate-shaped

4. Pin

<
=
-

Disc

Tree-shaped
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Numerical analysis of results. For the analysis, we will choose a medium-power white
LED CXA1310 with parameters Ur=17.80 V, Ir = 0.75 A, ne = 0.25 and a critical temperature
of the active radiation zone 7. = 125 °C. In this case, its power and luminous flux are equal to
P =13.35 W and 1000 Im, respectively. As a filler for the first module we choose naphthalene
with the parameters: 7, =80°C, c¢s1 = 1.30 kl/kg K, cn = 1.70 kl/kg K, A1 = 152.2 kJ/kg; for the
second module — stearic acid with the parameters: 752=69.6°C; c2=1.76 klJkg K;
cp=230kJ/kg K; A2 =198.9 kJ/kg; for the third — sodium acetate trihydrate with the
parameters: 7s3 = 58.0 °C, ¢s3 = 2.57 kl/kg K; ¢ = 4.88 kJ/kg K; A3 =280 kJ/kg.

Since the optimal temperature for LED crystals is in the range 90 —100°C, we choose the
maximum temperature of the PCM T, = 90 °C. Let mi1 = m2=m3 = 0.4kgand 7, =20°C . With

the specified parameters, the total enthalpy of the accumulator on PCM will be H = 556.4 kJ
(for comparison, Hu20 = 220 kJ) and the minimum time for stabilizing the thermal regime of
the CXA1310 array will be 15.5 hours.

Table 2

Technical characteristics of some phase change materials
with high specific heat of fusion

Specific Specific Specific
Ne Phase change Chemical | Melting heat heat heat of
material formula point °C capacity capacity fusion
solid liquid (kJ/kg)
phase phase
(kJ/kgK) | (kJ/kg K)
1. Glauber's salt Naz2SO4 324 2.09 4.88 267
10H20
2. Myristic acid Ci4H2302 | 54.0-58.8 1.89 2.00 198.7
3. Paraffin wax Ca5Hs2 55 214 2.90 200-220
4. Sodium acetate | NaC2H3O2 | 58 2.57 4.88 264-280
trihydrate 3H20
5. Palmitic acid CieH3202 | 62.9 1.81 2.64 163.9
6. Stearic acid CisH3602 | 69.6 1.76 2.30 198.9
7. Naphthalene CioHs 80 1.30 1.70 152.2
8. Sodium Na 98 1.23 1.28 113
9. Water (for | H20 0 4.18 4.20 333.5
comparison)
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To obtain an effective cooling system, it is necessary to introduce a switch into the LED
array electrical power supply circuit that will turn off the heat source when the PCM is
completely melted in all modules. The main condition for its normal functioning is that the
melting point of the working substance does not exceed the maximum permissible temperature
of the LED element. This approach is especially relevant for powerful LEDs or lamps operating
in a re-periodic mode or in environments with limited space for traditional radiators. After the
LED array is turned off or its power is reduced (when heat generation decreases), the
accumulated heat is gradually discharged into the environment, and the accumulator returns to
its original state, "recharging" for the next cycle of operation. To intensify regeneration, the
outer surface of the 74 has cooling fins.

Conclusions

Using thermal accumulators made of PCMs allows for a precise temperature control of
the cooled LED elements. The ability of the thermal accumulator to maintain temperature
depends on the LED device's power and the type and number of PCMs. For long-term
continuous operation and high-power LED elements, the 74 will require the assistance of heat
sinks.

PCMs must be selected for specific temperature conditions. Thermal stabilization systems
based on PCM thermal accumulators offer a significant advantage over traditional heat-
capacitive systems. Specifically, they have several times higher enthalpy and are unaffected by
changing external temperature conditions. PCMs allow for the creation of more compact
cooling systems, as they have a high thermal energy storage density per unit mass compared to
traditional materials (e.g., metals or water).

With an increase in weight and dimensions, a thermal accumulator equipped with a
thermoelectric generator can be used as an emergency power supply in places where emergency
backup is required [13].
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3akopaonens B.C. (https://orcid.org/0000-0001-8190-448X)

TepHOMIBCHKHIT HALIOHATBHUM TEXHIYHUH YHiBepcuTeT iMeHi [BaHa [Tymos, Ykpaina

Ox0J101KeHHS CBITJI0AI0HMX MOAYJIiB TENJIOBUMHU
aKyMyJSiTOPaMH HA OCHOBI (a3onepexigHuX MaTepiajis

Memoto pobomu € po3paxyHok ma CMBOPeHHs Oe3ulyMHOI, NACUBHOI cucmemu
OXONO0JCEHHS. HA OCHO8I (hazonepexiOHux mamepianie 30amHoi NiOMpuMysamu
memnepamypy  C8imA00IOOHUX MAMpUYyb 6 ONMUMAILHOMY OIANA30HI  NPOMSA2OM
mpusanozo uacy. Ilpunyun pobomu cucmemu 6a3yemuvcsi HA SUKOPUCMAHHI NPUXOBAHOI
meniomu niasieHHs poooyoi peuosUHU i 00380JI€ OOCUMb HCOPCMKO 3AQikcysamu
memnepamypy — HanienposioHukogoeo  oxcepera  ceimia. (OCHOBHOIWO — yMO80IW0 il
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HOPMANbLHO20 (DYHKYIOHYBAHHA € YMO08A He NepesuLyenHsi MemMnepamyporo NiAdeleHHs
POOOUOI peuoBUHU MAKCUMATILHO OONYCMUMOT memnepamypu c8imuo0io0H020 elemenma.
B 3anesicnocmi 6i0 epanuuno oonycmumoi memnepamypu 0Xoa00X4Cy8aHUX eleMeHmis 8
AKOCMI pOOOUUX PEHOBUH MOJICYMb BUKOPUCOBYEAMUCS GiCK, napain, 2iopamu conell,
ma in. Heodonikom ¢hpazonepexionux mamepianie € ix eiuxuti meniosuil ONip, SKUll
NEePeuKooHCac WMUOKOMY 3aPAONCAHHIO | PO3PAOANCAHHIO MENN08020 akymynamopa. s
3MEHUWEHHs 302AIbHO20 MeNo8020 onopy pobouoi pevosunu TA nepedbauena mooyavHa
KOHCMPYKYis, Npu AKitl akyMyasimop CKAa0aemvcs 3 KLIbKoX Mooynis, 3anosnenux @IIM 3

Pi3HOI0 memnepamypoio niasieHHs. Busnauanvnow ocobnrugicmio cucmemu cmabinizayii

memnepamypu € He3MiHHICMb memnepamypu poooyoi peyosunu 8 Npoyeci NiasieHHs, Wo
npuzeooums 00 He3minnocmi memnepamypu akmusnoi 30nu  CIHM. Cucmemu
mepmocmabinizayii Ha 0a3i aKymynamopie menia Marms 6ANCIUEY nepesdzy, 30Kpemd,
BOHU € ABMOHOMHUMU A HE3ANEIHCHUMY 810 MIHAUGUX 308HIUUHIX YMOB.

KarouoBi cjoBa: CBITIOmIONHWIT MOMY7b, CBITJIOBHH TOTIK, TEIUIOBHH aKyMYyJsITOP,
(azomnepexiaHi MaTepiany, TETUIOBUH OMip, TepMOCTa0LIi3alis, TeMIOBMICT.
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