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In this particle, the influence of phase change materials (PCM) on the property of thermoelectric cooler (TEC) is
studied by numerical simulation. The heat sink integrated with PCM is placed on the hot side of TEC to reduce
the fluctuation of temperature under a continuous pulse current source. The performance of a single-layer PCM-
TEC system with that of a single TEC system under continuous pulse current source is firstly compared. Based on
this, the effects of current source type, PCM layer, pulse width, cooling load and pulse amplitude on the cooling

performance of TEC are investigated in depth. The results show that, compared to a single TEC system, PCM is
able to considerably enhance the cooling performance of the TEC during the phase transition period. Besides,
increasing PCM layer or decreasing cooling load improves the phase change interval, which increases threefold
when the cooling load increases from 0.02 W to 0.06 W. In addition, it is found that lower temperature can be
achieved by increasing pulse width or pulse amplitude.

1. Introduction

The use of refrigerants in traditional refrigeration and air-
conditioning systems poses a growing threat to the environment. In
order to alleviate this problem, it is necessary to explore alternative
cooling technologies without utilizing refrigerant. One of these tech-
nologies is the use of thermoelectric device for cooling purpose. Ther-
moelectric cooler (TEC) is an electronic device mainly made of
semiconductor and its working principle is based on Thomson effect,
Seebeck effect and Peltier effect to realize heat transfer without refrig-
erant [1]. Compared with other existing cooling technologies, it shows
great advantages of no moving components, pollution-free, silent
operation, light weight, easy control and easy adjustment. In addition,
TEC has been used in industrial fields, space exploration and portable
refrigerators [2]. Specially, it can be used in electronic chips to achieve
point-to-point cooling [3]. The fundamental disadvantage of TEC is the
low coefficient of performance (COP), which largely depends on the
merit (ZT) for thermoelectric materials [4].

Although studies have been carried out to enhance the property of

thermoelectric materials [5-7], the thermoelectric materials developed
cannot meet the industrial requirements due to their synthesis and other
technical challenges. This obstacle has caused the imbalance between
the development of device manufacturing and thermoelectric materials.
Therefore, apart from studying the thermoelectric performance of ma-
terials, the structural optimization and thermal design technology of
thermoelectric cooling system were also carried out [8-12]. Riffat and
Qui [8] conducted experimental study on the performance of vapour
compression (VCR) system and TEC system. The results showed that the
COP of VCR system was much higher than that of TEC system. Hermes
and Barbosa [9] presented a similar study and found that the efficiency
of TEC system was 1% higher than that of VCR system. Gong et al. [10]
investigated the impact of the TEC compact design on its various thermal
mechanical properties and proved that the connection of thermal ele-
ments based on thicker ceramic plates contributed to better reliability
and thermal stress distribution. Elghool et al. [11] summarized the po-
tential ways to improve the design of heat sink for thermoelectric device,
and reviewed the potential design structures of the heat sink for heat
dissipation enhancement. Manikandan et al. [13] proposed a reversible
thermodynamic system for TEC, and explored the influences of contact
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Nomenclature t phase change temperature (K)
u velocity (m s
Abbreviation Vv voltage (V)
CopP Coefficient of performance
PCM Phase change material Greek letters .
TEC Thermoelectric cooler @ mass fractl(?n
VCR Vapour compression ¢ phase. fractlon.
W electric potential (V)
Symbols p density (kg m™>)
A convective heat transfer area (m?) o electrical conductivity (S mb
Cp specific heat capacity (J kg~* K1) A Difference
E electric field (Vm™) bscri
J electric current flux (A m™2%) Subscript bi
h convective heat transfer coefficient (W m~2 K1) a ar111d1e%t "
k thermal conductivity (W m 'K ¢ Cﬁ side of TEC
L latent heat capacity (J kg™1) ¢ li argfl ¢
P peltier coefficient H Otls.l €o .TEC
Q heat (W) m m(le. (tjmg point
q heat flux (W m~2) 1 fo 1c state
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Fig. 1. Geometric Model of PCM-TEC: (a) Single TEC system; (b) Single-layer PCM-TEC system; (c) Double-layer PCM-TEC system.
Table 1
Material properties
Material Cp,J/kgK  pkgm™= S, VK! 6,Sm! kWm k!
Ceramics 850 3960 - - 18
Bismuth telluride 154 7700 (22224 + 930.6T — 0.990572) x 10~° 1/(5112 + 163.4T + 0.6279T2) x 10~1° (62605 — 277.7T + 0.4131T2) x 10~*
Copper 385 8960 - - 400
Table 2 Table 3
PCM properties Boundary condition.
PCM T, K p, kgm™3 LJkg'  CpJkg! k,Wm™! Equation Location
] -1
K K Heat input Q¢ = constant The cold side of TEC
OP28E 301.15 880 (solid) 244000 1934 (solid) 0.358 (solid) Convection Q =hA(T — T,) Top side of heat sink
[30] 770 2196 (liquid) 0.148
(liquid) (liquid)
OM32[19]  308.15 915 (solid) ~ 191000 3200 (solid) 0.25 (solid) resistance, annual shape and temperature ratio on the energy/exergy
880 2800 (liquid) ~ 0.125 efficiency and cooling power of the TEC. The results showed that the
(liquid) (liquid)

cooling performance of TEC was obviously affected by contact resis-
tance. Wang et al. [14] explored the effects of structural factors on the
property of TEC. Results showed that the cooling power of the optimal
TEC could be improved by 43.83% when the temperature variation
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Fig. 2. (a) Transient temperature variation of the hot and cold sides of the TEC; (b) Transient temperature variation of the hot side of the TEC.

Table 4
Number of elements and nodes in different meshing.

Fine meshing Finer meshing Extra fine meshing

Nodes 1875 4056 14585
Elements 8469 19625 77495
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Fig. 3. Continuous pulse current source.

Table 5
Baseline condition for parameters

Type of PCM Pulse width Pulse amplitude Cooling load

OM32 5s 1A 0.02W

between two sides of TEC reached 60 K. Manikandan and Kaushik [15]
simulated TEG and TECs with annular geometry to improve their energy
conversion efficiency. The results showed that the COP of thermoelectric
device could be increased when the surface area of the hot side
increased. Based on above researches, the geometry structure and the
design the heat sink have a huge impact on the property of TEC.

On the other hand, Phase change material (PCM) has unique prop-
erties, such as high latent heat, thermal stability, chemical stability, non-
corrosivity and high reliability [16]. The feasibility of using PCM for
thermal management of electronic equipment has been explored. Tan
and Zhao [17] investigated the PCM-TEC system for space cooling. Re-
sults showed that the property of TEC could be obviously increased by
using PCM. Li et al. [18] discussed the effect of TEC with PCM for
multiple sclerosis patients. It was found that the temperature of TEC was
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Fig. 4. Variation of temperature in the hot (Ty) and cold (T.) sides of the TEC
and liquid fraction of PCM.

kept the temperature of 10°C for 1200 s by using PCM. Manikandan
et al. [19] conducted a numerical study on the thermal property of the
TEC combined with PCM. It was found that under the condition of 0.03
W heat load and heat transfer coefficient as 5 W m 2 K}, the cold and
hot end temperatures of PCM could be, respectively, decreased to 13°C
and 22°C. Wang et al. [20] discussed the performance of PCM-TEC
system for aerospace application and found that the required tempera-
ture of TEC could be controlled and the COP was more than two times
the case of without PCM. It should be noted that most of the current
researches [21-24] on the performance of PCM-TEC system are under
condition of constant current source. However, when the pulse current is
employed to the TEC, the cold end temperature instantly decreases due
to Peltier cooling and then rises to a peak point and achieves peak
overshoot based on the accumulation of Joule heat in the
thermos-element and Fourier heat conduction through the
thermos-elements from the hot side to the cold side of the TEC. Re-
searches on the pulse current cooling effect have been carried out to
achieve a lower temperature in a single TEC system by using a current
pulse input source [25-28]. This is the transient supercoooling phe-
nomenon [29]. However, few studies focused on the cooling property of
the PCM-TEC system under the continuous pulse current source.

It was found from the literature survey that the use of PCM can affect
the temperature of TEC, thereby improving its performance. In addition,
using continuous current pulse in the TEC system can achieve lower
temperatures. Based on these, a computational study of the TEC system
with a heat sink integrated with PCM under a continuous current pulse
source has been carried out. The influence of the presence of PCM on the
performance of TEC has been considered. The impact of current pulse
type, PCM layer, cooling load, pulse amplitude, and pulse width on TEC
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Fig. 5. Variation of liquid fraction in single-layer PCM-TEC system.
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Fig. 6. (a) Transient variation of PCM temperature; (b) Transient variation of TEC temperature in the hot side; (c) Transient variation of TEC temperature in the cold
side; (d) Transient variation of liquid fraction.
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Fig. 7. (a) Transient variation of TEC temperature in the hot side and the liquid fraction of PCM; (b) Transient variation of TEC temperature in cold side and the

liquid fraction of PCM.
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Fig. 8. (a) Transient variation of PCM temperature; (b) Transient variation of temperature in the hot side of the TEC; (c) Transient variation of temperature in the

cold side of the TEC; (d) Transient variation of liquid fraction.

thermal management has also been analyzed.
2. Numerical method

A TEC module normally contains tens to hundreds of TEG units, due
to the periodic arrangement of TEC units, this paper selects TEC unit
instead of TEC module for modeling. As seen from Fig. 1, TEC unit
normally consists of two insulating ceramic plates, three metal-based
connectors, one P-type and one N-type thermal leg. In this study,
OM32 and OP28E have been used as PCM, which are filled in the heat

sink. Single-layer or double-layer heat sink filled with PCM is placed on
the hot side of TEC, i.e. single-layer PCM-TEC system in Fig.1 (b), and
double-layer PCM-TEC system in Fig. 1 (c). BisTes is used as semi-
conductor material, Al,O3 is used as ceramic material, and Cu is selected
as connector material. Table 1 lists the relevant material properties.

2.1. Selection of PCM

The choice of PCM depends on its thermal-physical properties,
chemical stability, availability, stability and cost. In this study, PCM
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Fig. 9. (a) Transient variation of PCM temperature; (b) Transient variation of temperature in the hot side of TEC; (c) Transient variation of temperature in the cold

side of TEC; (d) Transient variation of liquid fraction.

should be chosen in such a way that its melting point is slightly higher
than the environment temperature, thus it will not melt under ambient
temperature, but it should undergo phase change transition when
reaching to the temperature of the hot side of the TEC. Therefore, OP28E
[30] and OM32 [19] with melting points of 301.15K and 305 15K
respectively are selected as the PCMs studied in this paper. The prop-
erties of the PCMs are listed in Table 2.

2.2. Governing equations and boundary conditions
The PCM-TEC system developed in this study contains heat transfer

equation and electric potential equation. The coupling energy and po-
tential control equations can be written as:

or

ﬂCpE + Vq = Q (€9)]
ap.

a/’t C4LV.I=0 @

where p is the density and C, is specific heat capacity; q is the heat flux
generated by Peltier effect and Fourier effect; Q is the Joule heat; J and
p. are, respectively, the current density and the charge density.

The relationship between heat flux, electric field and current density
can be given by:

q=PJ—kVT 3)
Q=JE “4)

where P and E are, respectively, the Peltier coefficient and electric field,
which are realized in the following ways:

P=ST 5)
E=—Vy+SVT )

where S and y are, respectively, the seebeck coefficient and electrical
potential. The J is solved by:

J =oE @

In PCM, the phase change process is characterized by the following
energy equation:

or ,

PGy = V-(kVT) + Q (®

where Q refers to internal heat generation, C, is expressed as:

1 oa
Cp :;) (Glp,CpJ +02p2Cp72) +L1H2ﬁ (9)

where subscripts 1 and 2, respectively, refer to solid and liquid phase.
The introduced latent heat L is additional term supposing the phase
change occurs between (T, — 2I*) and (T, + #I»), In the calculation

process within the phase change range, the phase change function ¢, and
0> quantitative calculation by temperature is defined as:

AT,

0, =1, 92:0,T<Tm77 (10)
(T, +2) -1 , T (T, —*E) AT,

g =22 0, = 2 2 T, - —2<T<T,+—=

1 AT, , Oy AT, s 1 <TI<T,+ 5

an
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Fig. 10. (a) Transient variation of PCM temperature; (b) Transient variation of temperature in the hot side of TEC; (c) Transient variation of temperature in the cold

side of TEC; (d) Transient variation of liquid fraction.

AT,

6,=00=1,T>T, — )

(12)

where, Ty, is the melting point of PCM, AT, is the temperature region of
phase change, which is equal to 3 K in this study.

The smooth function of mass fraction, «, can be calculated based on
the density before and after the phase change process, « = —1 /2 befer
the phase change and a = 1/2 after the phase change, and it increases
with the phase change develops, mass fraction « is expressed by equa-
tion (13):

_ 16, —0ip,

a= 13
201p, +62p,
p=0ip, + 0, a4
The heat conductivity can be expressed as:
k= 0,k + 0k, (15)

In this study, the initial temperature is 293.15 K. The boundary
condition can be found in Table 3.

2.3. Numerical treatment

Comsol Multiphysics is used to solve the nonlinear temperature and
electric field equations to realize the transient coupling solution of TEC-
PCM system. The first-order scheme is used to integrate time with the
introduced coupling equations and those nonlinear resolutions are
achieved through the PARDISO solver. Set the relative tolerance as a
parameter to check convergence. Particularly, the relative tolerance
specified is 1072, The time step adopts BDF (backward differentiation
formula). The initial simulation time step is set to 1073 s, and the time

step can be freely changed, with a maximum value of 0.05 s. In this way,
the software itself can automatically maximize the time step size,
thereby reducing the computational workload of problem-solving. 4
cores is used in parallel by the COMSOL Multiphysics process. The
simulations are conducted by using a workstation equipped with an Intel
(R) Core(TM) i7-10510U CPU 1.80 GHz processor and 32 GB and 2667
MHz RAM.

The calculation model in this paper is based on the following
assumptions:

a) 3D transient heat conduction
b) Ignore electrical contact resistance and thermal contact resistance
¢) Thermoelectric performance is temperature dependent

3. CFD code validation

In order to verify the simulation results of this study, the same geo-
metric model, material properties and test conditions are chosen as
Manikandan [23] et al. for numerical calculation. Fig. 2 (a) shows the
hot and cold side temperature of TEC under the condition of current,
cooling load and heat transfer coefficient are, respectively, 1 A, 0.03 W
and 5 W m~2 K~L. It can be observed the predicted values are very
similar to the published data [23], which illustrates that the numerical
model proposed in this study is feasible. Besides. Grid independence
verification is also carried out to make sure the simulation results do not
rely on grid size. This study selects the physical field control grid, which
means COMSOL will automatically divide the grid based on the settings
of the physical field in the model. Fig. 2 (b) gives the temperature profile
of the hot side of the TEC in single-layer PCM-TEC system under
different grid conditions. It can be seen that the curves under the finer
meshing grid and extra fine grid are basically coincident with each
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other. Therefore, in order to save the calculation cost, this paper chooses
the finer meshing grid for simulation and its specifications are listed in
Table 4.

4. Results and discussion

Because PCM normally has low thermal conductivity, which will
reduce the thermal diffusion process when it is directly connected to the
TEC. Therefore, this paper employs the combination of fins and PCM to
improve the heat transfer process. Heat can be diffused rapidly inside its
volume due to the high thermal conductivity of heat sink made of cop-
per. In order to evaluate the applicability of PCM-TEC system under the
continuous pulse current source as shown in Fig. 3, the performance of
PCM-TEC system with that of a single TEC system is firstly compared.
After that, the influences of different type of PCM and different layers of
PCM on the properties of TEC are investigated. Finally, the effects of
current source type, pulse width, cooling load and pulse amplitude on
the cooling property of TEC are evaluated in depth. The baseline con-
dition in this study is shown in Table 5.

4.1. Performance of TEC with or without PCM

In this section, the impacts of PCM on the performance of TEC is
discussed. All parameters are consistent with baseline situation. Fig. 4
gives the profile of the PCM liquid fraction and the temperature of the
cold (Ty) and hot (T) sides of the TEC under continuous pulse current. It
can be seen that both Ty and T, of the PCM-TEC system are considerably
lower than that of the single TEC system. The T, reachs about 454 K in
the single TEC system at t = 300 s, which is much higher than that of in
the PCM-TEC system, which is 318 K, indicating that PCM can greatly
improve the cooling performance of the TEC. It is worth noted that
during the phase transition interval (from t; to t;) period, the Ty and T,
basically fluctuates in a balanced position, which is because PCM ab-
sorbs lots of latent heat during the phase transition process and the
temperature of PCM remains basically unchanged, thereby reducing the
rising speed of the TEC. Similarly, Fig. 5 shows a 3D view of the PCM
liquid fraction in the heat sink. The liquid fraction remains zero before t
= 50 s, then gradually increased to one before t = 250s, indicating a
complete melting of the PCM, which is consistent with that of in Fig. 4.
Based on above analysis, it can be concluded that the PCM enables to
significantly enhance the performance of TEC especially in the phase
change period.

4.2. Impact of PCM layer on TEC performance

In this part, the impacts of PCM layer on the performance of TEC is
discussed. All parameters are consistent with the baseline situation.
Fig. 6 gives the changes of Tpcy, Ty, T, and liquid fraction of PCM under
three different PCM-TEC systems, where the heat sink are, respectively,
filled by OP28E, OM32 and both of OP28E and OM32 (OP28E is place in
the upper layer, OM32 is placed in the lower layer). As can be seen in
Fig. 6, the Tpey, Ty and T, in the single layer PCM-TEC systems increase
rapidly in the non-phase change region, and remain basically unchanged
during phase change period. Meanwhile, the values of Tpcy, Ty and T, in
the two-layer PCM-TEC system are always between that of the single
layer OP28E-TEC system and single layer OM32-TEC system during
phase change period, and exhibits a significant upward trend compared
to the other two single layer PCM-TEC systems. This is because in the
double-layer PCM-TEC system, there is only OP28E which changes from
solid to liquid during t;, to t4 period, thus leads to its temperature close to
that of OP28E-TEC system, while in the period of t5 to tg, there is only
OM32 undergoes phase change period, thus leads to its temperature
close to that of OM32-TEC system, and in the t4 to t5 period, both OP28E
and OM32 undergo phase transformation, which lead to the Tpcy, Ty
and T, of the double layer PCM-TEC system is basically equal to the
average of the corresponding temperatures in the two single-layer
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systems. In addition, the liquid fraction of the three systems rises
regularly during phase transition period under continuous pulse current.
In the single layer PCM-TEC systems, OP28E melts earlier than OM32, i.
e. t3 > ty, which is due to OP28E has a lower melting point than OM32.
Meanwhile, the OP28E in the single layer PCM-TEC system basically
melts at the same time as the double layer PCM-TEC system, i.e. t; = to,
which is because the double layer PCM-TEC system also contains OP28E
in the heat sink. It is worth noted that the phase transition interval in the
two-layer PCM-TEC system is larger than that of the other two single-
layer PCM-TEC systems, i.e. tg —to >ts —t; and tg— tp >t; — ts,
which means that the double-layer PCM can keep the TEC at a lower
temperature for a longer period of time than the single-layer PCM, and
further make the Ty and T, lower than the single-layer PCM-TEC systems
after the phase transition, as seen from Fig.6 (b,c).

4.3. Impact of pulse type

In this section, the effects of different types of current sources
(constant current and continuous pulse current) on PCM-TEC system
will be investigated. Fig. 7 shows that PCM first undergoes a phase
transition under a constant current input, i.e. t; > t, indicating that
PCM absorbs heat at a faster rate, thereby reaching the phase transition
temperature earlier than that of under a continuous pulse current input.
In addition, the phase transition interval of PCM under a continuous
pulse current source is basically 1.75 times greater than that of under a
constant current source, i.e. ty — t; > 1.75(t3 — t2). From t; to t3, Ty and
T, remain basically unchanged under a constant current source, while
they exhibit periodic fluctuations under a continuous pulse current
source. Besides, during this time period, the Ty under the constant
current is slightly higher than that of under continuous pulse current
source, while T, is much lower than the latter, which indicates that a
constant current source makes better cooling effects for TEC during this
time period. From t3 to t4, the PCM is in a completely melting state under
a constant current source while the phase transition process is still
occurring under a continuous pulse current source. Therefore, during
this time period, Ty and T, rapidly rise in the former case, while
maintaining periodic changes in the latter case, which leads to the T,
under the constant current source is first smaller than that of under the
continuous pulse current source, and then exceeds the former during t3
to t; period. Meanwhile, the Ty under the constant current source
become much higher than that of under continuous current source
during t3 to t4 period, which may lead the TEC device failure in this high
operating temperature [31]. Based on the above analysis, it can be
concluded that the PCM has better cooling effects for TEC during t3 to t4
period under the continuous pulse current source than that of under
constant current source.

4.4. Impact of cooling load

The effects of cooling loads on the Tpcy, Th, T and the liquid fraction
of PCM under the continuous pulse current source are studied in this
part. All other parameters are consistent with the baseline conditions
except for the cooling load. As shown in Fig. 8, under continuous pulse
current source, T, first decreases to the lowest point, then gradually rises
to its maximum point continuously, which is the transient supercoooling
phenomenon. After that, the T, remains basically unchanged, and finally
gradually rises to a stable fluctuation state. In addition, as the cooling
load increases, the T, increases, and a higher minimum temperature is
obtained. Meanwhile, the Tpcy and Ty increase faster under lower
cooling load, which is because of the higher cooling load speeded up the
process of PCM melting under higher cooling load. As can be clearly seen
in Fig. 8, for Q¢ = 0.02 W, it takes 250 s to achieve complete melting,
which is 2 times greater than that of when Q¢ = 0.06 W. Therefore, it
can be found from above analysis that the phase transition interval de-
creases with the increases of cooling load, and the PCM effectively im-
proves the performance of TEC under a lower cooling load in the phase
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transition period.
4.5. Impact of the pulse width

In this section, the influence of pulse width on the thermal behaviors
of PCM-TEC system is studied. All other conditions are consistent with
the baseline situation except for pulse width. Fig. 9 gives the increase of
pulse width basically does not affect the growth rate of Tpcy, Ty and T,
but the greater the pulse width, the greater of their fluctuation. Besides,
the T, with a higher pulse width achieves a lower minimum tempera-
ture. This is due to the increase of pulse width barely affect the phase
change speed of PCM filled in the heat sink as given in Fig. 9 (d), but a
higher pulse width means a longer time of the continuous current input
for the first current pulse, which makes TEC achieve a lower minimum
temperature.

4.6. Impact of the pulse amplitude

In this part, the effects of pulse amplitude on the changes of Tpcy, TH,
T, and the liquid fraction of PCM are studied. All other conditions are
consistent with the baseline values except for the pulse amplitude.
Fig. 10 shows that the Tpcy and Ty increase and the minimum T, de-
creases with the increasing pulse amplitude, which is due to the increase
of pulse amplitude causes rapid phase change of PCM, and also, the TEC
achieves a lower minimum temperature when the pulse amplitude is
higher. As shown in Fig. 10 (d), it takes 280 s to achieve complete
melting of the PCM when the pulse amplitude is 0.7 A, while it only
requires 160 s for that of when amplitude equals to 1.5 A. Therefore, it
can be found from above analysis that although increasing the ampli-
tude achieves a lower cooling temperature for the TEC, it also reduces
the time interval for the TEC to maintain the low temperature.

5. Conclusion

In order to improve the cooling performance of TEC under the con-
dition of a continuous current source, a PCM-TEC system is established
and the performance of the proposed system is evaluated. The main
conclusions are as follows:

e Compared to a single TEC system, PCM can significantly improve the
cooling performance of the TEC in the phase transition period.

e The temperature of PCM and the temperature of the cold and hot
sides of TEC in the double-layer PCM-TEC system are always be-
tween that of in single layer OP28E-TEC system and single layer
OM32-TEC system during phase change period, and exhibits a sig-
nificant upward trend compared to the other two single layer PCM-
TEC systems.

e The temperature of the cold side of TEC under continuous pulse
current input is lower than of under constant current source during
phase change period.

e When the cooling load is 0.02 W, the phase transition time of the

PCM-TEC system is 3 times that of when the cooling load is 0.06 W,

and the PCM effectively improves the performance of TEC at a lower

cooling load in the period of phase change.

The increase of pulse width barely influences the growth rate of the

temperature of PCM and both sides of TEC, but enhances their

fluctuation. Besides, the cold side of TEC with a higher pulse width
achieves a lower minimum temperature.

e The increase of the pulse amplitude results in a lower cooling tem-
perature for the TEC. Meanwhile, it also reduces the time interval for
the TEC to maintain a low temperature.
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