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Abstract. To meet the growing global demand for energy, new forms of power generation are 

of extreme importance, as well as increasing the efficiency of existing methods. The present 

study intends to model analytically the heat transfer through a thermoelectric generator 

(TEG) comprised by a Peltier module. The thermoelectric generation from these modules 

have promising future prospects, as they are light, small and targets of continuous improve-

ment. Was designed the implementation of a TEG in a vehicular exhaust for recovery of ther-

mal energy present in the exhausting gases. Aiming this application, many variables shown to 

be relevant: flow characteristics, use of heat sinks, their geometry and composition and, 

mainly, the description of the interface between the surfaces of the module and the heat sinks. 

In this interface, the contact thermal resistance is a function of mounting pressure, surface 

roughness and the presence of interstitial material. After modeling the heat transfer, was im-

plemented a numerical code to assess the sensitivity of the output voltage and contact re-

sistance of the module with changes in the TEG operating conditions. Furthermore, to evalu-

ate the simulated results, was developed an experimental bench reproducing TEG operating 

conditions, under the effect of different temperatures, flow velocities, contact pressures, 

roughness and interstitial material. With the use of only one module, the theoretical values for 

the output voltage was in the range of 0.92V and 0.97V for the worst and best case respective-

ly, and the values of experimental measurements under the same operating conditions provid-

ed 0.75V and 1.07V. The discrepancy found between the theoretical and experimental ap-

proach resulted in a maximum relative error of 22.7%. The best output voltage values were 

obtained when minimized the thermal contact resistance, indicating that this is a way to in-

crease the efficiency of a TEG and help meet the current demand of energy. 
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1. INTRODUCTION 
 

The demand for electricity has increased over the years (Statistical Yearbook of Energy, 
2013) as well as the concern and importance to find more efficient means of power generation 
and less affecting the environment. Much of the energy generated comes from non-renewable 
sources, applied on inefficient thermodynamic processes, for example, gas turbines, internal 
combustion engines and power plants have usual efficiencies ranging from 25% to 60%, that 
is, there is much wasted potential. 

According to the U.S. Energy Information Administration, the average world consump-
tion of energy is 18TW, with the production from fossil fuels representing 86% (15.48 TW). 
If an average efficiency of 40% is considered, the amount of wasted energy is 9.3 TW consid-
ering only this mean of generation. 

To illustrate the amount the heat rejected in these processes, the USA energy chain (Law-
rence Livermore National Laboratory, 2013) can be used, where it is shown that the rejected 
energy is approximately 57% of the total generated energy. 

The challenge becomes, then, to find a way to use the rejected heat and that does not af-
fect the environment when in operation. Among several alternatives, thermoelectric modules 
have great potential for waste heat recovery for power generation, as they are compact, light-
weight and durable and can be used from power plants to automotive vehicles, offering the 
potential to increase the overall efficiency of the system. 

These modules are based on the Seebeck effect, in which an electromotive force is gener-
ated at the junction between two thermoelements of different conductive materials from their 
heating, where the greater the difference between the temperatures of the hot side, Th, and 
cold, Tc, the higher the output voltage 

 � = ���� − ��																																																																																																																																								�1	 
 
Where α is the Seebeck differential coefficient between the pair of thermocouples making 

up the module, measured in V / K. Because of this behavior, these modules are elements very 
propitious for being inserted into pipes, in which flows transporting heat not used in thermo-
dynamic cycles passes. Fig. 1 shows in detail the constructive features of a generic module 
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Figure 1. Detailed diagram of the construction of a Peltier module (Rowe, 2006) 

 
Currently, the efficiency of a common Peltier module ranges from 6% to 11% (Rowe, 

2006), so, in practice, are used several modules in series that, adding up the output power 
generated, results in more significant amounts. 

 

2. THERMOELECTRIC GENERATOR 
 

Given that the power generated depends on the temperature difference between the hot 
and cold side of the module, this study was proposed to analyze the active heat transfer in the 
same and, therefore, was designed a thermoelectric generator (TEG). It consists of a Peltier 
module and a pair of aluminum fins that aim to increase the heat transfer (Çengel, 2006), 
shown in Fig. 2, where N and P elements represent the two thermocouples of which the mod-
ule consists 

 

 

Figure 2. Schematic drawing of a pair of rectangular heat sinks installed on each side of a module, thereby 

forming a TEG 
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Three heat transfer modes operate in the TEG, conduction, convection and radiation; 
however, in situations considered in this study, the heat transferred by radiation is of inferior 
order than the other two and, therefore, was not included. The heat flow, by conduction, con-
vection and the two combined are defined in Eqs. 2, 3 and 4, given in W/m2 

 

��
��� = −� ��
� 																																																																																																																																							�2	 

 ��
��� = ℎ��� − ��																																																																																																																															�3	 
 ��
���� = ��
��� + 	��
��� 																																																																																																																								�4	 
 

Where k is the thermal conductivity of the material, dT is the temperature gradient in the 
general direction, l is the thickness of the material in which there is a conductive heat flux, Tw 
is the temperature at the surface and T∞ is the temperature of the medium. 

Due to flat geometry of the module, the TEG was installed in a duct of rectangular sec-
tion and, for this configuration, Nusselt numbers to determine the heat transfer coefficient by 
convection of the outer and inner flows were defined based in approaches of Churchill and 
Ozoe (1973) and Jensen and Vlakancic (1997), respectively. 

So, for the external flow, 
 

� !"� = #$!"�%&!"� 																																																																																																																																						�5	 
 

()!"� = *0,3387/01/3� !"�1/45
61 + 70,0468/0 94/3:

1/; 																																																																																																								�6	 

 

ℎ!"� = ()!"��% 																																																																																																																																								�7	 
 

Where Re is the Reynolds number, ρ is the specific mass of the fluid (kg/m3), U is the 
flow velocity (m/s), µ is the dynamic viscosity (Pa.s), Pr is the Prandtl number, Nu is the 
Nusselt number h is the convection coefficient (W/K.m2). 

For the internal flow, as the section of the duct has non-cylindrical geometry, the use of a 
hydraulic diameter, Dh, is necessary. Being the TEG's cross section rectangular, of X width 
and Y height, the nominal area, An, is 

 <� = %=																																																																																																																																																				�8	 
 

Thus, 
 

>� = 4<�? 0íA B0C = 4%=
2�% + =	 =

2%=
�% + =																																																																																									�9	 
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� E�� = #$E��>�&E�� 																																																																																																																																		�10	 
 <F!�� = <� − (GB																																																																																																																																�11	 
 

Where N, L and t Where C, G and T are the number of fins, the height and width of the 
fins, respectively. 

According to Jensen and Vlakancic (1997), this approach can be used only if the dimen-
sionless height of the fin, J, is greater than 0.06 

 

H = 2B
= ≥ 0,06																																																																																																																																								�12	 

 
The internal friction coefficient is 

 

JK!
Lé�FE�
 = N<OF!��<O� PQ,4R 																																																																																																																	�13	 
 

Where real ASreal and ASn represent the real and nominal areas of the inner surface of the 
duct, respectively, 

 <OF!�� = <��!�� + <��																																																																																																																								�14	 
 

Aaleta is the total surface area of the fins and Ana is the total area of the spaces between the 
fins. 
 <�� = %4 − (SB																																																																																																																																			�15	 
 <��!�� = 2(%G																																																																																																																																						�16	 
 <O� = 2%= + 2%4																																																																																																																																�17	 
 

And, finally, 
 

()E��()T� = N%=P
U1/4 N <�<F!��P

Q,V JK!
L!�FE�
																																																																																										�18	 
 

Where Nust is the Nusselt number for the duct without fins, defined by Gnielinski (1976), 
 

()T� = 0,012/0�[� E��Q,VX − 280]																																																																																																					�19	 
 

Where Z = 0,4, because the air is warming, as defined by Dittus-Boelter equation (Çen-
gel, 2006). Found the values for Nuint and Dh, is defined the internal convection coefficient as 

 

ℎE�� = ()E���>� 																																																																																																																																							�20	 
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In addition to quantifying the heat flows, a detailed study of heat transfer that occurs in the 
TEG is essential to increase its efficiency. This may be achieved by studying the thermal re-
sistance circuit shown in Fig. 3 

 

Figure 3. Thermal resistance circuit acting on TEG. 

The total thermal resistance of the TEG is given by Eq. 21 and has the unit K/W 

 

�![ = ��
��,E�� + ��
��,E�� + ��
�� + ��
��,!"� + ��
��,!"�																																																						�21	 
 

The conduction and convection resistances are, respectively 

 

��
��,E�� = 1
ℎE��<OF!�� 																																																																																																																								�22	 

 

��
��,!"� = 1
ℎ!"�<OF!�� 																																																																																																																								�23	 

 

��
�� = \
�L
�]�
<L
�]�
 																																																																																																																			�24	 

 

Where H is the width of de module. 

In the heat conduction analysis on the interface between two solid layers, there is a re-
sistance generated by the roughness of the surfaces, because although the same appear flat and 
smooth to the naked eye, they appear quite rough if analyzed under a microscope, with nu-
merous peaks and valleys. When these surfaces are pressed against one another, the peaks 
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form good material contact, but the valleys form voids filled with air and, these gaps, due to 
the low thermal conductivity of air, act as a thermal insulator. Thus, the interface provides 
some resistance to heat flow, and this resistance per area is the thermal contact resistance, 
Rcont 

 

��
�� = 1
ℎ� = ∆�E��!F_��!

�� /< 																																																																																																																			�25	 
 

As can be noted, the conductive and convective resistances depend only on the character-
istics of the flows and physical properties of the components. Thus, the resistance that can be 
optimized is the contact thermal resistance, which is a function of contact pressure, interstitial 
material, and surface roughness, but there is not a governing equation to define it (Çengel, 
2006), requiring an empirical relationship to be is established. 

There is great uncertainty of the thermal conductance values, hc, reported in literature, so, 
for this study, the work of Barzelay et. al (1955) was used as reference, in which there are 
curves for contact conductance interfaces between aluminum plates with different contact 
pressure and surface roughness. 

From three graphs hc x P, each for a different value of surface roughness, were read hc 
values for three pressures, generating three equations of type 

 

ℎ� = `/ + a																																																																																																																																											�26	 
 

To include the influence of the roughness, the Ai and Bi coefficients of the line equations, 
where i = 1, 2, 3, were graphed with the roughness values on the ordinate axis and, again, 
equations were derived for the curves. These equations were then inserted in Eq. 27, that is 
the equation of the thermal contact conductance used as a reference 

 

ℎ�,����]���
 = [1,30704 − 5,5670 + 15,33]/ + [409,9404 − 18420 + 3358,3]																�27	 
 

3. EXPERIMENTAL BENCH 
 

In order to compare with the numerical results provided by the numerical implementation 
of the proposed mathematical model, an experimental bench was designed and built in order 
to allow the variation of TEG settings, and alter the value of the thermal contact resistance 
aiming to evaluate the sensitivity of the heat flow has therewith. 
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Figure 4. Scheme of the experimental apparatus 

The test rig consists of two cylindrical ducts leading the cold temperature and hot tem-
perature flows, in which orifice plates are installed so that is possible to know the flows 
speeds. Subsequently, the section changes from cylindrical to rectangular, in which are in-
stalled the fins and the Peltier module (TEG). 

 

3.1   Experimental procedure 
 

Initially, the fan and heat blower are turned on, and only after the change in temperature 
of the hot flow reaches steady state, measurements starts. 

Data acquisition was made for a range of different configurations of the bench, on the 
change of parameters that should cause variations in performance of the thermoelectric gener-
ator. These settings relate to the following factors: 

Relative to the surface treatment of the base of the heat sinks: 

• A pair of heat sinks unmodified, used with the same surface finish which were ac-
quired, without any treatment; 

• A pair of heat sinks with sanded surface. 
 

Relative to the presence of interstitial material between the base of the heat sink and the ther-
moelectric module: 

• Use of Thermal Grease 1, which have thermal conductivity of 0.4 applied to the 
interfaces of the base of the fins and the module 

• Use of Thermal Grease 2, which have thermal conductivity of 1.2 applied to the 
interfaces of the base of the fins and the module 

Relative to the application of additional pressure on the thermoelectric generator: 
• Without applying additional pressure on the generator, i.e., the only pressure act-

ing is the own weight of the structure of the experimental apparatus. This measure 
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will be taken as a measure of zero relative pressure, serving as a parameter for cas-
es with additional pressure; 

• Application of additional 62052 Pa (9 psi) on the thermoelectric generator; 
• Application of additional 124106 Pa (18 psi) on the thermoelectric generator; 

 

4. RESULTS 
 

The voltage values achieved in the presence of different interstitial materials, with differ-
ent contact pressures and with different surface roughness are arranged in graphs shown in 
Figs. 5, 6 and 7. The rise in output voltage with application of thermal grease is consistent 
with the anticipated by the theory, the inserted material fills the air gaps, increasing the ther-
mal conductance of the contact (Fried, 1962), whereas these greases have a higher thermal 
conductivity than air. 

 

 

Figure 5. Output voltage values for Pair 1 (top) and pair 2 (bottom) of sinks in the case where there is no 

interstitial material, with Thermal Grease 1, and 2 Thermal Grease 

The variation of contact pressure causes much more subtle increases in output voltage, 
which indicates a trend that, for a very high pressure, there will be no difference in the reduc-
tion of the thermal contact resistance (Barzelay et al., 1955). 
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Figure 6. Output voltage values for Pair 1 (top) and Pair 2 (bottom) in cases where there is no additional 

contact pressure, applying 62 kPa (9 psi), and applying 124 kPa (18 psi) 

Data from the literature suggest that a reduction in surface roughness leads to reduction in 
the contact thermal resistance (Çengel, 2006), increasing the heat flux and hence the output 
voltage. However, the experimental results are not in agreement with the theory, this can be 
explained by the fact that the surface roughness has microscopic characteristic, i.e., there is no 
way to ensure optimal fit between two surfaces, and slight variations in position can generate 
large variations in resistance. Another important factor is the hardness of the material of 
which the surfaces are made, i. e., for each material from which the pairs of plates are made 
of, the same or different from each other, there should be an empirical relationship for thermal 
conductance. 

To compare the output voltages provided by the analytical model with the experimentally 
measured, only values for the configuration without the presence of interstitial material are 
shown due to lack of data or equations that preview the variation of the voltage in the pres-
ence of the same. Table 1 shows the theoretical and experimental values for each pair of 
sinks, for all three contact pressure cases considered: no additional pressure, applying 62 kPa 
and 124 kPa. 
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Figure 7. Output voltage values for the cases without interstitial material (first), applying Thermal Grease 

1 (second) and applying Thermal Grease 2 (third) 

 

Table 1. Theoretical and experimental output voltage values for the two pairs of heat sinks, without appli-

cation of interstitial material, and for three contact pressure values 

Pair of Sinks 1 Theoretical Voltage [V] Experimental Voltage [V] |Error| [%] 

Without additional 
pressure 

0.92 0.74 23.96 

62052 Pa 0.93 0.81 14.49 

124106 Pa 0.94 0.86 9.31 

Pair of Sinks 2 Theoretical Voltage [V] Experimental Voltage [V] |Error| [%] 

Without additional 
pressure 

0.93 0.84 10.38 

62052 Pa 0.96 0.95 1.23 

124106 Pa 0.96 1.06 10.66 

 

5. CONCLUSION 
 

Set the contact thermal resistance proved to be a hard task because, despite being proven 
that it depends on the roughness, contact pressure and interstitial material, a theoretical gov-
erning equation could not be defined as there is dependence on other factors that could not be 
assessed in this study, such as variation of the mounting position, which causes a change in 
fitting the two surfaces, and the material the interfaces between the sinks and the module are 
composed. 
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The error sources in the experimental voltage values are due mainly to the rustic charac-
ter of the experimental bench, because as well as designed, it was built using simple materials, 
but trying to achieve the best possible result. 

To achieve the common goal of finding alternative forms of power generation and in-
crease the efficiency of thermoelectric generators, the study of heat transfer acting in them is 
essential. Along with improvement of new materials, geometry and operating states, a better 
understanding of the thermal contact resistance can trigger a significant gain in power genera-
tion and consequent use of good quality thermal energy that, otherwise, would be wasted. 
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