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ABSTRACT

Thermoelectric devices can convert heat to electrical power, or use electrical power to generate a temperature
difference. Their characterization is essential to develop devices with higher efficiency. Impedance spectroscopy
models have been developed in the last few years, and it has become a highly advantageous method for
thermoelectric systems characterization. Recently, it has been shown that this technique can also be used to
determine internal thermal contacts (between the thermoelectric legs and the metallic strips that connect them, and
between the metallic strips and the outer layers). Here, we developed for the first time a spreading-constriction
expression which does not assume cylindrical geometry. The enhanced model is also used to characterize four
thermoelectric devices from different manufacturers, highlighting overestimations up to 13% when the previous
cylindrical approximation is used. A code is provided in the Supporting Information ready to fit experimental data.
This study positions impedance spectroscopy as a powerful tool to detect and monitor issues during manufacturing

or operation of thermoelectric devices, which typically occur at the contacts.
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INTRODUCTION

Thermoelectric (TE) devices can convert heat into electricity via the Seebeck effect, or use electrical power to
establish a temperature difference across the device and provide cooling (Peltier effect). This technology has been
successfully in use for many years in aerospace missions and cooling applications,*? and recently has gained
attention for the power generation in other areas where heat is available, such as industries,®* the human body,>¢
combustion engines,”® or even in volcanos.!® TE systems have several advantages difficult to overcome by other
technologies, for example, they are environmentally friendly, silent, compact, and have no moving parts (free of
maintenance). However, low efficiency of current TE generators is limiting the applicability of this technology. To
improve the efficiency of TE generators at a faster pace not only is necessary to solve coupled challenges in
materials development and systems engineering,**2 but to modernize the characterization techniques of all the

material properties and device parameters that affect the generator performance.*®

One of the most interesting techniques for the characterization of TE systems is electrical impedance
spectroscopy. Since the introduction of this technique a few years back,'*** a lot of progress has been made to
develop this method.*6-2? Recently, it has been shown that impedance spectroscopy can also be used to determine
internal thermal contacts,?® which are very challenging to be measured by other techniques.?* The impedance
method was able to characterize both the thermal contacts, between TE legs and the metallic strips that connect the
TE legs,? and between the metallic strips and the outer layers (typically ceramics).?

When determining the internal thermal contacts, it is key to accurately model the thermal phenomena that is
influenced by the changes in area of the different materials of the TE module (typically, the area of the TE legs is
lower than the metallic strips that connect them, and their area is lower than that of the outer ceramics). The
spreading-constriction impedance is the main element that accounts for these changes in area. The first spreading-
constriction impedance developed for TE devices assumed constant temperature at the outer ceramic surfaces,
which is only true if the TE module is contacted with ideal heat exchangers without thermal contact resistance.?” A
second spreading-constriction impedance considered uniform heat flux at the same locations, which is only achieved
in perfect adiabatic conditions.?® More recently, a more general spreading-constriction impedance that considers the
variation of the heat flux in the radial direction at the outer ceramic surfaces has been derived.® However, all these

three expressions were obtained assuming cylindrical geometry.

Here, we develop and analyze the accuracy improvement of the impedance spectroscopy models thanks to the
new spreading-constriction impedance element, which considers the actual prismatic shape of the TE legs. In
addition, we provide in the Supporting Information a validation though numerical simulations using the finite
element method (FEM). Four TE devices from different manufacturers were fitted with the new analytical

expression, and the results were compared with the cylindrical approximation (previously reported). The MATLAB



code used to perform these fittings is also provided in the Supporting Information to assist potential users of the

method.

ANALYTICAL MODEL

The theoretical model assumed in this study consist of a TE leg of length L and cross-sectional area A contacted
by two metallic strips of length Lm which are also in contact with two external ceramic layers of length Lc. The ratio
between the area of the TE legs and the area of the metallic strips (wv) and the ratio between the area of TE legs and
ceramics (#), define the cross-sectional area of the metallic strips, A/yw, and ceramics, A/, respectively. A thermal
contact resistivity between the TE legs and the metallic strips, rrc1, and between the metallic strips and the ceramic

layers, rrcs, is included.

The total impedance function, Z, for this model is defined by,
. — _41—1
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where j=(-1)°® is the imaginary number, « the angular frequency (w=2xf, being f the frequency), R is the total

ohmic resistance of the TE device, L, is a parasitic inductance, and Zror is takes the form,
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where Tinisial IS the initial temperature, N is the number of TE couples, and S is the average Seebeck coefficient of
all the TE legs. The constants Ai, and w; are the average thermal conductivity, and characteristic angular frequency
of each material, respectively: TE legs [i=TE, wre=are/(L/2)?], metallic strips (i=M, om=am/Lm?), and external layers

(i=C, wc=ac/Lc?), where, ai is the thermal diffusivity of the material i.

This impedance expression has already been developed in previous works?*252 however, it always considered
a cylindrical approximation, see Figure 1a. Notice that this approximation only affects the spreading-constriction
impedance, zyc, found in eq. (8) and (11). Therefore, the spreading-constriction impedance for prismatic geometry
(see Figure 1b) was developed (full derivations can be found in the Supporting Information), and takes the form,
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where h; is the convection coefficient at the outer ceramic surfaces (in this case hs=0 because all measurements
were performed in vacuum). The constants an=nzu/X2, Pm=maulyz, yn=(an*+jwloc)Y? ym=(fm’*+jwlac)'?, and
Pnm=(an*+pm*+jwlac)Y? define all the possible solutions for the values n and m. The geometrical parameters
Xi=(Aln)212+AY?[2, x,=(Aln)*?, y1=AY?/2, and y,=(A/n)*?/2, are shown in Fig. S1 of the Supporting Information.
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Figure 1. Schematic of (a) the geometry used in previous works, and (b) the geometry created in this work. All models consist of five layers
where the color represents the material: thermoelectric leg (grey), metal (orange), and ceramic (cream).

EXPERIMENTAL SETUP

Four TE devices from different manufacturers were measured: Module 1 (Custom Thermoelectric, ref. 04801-
933B-34RB), Module 2 (Interm, ref. CBM-88), Module 3 (European Thermodynamics, ref. 693—7080), and Module
4 (Jeongkwan Co. Ltd.). The specifications of these modules can be found in Table 1. Notice that the specifications
of Module 3 were used for the numerical validation using COMSOL Multiphysics provided in the Supporting

Information.2®

Table 1. Specifications of the four TE devices evaluated in this study.

Name Size (mm?) N L (mm) Lm (mm) Lc (mm) A (mm?) m 7
Module 1 10x10 48 0.55 0.03 0.525 0.6x0.6 0.71 0.35
Module 2 14x14 39 1.1 0.06 0.5 0.6x0.6 0.50 0.14
Module 3 40x40 127 1.2 0.3 0.75 1.3x1.3 0.67 0.27
Module 4 40%40 127 1.6 0.2 1.0 1.73x1.73 0.87 0.48

All measurements were performed in vacuum (<5x10* mbar) with the TE modules suspended by their wires
and at room temperature. A commercial PGSTAT302N potentiostat (Metrohm Autolab B. V.) equipped with a
FRA32M impedance module was connected to the wires of the TE modules using crocodile clamps. The potentiostat
was controlled by Nova 1.11 software, which directly provides the impedance spectra. A current amplitude 1,:=30
mA was used for all four TE modules after a basic optimization.?® This optimization consists in performing a few
measurements at different current amplitudes, and choosing a current value just high enough to obtain the spectra
free of noise. A logarithmically distributed frequency range of 50 measuring points from 10 mHz to 1 MHz was

chosen for all measurements to ensure enough points in the high frequency part.

RESULTS AND DISCUSSION



Figure 2 shows the experimental impedance spectra of the four TE modules studied (dots) and their fittings
(lines) using the MATLAB code provided in the Supporting Information. This code derives from ref.? but it
includes the new expression for the spreading-constriction impedance. It should be noted that a few points at the
highest frequencies (4 points for Module 1 and Module 2, and 6 points for Module 3 and Module 4) were not
included in the fittings since they deviate from a purely inductive behavior. Following the procedure explained in
ref.?, Ly, Ro, rc1, Ate, and Ac were fitted, maintaining fixed as constant values are=0.37 mm?s?, ac=10 mm?s?,
mM=400 WmK?, and am=110 mm?st. The Seebeck coefficient of these modules were also fixed to the previously
measured values (222.24 pVK™!, 193.65 uVK ™!, 191.72 uVK™!, and 190.08 uVK™! for Module 1, Module 2, Module
3, and Module 4, respectively).% The fitted values (obtained from the MATLAB function Isgnonlin) with their
relative errors (estimated from the variance-covariance matrix) can be found in Table 2. In all four TE modules, the
parasitic inductance appears at the highest frequencies, and must be included in the fittings. However, all fittings
converged nicely, which indicates that this unwanted parameter is not affecting the fitted values significantly.
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Figure 2. Experimental Nyquist plots impedance spectroscopy measurements (black dots) and their fittings (blue lines) using the MATLAB
code provided in the Supporting Information for (a) Module 1, (b) Module 2, (c) Module 3, and (d) Module 4. Z’ refers to the real part of the
impedance, while Z’’ refers to the imaginary. The insets show a magnification of the high frequency part of the impedance spectra.

The four TE modules used in this study were previously fitted with the cylindrical approximation, showing
similar values of Ly, Ro, Ate, and Ac.?5% However, the previous fitted values of rrci were 13%, 10%, 4%, and 1%
larger for Module 1, Module 2, Module 3, and Module 4, respectively (see last three columns of Table 2). Notice
that the 4% overestimation in rrc: for Module 3 is validated by the numerical simulations provided in the Supporting
Information. Although it can be seen that all four TE modules produced a larger value of rrc1 when fitted with the
cylindrical approximation, their overestimations were significantly different (varying from 1% to 13%). The reason
behind this difference is not straightforward since the impedance spectra depends on many parameters, which makes
difficult to know when the cylindrical approximation can be used. Since TE modules with larger filling factor are

less affected by spreading-constriction effects (lower area change), it is not surprising that Module 4 showed the



lowest deviation, followed by Module 3, and Module 2 (see Table 1). The highest deviation, however, was obtained
for Module 1, which has a filling factor similar to Module 3. A possible explanation could be that the lower length
of the TE legs of Module 1 increases the influence of the spreading-constriction impedance when performing
fittings, since a lower leg length produces a more complete closing of the semicircle of the impedance spectrum at
lower frequencies (right part of Figure 2a).

Table 2. Fitting parameters and their relative errors (in brackets) of the four TE devices measured in this study. All the fittings were performed
using the MATLAB code provided in the Supporting Information. The last two columns show the values of rrci previously obtained with

the cylindrical approximation,?>2® and their overestimation.

Name Ly Reo ATE Ac rrci Previous rrc1 Deviation in

(H) Q) (WmiK1) (WmiK1) (Mm?KW-1) (M?KW-1) Irci
1.74x107 171 1.68 29.48 194x10°  2.20x10% .

Modulel " 0596)  (0.030%)  (0.28 %) (0.58 %) (6.72 %) (5.89 %) 134%
2.24x107 1.88 1.95 28.11 483x10°  5.20x10° .

Module2 o a5'0e)  (0.044%)  (0.81%) (1.19 %) (7.76 %) (7.19 %) 9.5%
3.74x107 2.00 1.32 27.59 121x105  1.26x10% .

Module3 o 5196)  (0.038%)  (0.84%) (1.01 %) (4.35 %) (4.33 %) 4.1%
4.06x107 1.49 1.41 27.07 116x105  1.17x10% .

Module4 17990  (0.037%)  (0.79%) (111 %) (6.33 %) (6.37 %) 0.9%

CONCLUSIONS

A new impedance spectroscopy analytical expression was developed, which considers for the first time the
actual prismatic shape of the thermoelectric legs of commercial thermoelectric modules. This was achieved by
deriving a new spreading-constriction impedance element. Four thermoelectric modules from different
manufacturers were fitted with the new analytical expression, and the results were compared with a previous
characterization using the cylindrical approximation. The experiments revealed overestimations in the thermal
contact resistances between the thermoelectric legs and the metallic strips that connect them of up to 13% when the
previous cylindrical approximation is used. A numerical validation is provided in the Supporting Information. The
MATLAB code used to perform the fittings is also available in the Supporting Information. This study significantly
improves the accuracy of current impedance spectroscopy models for internal thermal contacts determination, and
increases the potential of this method to be used as a tool to detect and monitor issues during manufacturing or
operation of thermoelectric devices.
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The derivations to obtain the spreading-constriction impedance, and a numerical validation of the new
impedance expression is available as Supporting Information. The MATLAB code used to perform the fittings in

this manuscript is also provided.
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