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Abstract: Air conditioners are indispensable necessities in daily life and industrial production.
However, the heat generation of their internal core power components can limit their performance
release. In this work, we explore the application of thermoelectric coolers (TECs) in the field of
power device heat dissipation through finite element simulation. First, we geometrically modeled
the structure and typical operating conditions of core power devices in air conditioners. We
compared the temperature fields in air cooling and TEC active cooling modes for high power
consumption power devices in a 319 K operating environment. The simulation results show that in
the single air cooling mode, the maximum temperature of the 173.8 W power device reaches 394.4
K and the average temperature reaches 373.9 K, which exceeds its rated operating temperature of
368.1 K. However, after adding TEC, the maximum temperature of the power device drops to 331.8
K at an operating current of 7.5 A and the average temperature of the device is 326.5 K. It indicates
that TEC active cooling has a significant effect on the temperature control of the power device. At
the same time, we also studied the effect of TEC working current on the temperature control effect
of power devices. For TEC, there is a minimum working current of 5 A; when it is less than 5 A, TEC
has no cooling effect; the cooling effect of TEC increases with an increase in working current. When
the TEC working current is 10 A, the average temperature of the power device can be reduced to
292 9 K. This study has made a meaningful exploration of the application of TEC in chip temperature
control and heat dissipation, providing a new solution for chip thermal management and accurate
temperature control.

Keywords: thermoelectric cooler; finite element simulation; power device; air conditioner; thermal
management

1. Introduction

In modern computer systems, the performance and integration of integrated circuits continue to
improve, which is one of the key factors driving the development of computer technology. However,
this improvement also brings a serious problem, that is, the thermal management problem of the
chip. With the development of Moore's Law, the number of transistors on an integrated circuit
increases exponentially, so that the heat generation per unit area also increases exponentially [1-3].
When the chip’s operating temperature exceeds the maximum rated temperature, it will cause
irreversible damage to its structure [4]. Therefore, when the chip overheats [5], it will reduce its
processing frequency through the control circuit to reduce its heat generation and protect itself [6,7].
However, at the same time, the chip’s frequency reduction will also limit its performance release [8,9],
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and its thermal management problem gradually becomes the bottleneck that limits its performance
[10-12].

Early on, in order to temperature-control the chip to maximize its performance, it needs to be
equipped with huge heat sink fins [13-16] with cooling fans [17-19] to take away the heat of the chip.
However, this heat dissipation solution has the disadvantages of large volume and noise. With the
development of heat dissipation technology, new solutions have emerged such as water cooling [20]
and liquid metal [21,22] and other phase change heat dissipation materials [23-26]. Through heat
pipes that conduct heat from the chip to a thermal medium with high specific heat capacity, phase
change process quickly takes away the heat so as to achieve efficient temperature control of the chip
[27-30]. Compared with traditional heat dissipation solutions, this method has the advantages of
high efficiency, energy saving and environmental protection. However, introducing fluid media
brings new risks to system reliability while volume problems remain unsolved [31]. With increasing
integration of electronic products, it is increasingly difficult to meet volume requirements of existing
thermal technologies [32,33]. Therefore, there is an urgent need to research and explore a heat
dissipation technology that can not only ensure the heat dissipation effect of the chip but also further
reduce the volume and weight of electronic products, thereby improving user experience and
portability.

Thermoelectric cooling (TEC), is based on the semiconductor’s Peltier effect to achieve direct
conversion from electricity to temperature difference [34-37]. Its principle for refrigeration is shown
in Figure 1. Compared with traditional compression refrigeration and phase change absorption
refrigeration, semiconductor refrigeration has no transmission parts in its structure, which makes it
more reliable and stable with a long life span, maintenance-free and noiseless [30,38—40]. In addition,
the modularity [41,42], miniaturization [43,44] and efficiency of TEC devices have a good fit with the
development of chips, which has a good prospect of application in the field of heat dissipation [45]
and temperature control of chips [46]. Moazzez et al used ANSYS CFX software to simulate the air
cooling capacity of thermoelectric cooling devices under different conditions to develop the vehicle
air conditioning refrigeration system [47]. Chen et al systematically summarized the research
progress of the most advanced on-chip thermoelectric cooling devices, and pointed out the
development prospects of the design, performance and application of on-chip thermoelectric cooling
devices [46]. Saleh used TEC to fabricate a sustainable self-cooling frame for cooling chip hot spots,
which successfully cooled the hot spots at an acceptable temperature and reduced the unevenness of
chip temperature distribution [48]. Li et al proposed a chip-on-TEC for active thermal management
of high-power light-emitting diodes (LED), and the study showed that at an operating current of 1.0
A, it not only reduced the chip temperature by 51% but also increased light output power of the LED
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Figure 1. Principle of TEC.

In this work, we selected a typical working condition of several core power devices in an air
conditioner [50,51] and established a multi-physics field model with the help of COMSOL finite
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element analysis software [52-55]. Then, we compared the temperature field under conventional air
cooling with that after adding a TEC device, and analyzed the effect of TEC operating current on the
chip temperature. It provides a new solution for the cooling of core components in air conditioners.

2. Experimental

Geometric modeling: The heat dissipation structure of the power device after adding TEC is
shown in Figure 2. To ensure the reliability of the power device in application, it is usually packaged,
and the upper part is connected to the protective case through thermal interface material, and the
lower part is connected to the PCB board through welding. TEC is set at the lower end of the PCB to
directly cool the chip, and the heat is taken away through the air duct through the cooling fins under
the TEC. In order to study the effect of TEC on the temperature control of the chip in this structure,
this paper establishes geometric models for the two heat dissipation models of the chip cooling
through the cooling fins and TEC combined with air cooling.

= Chip cap
| Thermal interface material

' ToXeToXs ] Chip (heat source)
.................. Chip carrier

BEREE

Heat sink

Figure 2. Heat dissipation structure for temperature control of power devices.

The TEC simulation model is shown in Figure 3, with a sandwich structure consisting of an
upper ceramic substrate, upper electrodes, thermoelectric units, lower electrodes, and a lower
ceramic substrate from top to bottom. The TEC planar size is 35 x 57 mm?, and the total thickness in
the vertical direction is 3.8 mm, and the size and amount of the thermoelectric leg are 1.4 x 1.4 x 1.6
mm? and 416 respectively. The thickness of the ceramic substrate and electrode are 0.8 mm and 0.3
mm respectively. The geometric model of TEC forced cooling combined with fin air cooling is shown
in Figure 4, and the model consists of power devices, TECs, heat sink fins and air ducts. The
dimensions of the three core power devices are 35 x 57 x 3 mm?, 20 x 30 x 3 mm?, and 20 x 30 x 3 mm?,
corresponding to a power consumption of 173.81 W, 27.5 W, and 27.5 W, respectively, and an effective
heat dissipation area of 1995 mm?, 587 mm?, and 587 mm?, respectively. The dimensions of the TEC
are as described above with a flat fin size of 196 x 210 mm?, including 30 fins and a center fin size of
52 x 210 x 1.5 mma3. The air duct size is 430 x 230 x 86 mm?3. The contact interface between the TEC,
power device and fin are connected by a thermally conductive silicone grease with a thickness of 0.15
mm to ensure good contact heat conduction.
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Figure 3. Simulation model of TEC.
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Figure 4. Fluid heat transfer simulation model of TEC forced cooling combined with finned air
cooling.

Material property parameter setting: “FR4” from the material library of COMSOL Multiphysics
5.6 is used as the material of the circuit board, “6063 [solid]” alloy is used as the material of the heat
sink fin, “Air” is used as the material of the fluid heat transfer medium. The rest materials in the
model are custom materials and the specific material properties [56] are shown in Table 1.

Multi-physical field setting: We invoke four physical field modules in COMSOL Multiphysics
5.6 for coupling solid and fluid heat transfer, laminar flow, current and thermoelectric effects. Then
we need to define the initial conditions and boundary conditions to determine the heat generation
and heat transfer of the simulation models.

Initial conditions: the initial test temperature of all components in the model is 298.15 K (25 °C),
the ambient temperature is 319.15 K (46 °C), and the wind speed at the inlet of the ductis 1.5 m s™.

Boundary conditions: The heat source of the power device is set by the domain heat source
model in COMSOL, and the generalized source heat densities are 29040935.672, 15393226.98, and
15393226.98 W m=. The heat transfer coefficients of the contact surfaces between the heat sink fins
and the air medium in the air duct in the air-cooled region are calculated by the laminar flow model.
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Natural convection heat dissipation between air and power device and TEC  can be described
by Fourier’s law convective heat transfer process using this equation:

Q = h(Tampient —T) 1)

Where F is the convective heat transfer coefficient and Tambient is the ambient temperature.

Referring to the convective heat transfer coefficient calculation model provided in COMSOL, the
convective heat transfer coefficients at different locations for different materials in the TEC structure
can be divided into three categories: top surface, bottom surface and side surface , which we will
discuss separately below.

The convective heat transfer coefficient (hwp) between the TEC substrate and the electrode top
surface can be calculated according to the following equation:

1
K

=+0.54Raj  if T > Tampiene and 10* < Ra, < 107

1
htop =1%-0.15Ra?  if T < Tumpient and 107 < Ra, < 10* )

[l I S 3

1

-0.27Ra}  if T < Tampien and 10° < Ra;, < 101°

In the above equation, @ is the thermal conductivity of the heat transfer medium (air), L is the
characteristic length (defined as the area/perimeter of the contact surface), and Rar is the Rayleigh
number.

The heat transfer coefficient (hbot) of the TEC bottom surface can be calculated as:

1
K

Z-0.54Ra}  if T < Tampient and 10* < Ra, < 107

1
hpot = 4%-0.15Ra}  if T < Tympien: and 107 < Ra, < 101 3)

1

= 0.27Ra}  if T > Tumpient and 10° < Ra,, < 10%°
The heat transfer coefficient (/isiee) of the side of the TEC can be calculated according to the
following equation:

K
L
K

1/4
=| 0.68 + —Zho | if Ra, < 10°
(“(W) )
hsige = 4)
K 0.387Ra,’®
I 0.825 +T]§/27 if Ra; > 10°
<1+( I;Cp ) )

Where u and Cp are the dynamic viscosity and heat capacity of air at qualitative temperature Tq,
respectively. Tq is defined as (Tside + Tambient)/2.

The above three sets of equations allow us to accurately describe the convective heat transfer
coefficients at different locations of the TEC in the simulation model, making the simulation results
closer to the actual situation.

To simplify the model and reduce the amount of calculation, the following reasonable
assumptions are proposed:

(1) Only heat convection and heat exchange are considered, and the influence of heat radiation
is not considered,;

(2) The surface of cooling fin is regarded as an ideal plane, regardless of the influence of surface
roughness on air viscous heat transfer coefficient;

(3) Simplify the contact interface between the cooling fin and the TEC, replace it with a thermally
conductive silicone grease layer.

Finite element network division: The division technique of finite element network is to divide
each domain into smaller-sized subdomains of various shapes, and these subdomains are called finite
elements. The more nodes of the primitive, the smaller the calculation error, and the tiny parts can
also be reflected, and the longer the calculation time is also. Reasonable grid division can obtain more
accurate calculation results, in this paper, triangles are used to divide the mesh unit, the division
results are shown in Figures 5 and 6. In this model, 196169 fixed points were selected and there were
821207 cells with an average cell mass of 0.65.
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Figure 6. Finite element network devision of the total system.

3. Results and Discussion

Firstly, we simulated the temperature distribution of the system when the three power devices
were operated with 173.8 W, 27.5 W and 27.5 W heat generation at 46°C, respectively, only through
air cooling with the heat sink fins and air duct. When the air inlet speed at the duct inlet is 1.5 ms,
the air flow velocity distribution in the duct is shown in Figure 7. The air flow velocity at the fin
surface is close to the air velocity at the inlet and the streamlined fin configuration effectively reduces
the effect of air sticking resistance on the heat transfer coefficient at the fin surface.
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Figure 7. Air flow velocity distribution in the air duct.

Figures 8 shows the temperature distribution of different components in the system under
convectional air cooling. As can be seen from Figure 8a, the temperature distribution of each
component in the system from high to low is power device, heat sink fin, and air duct. Obviously,
the heat is mainly concentrated on the power devices. The surface temperature of the power devices
is proportional to their heat generation, and the heat sink fins do not have a significant effect on the
cooling of the power devices. From Figures 8b,c, we can see that the maximum temperature of the
high heat generating power device is 394.4 K, and the average temperature is 373.9 K, which exceeds
its rated operating temperature of 368.1 K, while the maximum temperature of the low power device
is 371.6 K, and the average temperature is 358.2 K. Figure 8d shows the surface temperature
distribution of the heat sink fins. The temperature difference between the contact position of the
power device and the heat sink fins is not significant, which indicates that the uniform temperature
performance of the heat sink fins can meet the heat generation of the power device, so that most of
the heat is transferred to the air through the heat sink fins. The maximum surface temperature of the
heat sink fin is 363.8 K and the average temperature is 348.5 K.
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Figure 8. Temperature distribution under air cooling: (a) the overall system, (b) the high power
consumption power devices, (c) the low power consumption power devices, and (d) the heat sink
fins.

Then we added a TEC under the power device with high heat generation. The heat generated
by the power device is actively carried to the heat sink fins through the heat pump effect of TEC. The
power device is temperature-controlled by active TEC cooling combined with passive heat
dissipation of the heat sink fins. When the TEC operating current is 7.5A, the temperature distribution
of each component of the system is shown in Figure 9.

(a) (b)

A 3691 K A33R K

¥ 299.9 ¥ 3016
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Figure 9. Temperature distribution under TEC forced cooling and air cooling: (a) the overall system,
(b) the high power consumption power devices, (c) the low power consumption power devices, and
(d) the heat sink fins.

As can be seen from Figure 9a, in the mode combining TEC active cooling with passive fin
cooling, the temperature distribution of each component in the system from high to low is the power
device without TEC, heat sink fin, air duct and the high power device with TEC. The temperature
distribution of the parts without TEC is basically the same as that under single air cooling, but the
temperature of the high power consumption power device with TEC is significantly lower. The air
temperature in the air duct is also different from that in the air-cooled heat sink. Because more heat
is transferred to the air through convection heat transfer, the air temperature is higher.

The maximum temperature of the high power consumption power device is 331.8 K (Figure 9b),
and the average temperature of the power device is 326.5 K. Compared with the single air cooling,
the maximum temperature of the power device after adding TEC drops 62.6 K, and the average
temperature drops 47.4 K, which shows that TEC active cooling has a significant effect on the
temperature field of the power device. The maximum temperature of the low power consumption
power device is 369.1 K and the average temperature is 358.8 K (Figure 9c). Compared with that in
the air cooling mode, the maximum temperature of the device is lower, while the average
temperature is higher. It indicates that the TEC actively transports the heat from the high power
consumption power device to the heat sink fins, and then the heat is transferred to the lower power
consumption power device through the heat sink fins.

The temperature distribution on the heat sink fins is basically the same as that under single air
cooling, with the maximum temperature of the heat sink fins dropping from 363.8 K to 363.3 K and
the average temperature rising from 348.5 K to 348.6 K (Figure 9d). The above simulation results show
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that the temperature of the power device is well controlled after the addition of TEC. This is of great
significance for the performance release and service life of the power device.

The previous research proved that the addition of TEC under constant operating current can
effectively control the temperature of power devices. Therefore, in order to further explore the
reliability of TEC temperature control, the effect of TEC on the operating temperature of power
devices under different operating currents was experimentally studied, we simulated the
temperature field of the system under different TEC working currents systematically. The average
temperature of high power consumption power device, low power consumption power devices and
heat sink fins in the system varies with the working current of TEC, as shown in Figure 10. It can be
seen that when the working current of TEC is less than 5A, TEC has no active cooling effect on power
devices even the temperature is higher than that under air cooling. This is because the cooling
capacity of TEC is related to the working current, and TEC itself can also be regarded as a thermal
resistance, of which the resistance varies with the working current in the heat transfer path. When
the active cooling capacity minus the Joule heat is less than the original thermal conductivity, the
thermal resistance effect will be realized. From the simulation results, the minimum working current
of TEC to achieve cooling effect should reach 5 A under this working condition. When the working
current of TEC is further increased to 7.5 A and 10 A, the temperature of the cooled high power
consumption power device can be further reduced to 326.5 K and 292.9 K, and the temperature
control effect is very significant. At the same time, the nearby low power consumption power devices
and heat sink fins will heat up because of the heat pump effect of TEC, and the increase of the
temperature of the heat sink fins will also help to improve the air-cooled heat transfer.
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Figure 10. Influence of TEC working current on the average temperature of: (a) the high power
consumption power devices, (b) the low power consumption power devices, (c) the heat sink fins.

4. Conclusions

This work explores the active heat dissipation of thermoelectric cooling (TEC) for power devices
in air conditioners through COMSOL finite element simulations. The simulation results show that in
the single-air cooling mode, the maximum temperature of the power device with 173.8 W power
consumption reaches 394.4 K and the average temperature reaches 373.9 K, which exceeds its rated
operating temperature of 368.1 K; however, after adding TEC, the maximum temperature of the
power device drops to 331.8 K at an operating current of 7.5 A and the average temperature of the
device is 326.5 K. Obviously, compared to single air-cooling, the maximum temperature of the power
device drops 62.6 K and the average temperature drops 47.4 K after adding TEC, indicating that TEC
active cooling has a significant effect on the temperature control of the power device. At the same
time, we studies the effect of TEC operating current on the temperature control effect of the power
device, and there is a minimum TEC operating current of 5 A.
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