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Characterization of thermal contacts between heat exchangers and a
thermoelectric module by impedance spectroscopy
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Heat to electricity energy conversion efficiency of a thermoelectric (TE) device is not only influenced by the TE
materials properties, but it also depends on the temperature difference between both sides of the TE legs. Keeping
this temperature difference as close as possible to the temperature difference between the heat sink and the heat
source is crucial to maximize the TE device performance. However, achieving this is quite difficult, mainly due to
the thermal contact resistance at the interfaces between the TE module and the heat sink/source. In this study, it is
analyzed the effect of this thermal contact resistance on the impedance spectroscopy response of a TE module that
is thermally contacted by two copper blocks, which act as heat exchangers. A new theoretical model (equivalent
circuit) that takes into account the thermal contact resistance is developed, which includes two new elements that
depend on this parameter. The equivalent circuit is validated with experimental impedance measurements where
the thermal contact is varied. It is demonstrated that using this equivalent circuit the thermal contact resistance can
be easily determined, which opens up the possibility of using impedance spectroscopy as a tool to quantify and

monitor this crucial property for the TE device performance.

Keywords: Thermal contact resistance, thermal interface, impedance spectroscopy, heat sink, heat exchangers.

I. INTRODUCTION

A thermoelectric (TE) device that operates converting heat into electricity is typically contacted to a heat source
and a heat sink under operating conditions. The heat to electricity energy conversion efficiency of the device
depends on the TE properties of its TE materials, and also on the temperature difference at their edges. In the latter
case, in order to maximize the efficiency it is important to keep the temperature at the edges of the TE materials as

close as possible to the temperature of the heat sink and the heat source contacted at each of the sides of the device.


https://doi.org/10.1016/j.applthermaleng.2019.114361

Due to the thermal contact resistance existing at the interface between two solids [1], the temperature at the surface
of the heat exchangers differs from that at the surface of the alumina ceramics (or similar electrically insulating
material) which are usually the most external layers of a TE device. In order to minimize the thermal contact
resistance different parameters can significantly influence, such as the contact pressure and the roughness of the
surfaces that enter into contact [2,3]. In addition, it is typically adopted the use of different thermal interface
materials (e.g. thermal grease, graphite sheets), which can significantly decrease the thermal contact resistance and

thus increase the system efficiency [2—4].

The thermal contact resistance between two materials is typically determined by measuring the temperature
drop at the interface of the materials when heat flows through the interface. This is performed using several
thermocouples and materials with known thermal conductivity [5-8]. In many cases, it is also common the use of
an infrared camera instead of thermocouples to determine the temperature profile across the junction [9,10].
Alternatively, thermal contact resistances can be also determined by fitting the temperature profile recorded in one

solid when another solid in contact is heated by a laser beam [11,12].

We present her a new method to determine the thermal contact resistance between the external surfaces of a TE
device and the heat exchangers. The method is based on the use of impedance spectroscopy. This method has
recently received significant attention in the field of TEs due to its capability to characterize TE materials and
modules [13-18]. Especially interesting are different studies that have shown the high sensitivity of the impedance
method to any thermal phenomena taking place at the surroundings of the TE module, such as convection [15,19],
radiation [15], or conduction through other material in contact with the module [20,21]. Due to this, it is expected
that a thermal contact resistance will also produce a significant influence in the impedance response, and in fact this
was observed in a recent study [22]. However, this recent article did not develop any equivalent circuit to account
for the thermal contact resistance influence. On the other hand, a previous study [21] considered the presence of a
thermal contact in the impedance response in the context of a thermal quadrupole analysis, but a detailed analysis

of the thermal contact resistance and a procedure for its determination was missing.



In this work, a new impedance theoretical model (equivalent circuit), which includes the presence of thermal
contact resistances between heat exchangers and the outer ceramic surfaces of a TE module has been developed and
experimentally validated. The new equivalent circuit is obtained by solving the heat equation in the frequency
domain. Using this equivalent circuit, the thermal contact resistances between the heat exchangers and the TE
module can be determined from an impedance spectroscopy measurement of the module under suspended
conditions and another measurement of the module contacted with the heat exchangers, given that the average

Seebeck coefficient of the device thermoelements is known.

Il. THEORETICAL MODEL

The theoretical model adopted for the interpretation of the impedance response with the presence of thermal
contact resistances is shown in Fig. 1. This one-dimensional model consists of 2N TE legs of certain length L and
area A, being N the number of TE couples. Each leg is sandwiched between two ceramic pieces of length Lc and an
area per TE leg A/y, being # the filling factor of the TE module, which is the ratio between the area of the ceramic
plate occupied by the TE legs [(2N+W)A, being v the number of legs removed to attach the leads of the device,
typically 2] and the actual area of the ceramics. The thermal influence of the metallic strips (usually copper
electrodes) that interconnect the TE legs is neglected due to their high thermal conductivity and small thickness.
The model does not consider spreading-constriction effects [15,23] of the heat flow due to the difference of area
between TE legs and ceramics for simplicity, but it considers the difference between the areas (introduced by the
filling factor 7). All the TE properties are considered independent on temperature and Joule effect is neglected due
to the high electrical conductivity of TE materials and the small current amplitude used during the impedance
spectroscopy measurements. The system is also considered adiabatic (no radiation and convection losses). At the

outer ceramic surfaces a thermal contact resistance and a perfect heat sink condition are considered (see Fig. 1).
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Fig. 1. Thermal model employed in the theoretical analysis. The arrows indicate the direction of the conducting heat fluxes appearing at the
different junctions, considering a positive value of both the electrical current and the Seebeck coefficient. For the Peltier heat, the arrows
point out of the junction when heat is absorbed. The solid line depicts qualitatively a possible thermal profile. The dotted line shows the plane
where the temperature remains constant at any time due to the symmetry of the system. The dashed line indicates the initial temperature.

The impedance function Z=V/I of a TE module as defined above and considering the symmetry of the system

is given by,
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where V(0) and V(L) are the voltages at x=0 and x=L, respectively, lo is the electrical current flowing through the
device at x=0, R, is the total ohmic resistance, which includes the contribution of all the TE legs of the TE module,
the metallic strips, the leads, and the electrical contact resistances, S is the average absolute Seebeck coefficient of
all the TE legs, and T(0), T(L), and Tinitias are the temperatures at x=0, x=L, and the initial temperature, respectively.
It should be noted from Eq. (1) that due to the symmetry of the system with respect to the constant temperature
plane (x=L/2), the temperature difference across the TE leg can be determined from the value of the temperature at

x=0.

To determine the variation with frequency of T(0), the heat equation of the system must be solved in the

frequency domain,
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where 6=L[T-Tiniial]) is the Laplace transform of the temperature with respect to the initial temperature, j=(-1)°° is
the imaginary number, w is the angular frequency (defined as w=2zf, where f is the frequency) and ¢; is the average

thermal diffusivity of the TE legs (i=TE) or the ceramic plates (i=C).

The solution of Eqg. (2) and its derivative are given by,
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where L; is the half length of the TE legs (i=TE) or the thickness of the ceramic plate (i=C), wi is the characteristic

angular frequency of each material (being wi=ai/Li?), and C1; and Cy; are constants.

The following boundary conditions are applied (see Fig. 1),
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where ig is the Laplace transform of the current (io=L[lo]) at x=0, and Ac and Are the thermal conductivity of the
ceramic plates and the TE legs, respectively. In addition, rrc is the thermal contact resistance between the TE module

and the heat exchangers.

Using the boundary conditions given by Egs. (5) to (8) in Egs. (3) and (4), the Laplace transform of the

temperature at x=0 takes the form,
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Using Eq. (1) and reorganizing the different terms, we reach the impedance expression,
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where the elements in Eqg. (10) are,
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being pc and C,c the mass density and specific heat of the ceramic material, respectively. Eq. (10) can be

represented by the equivalent circuit shown in Fig. 2.

The new equivalent circuit of Fig. 2 has similarities to that obtained in our previous work where the TE module
was simply suspended (without the presence of heat exchangers) and the effect of convection was considered at the
outer ceramic surfaces [19]. Unlike the previous work, due to the presence of the heat exchangers here a thermal

contact resistance boundary condition and no temperature variation in the heat exchangers is considered (see Fig.



1). This produces the existence of a thermal contact resistance instead of the convection heat transfer coefficient in
the resistance and capacitance elements (Rrc and Crc, which in the case of convection were Reonv and Ceony). In
addition, the filling factor #, which in the previous article was added to account for convection effects produced at
the external area of the ceramic plates that was larger than the total legs area, and only affected the Reony and Ceony
impedance elements, now it also affects the Warburg elements related to the ceramic plates (Zwa and Zwcr,c). This
is due to the consideration of the difference in areas between all the legs and the ceramic plates [Fig. 1 and Eq. (7)],
as also occurred when this was considered in another of our previous studies [15]. The inclusion of  in the elements
related to the ceramic plates must be used as a general rule, since in this way the thermal effects in the total area of

the ceramic plates is considered, not only in the part covered by the TE legs.

Thermoelement
Re Zwer
—~/\V\\— —
A Zwa [ Zwer,c[

| |
—VVVVv— |
Rrc Crc

Ceramic contact

Fig. 2. Equivalent circuit corresponding to a thermoelectric device contacted by two heat sinks, existing a thermal contact resistance at the
contact. The equivalent circuit elements framed by the dotted line are related to the external ceramic plates. The elements framed by the solid
line relate to the thermoelements.

It can be observed that for the case of an ideal thermal contact (rrc—0), the impedance from the equivalent
circuit element Rrc—0 and Crc—o0, thus, the equivalent circuit in Fig. 2 reduces to the parallel combination of
Zwer,c With Zwcer, connected in series with Rg, whose response can be observed in the simulations on Fig. 3 (more
clearly in the magnification of Fig. 3c). In this case, the constant temperature Warburg element from the ceramics
Zwer.c represents the diffusion of heat within the ceramic from the Cu/TE junctions, which is completely removed
by the effect of the heat sinks (heat exchangers) when they are reached, producing no temperature change at the

outer ceramic surfaces (constant-temperature boundary). In the opposite case, if rrc—o, then Rrc—o and Crc—0,



and the equivalent circuit of Fig. 2 will reduce to the parallel combination of Zwa with Zwcr, connected in series
with Rq, which is the response obtained for a suspended module under adiabatic conditions [13], as shown in the
simulations of Fig. 3. In this case, the huge thermal contact resistance blocks the heat transfer towards the heat
exchangers and all the heat is accumulated in the ceramic layers. Apart from these two extreme cases, it can be
observed from the simulations of Fig. 3, where the thermal contact resistance value has been systematically reduced,
that the presence of the thermal contact resistance introduces significant differences in the semicircle part of the
impedance response, which considerably reduces when rrc decreases. However, at high frequencies (bottom left
part), the 45 degrees straight line feature is the same in all cases, which relates with the diffusion of heat from the
TE legs ends towards the ceramic layers, until the end of the ceramic is reached. Once the effect of this boundary
is sensed, around the turnover angular frequency w=2zwc (see Fig. 3c), the effect of the thermal contact resistance

starts to be observed when the frequencies are decreased (moving to the right side).
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Fig. 3. (a) Impedance spectroscopy simulations from 10 mHz to 10 kHz for four different thermal contact resistance values for the contacts
between a thermoelectric module and two heat sinks. The plots in (b) and (c) are magnifications of the bottom left part (same axis units).
Typical values for commercial BizTes thermoelectric modules were used (N=127, S=180 uVK, pre=1 mQem, Are=1.5 WmK1, are=0.37
mm?2s1, L=1.2 mm, 2c=20 WmK, ac=10 mm?s?, Lc=0.7 mm, A=1.69 mm?, T=300 K, #=0.268).



In the new equivalent circuit (Fig. 2), two new elements appear for the first time, Rrc and Crc.
Rrc=4NS?Tiniiailrcy/A is the thermal contact electrical resistance, in which the only thermal parameter that influences
its value is rrc. Its physical meaning is related to the electrical losses in the system due to the blockage of the heat
flow by the thermal contacts, which causes a higher temperature modification of the temperature difference at the
edges of the thermoelements, since heat removal by the heat exchangers is less efficient. High rrc values will
considerably block the heat flow and high Rrc values will result, as shown in Fig. 3a. In contrast, low rrc values
will allow the heat to flow and very small Rrc values will result. It should be noted that Rrc has a huge influence on
the dc resistance Rqc, Which accounts for the total losses of the system. Note that Ry is the value adopted by the
impedance response [Eq. (10)] when w—0 (steady state), and corresponds to Rgc=Ra+[Rre+(Rrc+Rc)™]?, being
Rre=2NS?Tiniiall/(A7eA) the TE resistance, coming from the Zwcr element, and Rc=4NS?TintalLcy/(AcA) the TE
resistance induced by the ceramic layers, coming from the Zwcrc element [13,24]. Ry can be easily identified from
the impedance plots, since it is the low frequency intercept with the real axis. It is remarkable that Rqc is also
influenced here by Rc, which was not the case in the impedance response of modules under suspended conditions

[13,15,19].

The other new element is a thermal contact capacitance Crc=AcpcCp.cArrc/(4NS*Tiniairy) since adopts the form
of a capacitor [Zcrc=(jowCrc)™]. It is influenced by two thermal parameters, rrc and the thermal effusivity
e=(AcpcCpc)’®. The latter is a parameter that define the ability of materials to exchange heat with the surroundings
[25]. Both rrc and e determine the temperature of the junction at the side of the ceramic layer, which is eventually
governed by the heat release/accumulation at the interface. When ryc increases, Crc also increases and the
impedance response shows a growth in their absolute imaginary part values at w<<2zwc (see Fig. 3), which is
related to a higher temperature drop at the interface, produced by a more prominent heat release/accumulation.
Although the effect of the variation of e is not shown in Fig. 3, it will also provide a higher Crc value if increased,

producing the same result as the rrc increase.

Using Rte, Re, and Rrc, the equivalent circuit elements of Egs. (11), (12), (14) and (15), can be rewritten as,
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In this way, Crc can be obtained once Rc and Rrc are known, which then simplifies the fitting, since Crc is no
longer a variable. Hence, these equations will be used to perform fittings to experimental results. This simplification
cannot be easily implemented in the standard impedance fittings programs (e.g. Zview), and hence, MATLAB will

be employed for this purpose.

I11. EXPERIMENTAL VALIDATION

In order to experimentally validate the model developed in the previous section, we performed impedance
measurements using a 40 mm x 40 mm Bi,Te; commercial TE module from European Thermodynamics (Ref. 693-
7080), which is formed by 127 couples of 1.3 mm x 1.3 mm x 1.2 mm legs and 0.7 mm ceramic thickness. A first
impedance spectroscopy measurement was performed to this module suspended in vacuum conditions at a pressure
of 1.0x10" mbar to eliminate convection losses [see Fig. 4(a)]. Then, the TE module was measured in air (without
vacuum) sandwiched between two copper blocks, which acted as heat exchangers [see Fig. 4(b)]. The copper blocks
are 40 mm x 40 mm x 50 mm size and have a mass of 712 g, which implies a pressure in the system of 4.36 kPa.
The TE module sandwiched by the Cu blocks was measured without (only mechanical contact) and with heat sink
compound (thermal grease) from RS (Ref. 217-3835) added at the contacts. In order to have a good initial thermal
contact, the copper blocks were slightly polished with 800 grit size silicon carbide sandpaper before being
assembled. All the impedance measurements were performed using a PGSTAT30 potentiostat (Metrohm Autolab
B. V.) equipped with a FRA2 impedance module and a BOOSTER10A at 0 A dc current and 50 mA ac current
amplitude, measuring 50 logarithmically distributed frequency steps between 20 mHz and 20 kHz. The typical
inductive response that appears at high frequencies was neglected in the measurements, and only the frequency

10



range from 20 mHz to 40.47 Hz was analyzed, unless otherwise stated. Fittings to the experimental results were
performed using the equivalent circuit of Fig. 2 [Egs. (16)-(19)] with Matlab software. The code employed is
available in the supplementary information All the measurements were performed inside a metallic vacuum

chamber that acted as Faraday cage and at room temperature.

(a) (b)
With / without
heat sink ﬁ mum<
compound

Fig. 4. Schematic of the experimental setups for the measurements performed to (a) a module suspended, and (b) the same module in contact
with two copper blocks acting as heat exchangers and contacted with and without heat sink compound.

Fig. 5 shows the experimental impedance spectroscopy measurements (dots) and their associated fittings (lines).
It can be clearly observed that the same trend observed in the simulations from Fig. 3 occurs now in Fig. 5 as the
thermal contact resistance is modified. In addition, all the fittings performed are in good agreement with the
experimental results. It should be noted that the fitting to the suspended module experiment was carried out
discarding the effect of the thermal contact resistance, i.e. with an equivalent circuit formed by the ohmic resistance
(Re) in series with the parallel combination of Zwcr and Zwa [13]. From this fitting, Rre and Rc, were obtained (see
Table 1) and used in the fittings of the other experiments that include a thermal contact resistance. This was
performed since otherwise it is not possible to fit the complete equivalent circuit (Fig. 2) due to the large number
of variables. Note that both Rre and Rc only depend on materials properties, which do not change along the different

setups.

11
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Fig. 5. Experimental impedance spectra (dots) of a commercial BizTes thermoelectric module suspended in vacuum and in contact in air with
two copper blocks (with and without heat sink compound). The lines represent the fittings performed with the equivalent circuit of Fig. 2.
The inset shows the magnification at medium and high frequencies.

The fitting results to the experiments in Fig. 5 can be seen in Table 1. From the fitted value of Rrc the thermal
contact resistance rrc can be determined if the average absolute Seebeck coefficient of the thermoelements is known
[see Eg. (13)]. Hence, in order to determine rrc, the Seebeck coefficient of the TE module was measured from an
open-circuit voltage vs. temperature difference curve, obtaining a value of 186.42 unVK™. The obtained thermal
contact resistance values are 3.2x10™ and 1.7x10° m’KW (see Table 1) for the thermal contacts without and with

heat sink compound, respectively, which are in good agreement with literature values [4,8,26].

Table 1. Fitting parameters obtained from the fittings to the experimental measurements of Fig. 5 of a commercial Bi>Tes thermoelectric
module suspended under vacuum and in contact with two copper blocks at room conditions (T=298.0 K), with and without using heat sink
compound. The errors provided from the fittings are given between brackets. The thermal contact resistances were calculated using Eq. (13)
and the Seebeck coefficient value of 186.42 uVK™* was experimentally obtained.

Ra(@) Rre(® oty Re@  gin Cre(F) Rrc(@)  rrc (MKW
Susoendeq 116 0869 0392 00812 548
P (0.16%) (0.72%) (14.53%) (18.03%) (20.49%)
wio 1.16 0.245 5.99 0.267 4
compound  (0.04%) T (506%)  (364%) O (ogw) 3O
w/ 1.16 0.306 5.38 0.0142 5
compound  (0.04%) (33.23%) (16.01%) 0.40 (37.2%) 1.7x10
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It can be observed from the spectrum of the module contacted to the copper blocks using thermal grease (inset
of Fig. 5) that the impedance response deviates from that predicted by the equivalent circuit at low frequencies,
showing an increase of the absolute value of the imaginary part instead of tending to zero. This occurs since the
copper blocks are not large enough to keep their temperature constant, and since the thermal contact has improved
the heat can transfer more easily to the copper blocks producing their temperature variation. For this reason, the
fitting in this case was performed from 253 mHz to 40.47 Hz (see inset of Fig. 5). Note that this was not observed
in the module without heat sink compound due to its larger thermal contact resistance. Moreover, it can be also
found from Table 1 that the fitting errors are higher with heat sink compound than in the case without it, which is

attributed to the deviation from the equivalent circuit produced by the temperature change in the copper blocks.

IV. CONCLUSIONS

In order to study the effect of a thermal contact resistance in the impedance signal of a TE module, a new
theoretical model (equivalent circuit) has been developed considering a TE device sandwiched between two copper
blocks, which act as heat exchangers. Two new elements in the equivalent circuit influenced by the thermal contact
resistance appear in the analysis: a thermal contact electrical resistance and a thermal contact capacitance. The
theoretical model is validated by experimental measurements performed to a commercial Bi,Tes module contacted
by copper blocks. It was found that the impedance response significantly differs from that of the module suspended
(not in contact with the heat exchangers) under adiabatic conditions. The experimental results are in good agreement
with the behavior predicted by the new theoretical model. Moreover, it is possible to quantify the value of the
thermal contact resistance. This can be performed from a measurement of the module in vacuum and the knowledge
of the average Seebeck coefficient of its thermoelements before being measured in contact with the heat exchangers.
A thermal contact resistance value of 1.7x10° m?KW-! was obtained when the module was contacted with heat sink
compound, which is in agreement with literature values. This opens up the possibility of using impedance
spectroscopy as a tool to quantify and monitor the thermal contact resistance, which is a key parameter in the

performance of TE devices.
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