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An Experimental Study on the
Performance Evaluation and
Thermodynamic Modeling of a
Thermoelectric Cooler Combined
with Two Heatsinks
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The present study aims to investigate the performance of a one-stage thermoelectric cooler using
mathematical and thermodynamic modeling and proposing a new correlation for performance
evaluation of a thermoelectric cooler combined with two heatsinks. Validating the results of the
proposed correlation, a series of experiments have been carried out on the same system. The system
consists of a thermoelectric cooler and a heatsink on each side. Deriving the governing equations

of the system, the effects of changing the voltage and the thermal resistance of the cold- and hot-
side heatsink on cooling power, the cold-side temperature of thermoelectric, and the coefficient of
performance of the system have been investigated. The results indicated that changes in voltage have
a considerable effect on the performance of the system. Moreover, the maximum cooling power of the
system takes place at the voltage of 14 V, which is the optimum voltage of the system. Furthermore,
decreasing the thermal resistance of the hot-side heatsink leads to increasing the cooling power and
the cold-side temperature of the thermoelectric cooler. On the other hand, increasing the thermal
resistance of the cold-side heatsink leads to decreasing the cooling power of the system.

In recent years, due to the diverse applications of thermoelectric (TE) modules (cooler and generator), they have
been widely used by researchers in different applications'* such as Cai et al.® investigated the energy efficiency
and entropy generation minimization of two thermoelectric systems for cooling of electronics, Manikandan et al.®
studied the pulse operation of a thermoelectric cooler (TEC) in the application of building cooling, Lekbir et al.”
proposed a new configuration of a waste heat recovery system for a concentrated photovoltaic system employing
thermoelectric generators (TEG) and nanofluids and so forth®'°. Thermoelectric (TE) modules have several
advantages, such as having no moving parts, compact size, they do not need any maintenance, having the capacity
of cooling under ambient temperature, and so forth. During the past decade, there has been an increasing amount
of literature on different aspects and applications of TEs'!-">.

Many experimental and analytical investigations have been conducted to study different aspects of TECs and
the effects of various parameters on the performance and cooling power of them. Esfahani et a.’, Rahbar and
Esfahani'’, and Rahbar et al.'® conducted some experimental investigations on the effects of using TECs in the
cooling system of three different types of solar stills and investigated the performance and productivity of those
systems. Hu et al.'? experimentally investigated the effect of using TEC on a central processing unit (CPU) under
severe environmental condition. They studied the performance of the TEC at two different temperatures and
operating conditions. Dai et al.?® experimentally investigated the performance of a solar-driven thermoelectric
refrigerator. They reported that the COP of the system was about 0.3 which strongly depends on solar radiation
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and the temperature difference between two sides of thermoelectric modules. Sungkar et al.*! used a combination
of a thermoelectric cooler and heat pipes to make a reliable refrigeration system. The optimum COP of their
system was 0.182 when the refrigerator operated at an input power of 40 W. He et al.?? experimentally investi-
gated the performance of a thermoelectric cooling and heating device driven by a heat pipe photovoltaic/thermal
(PV/T) panel. The results showed that the energy efficiency of the system in summer operation mode is higher
than that of winter operation mode. The COP of the system was reported as about 1.7 with a thermal efficiency
of 23.5%.

In addition to experimental investigations, there is a large volume of published studies using mathemati-
cal modeling to describe the role of TECs in various industrial and engineering applications. In this regard, an
analytical study has been performed on evaluating and optimizing the performance of a TEC by Zhang®. The
effect of hot- and cold-side temperature difference has been examined in this study. In another numerical inves-
tigation, the performance of miniature TEC affected by the Thomson effect has been studied by Chen et al.**.
They have analyzed three different TECs in order to investigate the performance of miniature TECs through a
three-dimensional numerical simulation. Their results showed that increasing the number of pairs of TEC leads
to a noticeable increase in the cooling power of the module. The role of surface radiation on the performance of
TEC with heat sink has been investigated by Sarkar and Mahapatra?®. They have validated the results of modeling
with those provided by the company fabricated the heat sink and TEC. Dehghan et al.?® conducted thermal mod-
eling of a thermoelectric assisted solar still. They used a TEC to examine the temperature difference between the
evaporating and condensing areas. Manikandan and Kaushik?” analytically investigated the performance of an
annular thermoelectric cooler. They derived new expressions for the optimum current at the maximum energy/
exergy efficiency and maximum cooling power conditions. They showed that the cooling power, energy, and
exergy efficiency of the system is lower than flat plate thermoelectric coolers. There is also other literature that
investigated different aspects of thermoelectric modules under different operating conditions-2.

Based on what has been discussed, it can be concluded that the cooling power of a thermoelectric module is
one of the most important parameters in cooling applications. This is directly depending on the internal thermo-
electric parameters, supplied voltage, surrounding temperature, and the thermal resistance of both sides of the
thermoelectric module. To the best of the authors’ knowledge, there is no comprehensive study in the literature
on the effects of changing voltage and thermal resistant of the heatsinks on the performance of thermoelectric
modules. This study aims to investigate the effect of changing the thermal resistance of two heatsinks located on
both sides of a thermoelectric cooling module on the cooling performance of the system. Moreover, it is tired to
propose a new correlation for performance evaluation of a thermoelectric cooler combined with two heatsinks.
The results would assist the designers and engineers in working with a system of thermoelectric cooler and heat-
sinks; a good example of a practical application would be the thermoelectric-based refrigerators. Furthermore,
the proposed method would ease the decision-making process in selecting the best value of voltage and system
characteristics in a given ambient temperature and heatsinks’ thermal resistance.

Theoretical Background

Literally, thermoelectrics is associated with electrical and thermal phenomena. They can convert electrical energy
into thermal energy and vice versa. There are two types of thermoelectric modules; thermoelectric cooler and
thermoelectric generators. It is known that there is a great potential in utilizing thermoelectric generators in
waste heat recovery applications while thermoelectric coolers have great potential in providing refrigeration and
temperature control in broad applications such as electronic packaging and medical devices*. In a thermoelec-
tric cooler, a temperature difference is produced between two sides of the module by supplying direct current.
Figure 1 shows a schematic view of a thermoelectric cooler and the electrical circuit. It can be seen that heat is
absorbed from the cold-side of TEC, and it is transferred to ambient from the hot-side of the thermoelectric
module.

The input and output heat from two sides of a thermoelectric cooler can be calculated as follows*-%":
Q, = alT, — 0.53I> — yAT (1)
Qy, = alT;, + 0.581* — yAT )

where o, 3,7, I, Q., Q,, Tc, Ty, and AT represent the Seebeck coefficient, electrical resistance, thermal conduct-
ance, electrical current, heat rate at the cold side (W), heta rate at the hot side (W) cold surface temperature
(K), hot surface temperature (K) and the temperature difference between the cold and hot sides (K) through a
thermoelectric module, respectively. The temperature difference between the two sides of a TEC can be express
as follows:

AT=T,-T, 3)

The difference between the input and output heat from two sides of a TEC is equal to the supplied power. The
supplied power and voltage can be calculated by the following equations:

V =aAT + 51 (4)

W= VI (5)

where W is the power supply (W) and V represents voltage (V). The coefficient of performance (COP) of a cooling
system is the ratio of cooling power per supplied power, and it is expressed as follows:
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Figure 1. A schematic view of a thermoelectric cooler.
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(6)
Internal parameters of thermoelectric modules are private, and manufacturers of TECs do not express them in
the catalog of thermoelectric modules. Palacios* reported a method to estimate internal thermoelectric param-
eters as follows:
Substituting AT =0 in Eq. (4), the electrical resistance can be calculated as follows:

I (7)

On the other hand, the manufacturers provide performance curves in different conditions in the datasheet of
commercial thermoelectric modules. Extracting the values of I and V from the performance curve and substitut-
ing in Eq. 7, the electrical resistance can be calculated. It was proposed that in order to decrease the estimation
error, different values of electrical current and voltage should be selected, and their average values should be used
to calculate the electrical resistance. Substituting B in Eq. (1), the Seebeck coeflicient (cx) can be calculated as
follows:

Q, + 0.55I°
IT, (8

Moreover, in order to calculate the thermal conductance (), substituting Q.= 0 in Eq. (1), -y can be calculated
for each I and AT as follows:

_alT, — 0.58I°
AT )

Mathematical Modeling Formulation
In this paper, a single thermoelectric cooling system has been studied. The system consists of a thermoelec-
tric cooler module and two heatsinks mounted on each side of the TEC. Nowadays, heatsinks are the most
well-known devices for augmentation of heat transfer from a hot surface. Without using such a device, the TEC
is vulnerable to excess heating, and if the temperature of the hot-side reaches the melting point of solders, the
thermoelectric module will fail. Figure 2 shows a schematic view of the studied system and its thermal resistance
network. In this figure, Q. is the cooling power of a TEC, Q, represents the exit heat from a TEC, and W is the
supplied electrical power to the system.

The absorbed heat by the cold-side and the transferred heat from the hot-side of the heat sink can be written
as follows®*:

R, (10)
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O
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"

4= (11)

where T;, T, T}, T,, R,, and Ry, are the cold-side ambient temperature, the cold- and hot-side temperature of TEC,
and thermal resistance of the cold- and hot-side heat sinks, respectively.
Combining the Egs. (1) and (10), T, can be calculated as follows:

_ T, + 0.58I'R, + yATR,
alR, + 1 (12)

T,

4

Likewise, T}, can be calculated by combining the Egs. (2) and (11):

_ T, — 0.58I'R, + YATR,
1 — alR, (13)

T

Using Egs. (3), (12) and (13), AT can be expressed as follows:

0.581*R, — R.) — IR (T, — T)

AT = —
@’I’RyR, + al(R, — R.) + ¥(R, + R,) (14)

On the other hand, with respect to Eq. (4) AT can be calculated as follows:
v-gr
« (15)

Combining the Egs. (14) and (15), a third-order nonlinear equation to calculate the supplied electrical current
is derived as follows:

AT

(@*BRR)I — (*R.R,V — af(R, — R) — 0.58a(R,;, + R))
I — (@’R(T, + T) = By(R, + R) + B+ aV(R, — R))
I—(vR,+R)—-1DV=0 (16)

where R, and R, represents resistance of the heat sink at the cold and hot surface (KW ™), respectively. Equation
(16) is a general nonlinear correlation for a thermoelectric cooling system combined with two heatsinks. This
equation is a function of internal thermoelectric properties, cold ambient temperature (T;), hot ambient temper-
ature (T,), the thermal resistance of the cold-side heatsink (R,), the thermal resistance of the hot-side heatsink
(Rp), and supplied electrical voltage (V). Solving the above equation, the supplied electrical current will be calcu-
lated. Having an electrical current and using Egs. (1-5) and (12, 13) all the characteristics of the cooling system
can be estimated. This would be count as a paramount finding of the present study.

Experimental Procedure

A system consists of a thermoelectric module, and two heatsinks were designed, tested, and used to validate
the results of mathematical modeling and nonlinear equation (Eq. 16) proposed for the thermoelectric cooling
system. Table 1 represented the characteristics of the experimental setup while Fig. 3 shows a pictorial and a sche-
matic view of the experimental system. Table 2 represented the different conditions used in experimental proce-
dures. It should mentioned that the experiments were conducted in three modes. In the first case, the heatsinks
are directly placed in the ambient air, and in the latter cases, two fans were used on both sides of the heatsinks
operated at 5 Vand 12 V to cool down the system.

Results and Discussion

As mentioned before, this study aims to propose a new correlation for performance evaluation of a thermoelec-
tric cooler combined with two heatsinks. As mentioned above, an experimental system was designed and tested
to validate the results of the new correlation proposed by Eq. 16. Table 3 shows the comparison between the
experimental results with mathematical modeling. The results show that mathematical modeling could estimate
the behavior of the thermoelectric system within an acceptable accuracy (£12%). There are two reasons for the
difference between experimental and mathematical results. First, there is always a numerical error in solving the
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Parameter Value Unit
Heatsink

Material Aluminum

Type of fins Rectangular

'tl'}ll'lee:vrzﬁl conductivity of 167 W/mK
Dimension 107mm X 107 mm X 20 mm

Number of fins 23

Thermal resistance 1.78 K/w
Thermoelectric modules

Model TEC1-12704

Manufacturer Thermonomic Inc.

Dimension 40mm x 40 mm X 3.5mm

Seebeck Coefficient 0.04498 V/K
Electrical Resistance 4.36 Ohms
Thermal Conductivity 0.355 W/K
Data logging

Model BTM-4208SD

Manufacturer Lutron Inc

Analog channels 4

Temp. sensor

Type K

Accuracy +1 °C
Digital Multimeter

Model DT9205M

Name BEST

DC Current range 0.002-20 A
Current Accuracy +1.8%

DC Voltage 0.2-1000 \4
Voltage Accuracy +0.5%

Table 1. Characteristics of the experimental setup.

Digital Thermometer

DC Power

Figure 3. A schematic view of the experimental setup.
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Ambient TEC cold side | TEC hot side | Cold side thermal | Hot side thermal
temperature | temperature | temperature | resistance, R, (°C resistance, R, (°C | Thermoelectric
Case | Condition (°C) (°C) (°C) WY W voltage (V)
1 Without fan | 25.1 16.1 40.1 6.78 2.61 4.96
2 5V- Fan 25.5 16.6 329 1.62 0.67 4.95
3 12V- Fan 249 19.7 31.1 0.65 0.44 491

Table 2. Different conditions used in experimental procedures.

heat rateat TEC | heat rate at TEC Experimental Mathematical current Error
Case | Condition hot side - Q, (W) | cold side - Q. (W) current (A) (A) (Equation 16) (%)
1 Without fan 5.74 1.33 0.89 0.9954 11.8
2 5V- Fan 11.06 5.49 1.05 0.9955 —5.2
3 12V- Fan 14.01 7.96 1.12 0.9866 —-11.9

Table 3. Comparison of the experimental results with mathematical modeling.

Property Symbol Unit Value
Seebeck coefficient e VK! 0.05999
Electrical resistance Iéi 0 4.09
Thermal conductivity v WK! 0.44448

Table 4. Internal properties of proposed commercial TEC at the temperature of 50 °C.

Voltage 14)

) Results of modeling | Catalog values | Error (%)
6 1.25 1.204 —3.8

8 1.66 1.621 —4.2

10 2.078 2.045 —1.6

12 2.488 2.477 —0.4

14 2.897 2918 0.7

16 3.303 3.368 1.9

18 3.707 3.828 3.1

Table 5. Validation of data for electrical current.

nonlinear equation (Eq. 16). Second, the thermoelectric properties (Seebeck coefficient, Thermal conductivity,
Electrical resistance) are assumed to be constant in the Eq. 16. These properties are a function of temperature.

In addition to the above experimental validation, as a case study, another commercial thermoelectric cooler
(Model: 9501/127/040 B, manufactured by Ferrotec) has been selected to validate the proposed correlation.
Table 4 represents the calculated values of the internal parameters for the selected TEC at the temperature of 50 °C
using Egs. (7-9). To examine the values of electrical current obtained from Eq. 16, the values have been compared
with those provided in the TEC’s datasheet, and the results have been presented in Table 5. As can be seen, the
minimum and the maximum error is 0.4% and 4.2%, respectively.

In order to investigate the effects of changing the values of thermal resistance of the cold-side heatsink, R, on
the cooling power of the system, the changes of cooling power have been investigated in three different values of
thermal resistance (0.25K.W~!,0.5K.W~!, and 0.7 K. W~!) which is shown in Fig. 4. It can be seen that the cooling
power of the system increased as the voltage increased. This is continued and hit the highest point at the voltage of
14V for all the values of thermal resistance. After that, it is followed by a considerable decrease in cooling power
as the voltage increased. As a result, the maximum cooling power takes place at the voltage of 14 V which is the
optimum voltage of the system. Moreover, this plot shows that the variations of R, have no effect on the optimum
voltage of the cooling system. In other words, the optimum voltage in all the three studied R, is 14 V.

On the other hand, in four different values of Ry, the variations of the optimum voltage and cooling power
have been investigated, and the results displayed in Fig. 5. The results showed that by decreasing the Ry, the cool-
ing power and optimum voltage increased. Figure 6 shows the effect of changing the R, on the optimum voltage
at R,=0.5 KW~ As it is evident, in different Ry, the optimum voltage is different. Thus it is very important for a
designer to choose the best values of voltage to have an optimum condition in the TEC cooling system.

Another important factor in a combination of a heatsink and a thermoelectric cooler is the effects of changing
the voltage on the cold-side temperature of TEC. Figure 7 demonstrates the variations of the cold-side tem-
perature of TEC with respect to voltage in different values of the R.. As can be seen, increasing the R, leads to
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Figure 4. Variations of the cooling power in different values of cold-side thermal resistance when
R, =0.5K.W~! (TEC Model: Ferrotec 9501/127/040 B).
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Figure 5. Variation of cooling power with respect to the hot-side thermal resistance, when R.=0.5 K.W™!
(TEC Model: Ferrotec 9501/127/040 B).
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Figure 6. Variations of optimum voltage with respect to the R, at R.=0.5 K.W~! (TEC Model: Ferrotec
9501/127/040 B).
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Figure 7. Variations of cold-side temperature in different R, when R;, = 0.4 K. W~ (TEC Model: Ferrotec
9501/127/040 B).
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Figure 8. Variations of the cold-side temperature of TEC with respect to voltage in different R, when
R,=0.5K.W~! (TEC Model: Ferrotec 9501/127/040 B).

decreasing the cold-side temperature of TEC. On the other hand, the cold-side temperature of TEC decreased as
the voltage increased. At the voltage of 14 V, which is the optimum voltage of the system, the cold-side temper-
ature of TEC hits the lowest point. Moreover, increasing the voltage to more than 14 V'leads to increasing this
temperature.

Figure 8 shows the variations of the cold-side temperature of TEC with respect to voltage in different values of
the R, when R,=0.5 K.W . As can be seen, decreasing the value of R;, leads to decreasing the minimum cold-side
temperature of TEC from 273.1K in R,=0.4K.W~'to 270K in R,=0.1 K. W~!. When the R, decreases, heat
transfer to the ambient takes place easier than before, and this leads to increasing the heat transfer at the cold-side
of TEC, which makes cold-side temperature rises.

Another important factor in every cooling system that should be investigated is the coefficient of performance
(COP). Figure 9 displays the variations of COP with respect to voltage in three different values of the R, when
R, =0.4 K.W~! The results show that decreasing the R, from 0.7 K.W~! to 0.25 K. W/, the COP increases. This
means that the R, has an inverse effect on the COP of the system. The maximum COP of the system was 1.064
which took place at the voltage of 6 V when R,=0.25 K.W~!. Moreover, in all the cases, the maximum COPs
of the system occur in the voltage of 6 V, which is different from the optimum voltage (14 V) resulted from the
maximum cooling power of the system (Fig. 4). This is because of the fact that although at the voltage of 14V,
the cooling power (Qc) is at its maximum value, the value of the used power is high, which results in decreasing
the COP. However, at the voltage of 6 V, the cooling power is lower than that of the voltage 14 V, but the COP is
higher. Thus the optimum voltage depends on the need of the consumers whether the cooling power is important
to them or the COP.
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Figure 9. Variations of COP with respect to voltage in different values of R, when R, =0.4 K.W~! (TEC Model:
Ferrotec 9501/127/040 B).
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Figure 10. Variations of COP with respect to voltage in different values of R, when R,=0.5 K.W~! (TEC Model:
Ferrotec 9501/127/040 B).

Figure 10 shows the variations of COP with respect to voltage in different R, when R,=0.5 K.W~1. As can
be seen, in R,=04K.W~1,0.36 KW=, 026 KW, 0.14K.W~!, and 0.1 K. W~1, the maximum values of COP is
0.9545, 0.9925, 1.093, 1.226, and 1.273, respectively. Thus as the R, decreases, the COP increases. It is interesting
to note that in each Ry, the maximum COP takes place at the voltage of 6 V. This is due to the fact that by increas-
ing the voltage, the cooling power does not increase to that of electrical power.

The results of Figure 10 shows that both the hot- and cold-side thermal resistance of the heatsinks has an
inverse effect on the coeflicient of performance of the TEC cooling system.

Conclusion

The present study was conducted to determine the effects of changing the voltage and the thermal resistance of
cold- and hot-side heatsink on the performance of a TEC. For this purpose, the governing equations consisting of
conservation of energy and heat transfer have been derived and a third-order nonlinear equation as a function of
the internal thermoelectric properties, supplied voltage, heatsink’s thermal resistance, and ambient temperature
has been proposed. Solving these equations, the supplied electrical current, COP of the system, and the cooling
power can be calculated. As a case study, a commercial TEC has been chosen, and the performance of the system
estimated using the proposed equation. The main achievement of this study can be summarized as follows:

o A comparison between the result of modeling and thermoelectric datasheet shows good accuracy of the
mathematical modeling.
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The results showed that in a fixed heatsink’s thermal resistance, there is an optimum voltage in which the
cooling power of the system is in its maximum value.

Increasing the thermal resistance of cold-side heatsink leads to decreasing the cold-side temperature of TEC.
The results showed that both the hot- and cold-side thermal resistance of heatsinks has an inverse effect on
the COP of the TEC cooling system.

The represented method in this study can be useful for designers or engineers who are going to use a combi-

nation of thermoelectric cooler and heatsinks as a cooling device. The method can assist the researchers in choos-
ing the best value of voltage and system characteristics in a given ambient temperature and heatsinks’ thermal
resistance.
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