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Abstract

:

At steady state, in the governing equation of one-stage thermoelectric cooler, the heat resulting from Fourier conduction is balanced by heat generation due to the Joule and Thomson effects inside semiconductors. Since the heat flux observed at the junction of a semiconductor, r pair includes the Peltier effect and the Fourier heat flux caused by both the aforementioned contributions, the Thomson effect is easily masked by the Joule heat, which makes it elusive. With the aim of highlighting the contribution of the Thomson effect, measurements were carried out in the temperature range from 363 K to 213 K on different Peltier modules. The temperature dependence of the Seebeck and Thomson coefficients was evaluated as well as the electrical resistivity, and thermal conductivity of the Peltier modules examined. The results obtained show that the temperature dependence of the thermoelectric properties can reduce the cooling capacity of the Peltier module compared to what is declared in the technical datasheets of the commercial devices. The analyses allow us to conclude that an increase in the Thomson effect could have a positive effect on the performance of the Peltier only if it were possible to reduce the Joule contribution simultaneously.
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1. Introduction


There are many technological areas in which wasted energy can be successfully harvested by thermoelectric devices, such as residential building, automotive sector, and also railway rolling stock [1,2,3]. Moreover, the thermoelectric coolers meet many opportunities in the refrigeration of electronic systems [4,5,6], and in several laboratory applications, these devices can represent the optimal solution to achieve low temperatures without using a refrigerant medium, since they are compact, have no moving parts and vibrations, and are typically highly reliable. For example, to obtain low and stable thermal levels for mimicking the effects induced on the biological tissue by a surgical cryoprobe, single-stage Peltier devices have been assembled in a stack, by feeding each one with proper electrical currents [7,8]. In the latter, the well-known complaint about the poor performance of these devices is of little importance, but the relationship between the feeding current, the cooling capacity, and the minimum temperature reached must be adequately known. With this aim, some different experimental procedures can be found in the literature [6,9,10]. Although few of these suggest alternative methods on determining the thermoelectric properties, the Thomson effect is commonly not considered in the theoretical approach.



More in general, in order to use Peltier devices at thermal levels far from ambient conditions, adequate characterization of the thermoelectric properties involved is required at different temperatures. An advantage of this analysis is the knowledge of the temperature dependence of the Seebeck coefficient, so the typically eluded Thomson effect can be considered properly. If on the one hand, the Thomson effect makes less obvious the link between the cooling capacity and the temperature difference between the junctions at a given feeding current, on the other hand, highlighting the role of this thermoelectric effect is useful to understand its impact on the performance of thermoelectric devices.



In recent decades several Authors have paid attention to the Thomson effect considering its influence on the performance of a thermoelectric generator [11] and cooler [12,13,14,15], also under transient conditions [16]. For these Authors, a common conclusion regards the possible benefit on the device performance that can be introduced by Thomson heat. They also indicate that the “bottleneck” is due to the capability of the material, which can be resolved by optimizing the temperature dependence of the Seebeck coefficient [17]. Along this path, an interesting theoretical work [18] suggests that a thermoelectric cooler can be designed to achieve the full thermoelectric compatibility, thanks to which the Thomson effect plays an important role in reaching very low temperature even if the figure of merit is low. Moreover, many thermoelectric materials are being explored for power generation applications, such as silicides [19], PbTe [20], half-Heusler alloys [21], and skutterudites [22], in which Thomson effect can occur and improve the device performances. But, nowadays, the so-called "commercial devices" are typically not designed to follow these criteria.



This paper presents the experimental investigations carried out on various commercial Peltier modules over their whole operating temperature range. The thermal characterization of these devices was performed by measuring the figure of merit and the electrical resistance of each module [23,24]. Moreover, the temperature on the hot and cold sides was measured on a few selected modules, and equivalent values of some properties were calculated: the Seebeck coefficient, electrical resistivity, and thermal conductivity of the thermoelectric materials with which modules are built. The analysis of the results made it possible to put in evidence the Thomson effect intrinsic to the semiconductor materials that constitute the investigated modules. The comparison between the thermoelectric effects that occur inside these materials has shown that the Joule effect is dominant on the performance of such modules and that the temperature dependence of both electrical resistivity and thermal conductivity seems more important than the Thomson effect that takes place in the semiconductors employed.




2. Materials and Experimental Methods


The Peltier modules investigated are single-stage, marketed under different brands, manufactured with a p-n series of Bismuth Telluride semiconductor material (  B  i 2  T  e 3   ), and assembled between plates made of ceramic stuff that can be assumed as   A  l 2   O 3   . The number of pairs and some geometric features of these modules, are shown in Table 1, assuming for all devices, the semiconductor pillars as parallelepipeds with a square base.



The geometric dimensions shown in Table 1 were obtained using a caliper, measuring the thickness of the whole module, the thickness of the ceramic plate, and the size of the pillars (height and base side). The agreement between the measured dimensions of the pillars and the dimensions of the whole module (height L and width W) was verified by evaluating with a blade gauge the gap between the pillars and the thickness of the connecting copper elements to which the p-n semiconductors are soldered to form the junctions. The filling factor, reported in the last column of Table 1, is the ratio between the sum of the cross-sections of all the semiconductor elements and the entire surface area of the ceramic plates. The filling factor can be useful to take into account the spreading-constriction thermal resistance between pillars and ceramic plates.



The modules named a.1, a.2, and a.3 have the same number of pairs, with some differences in the total thickness and size of the pillar, but quite a similar filling factor and assembly features. Therefore, based on the performances declared by the manufacturer, similar values of the figure of merit were expected for these three modules. Modules b and c are totally different from each other and from the previous ones, in particular as regards the dimensions of the pillar, the filling factor, and assembly characteristics; therefore, for the latter, rather different figures of merits are foreseen.



As known, the dimensionless figure of merit zT can be evaluated in a real device by measuring the electrical quantities at the accessible external connections, since it can be obtained as the ratio between the total developed Seebeck voltage and the total ohmic voltage drop. Separating the two contributions is not trivial and is traditionally performed with a time-domain transient approach called the “Harman method” [23]. The idea behind the method is that when a dc current, which flows through the device, is switched off, the sudden voltage drop experienced at the device terminals is due to the ohmic voltage that disappears with the current, while the thermoelectric voltage persists due to the thermal inertia of the device, which prevents fast temperature variations. Based on this criterion, the figure of merit and the ohmic series resistance of the tested thermoelectric modules were measured using a commercial time-domain Harman type instrument [25] produced by RMT (Moscow, Russia), named z-meter model DX 4090. The DX 4090 instrument also estimates the characteristic time and the maximum temperature difference that can be reached between the junctions of the Peltier device under test.



Figure 1 shows the scheme of the experimental arrangement, whose main parts are the Thermostatic Test Chamber (TTC), capable of operating from 203 K to 473 K with a stability of the set-point within ±0.1 K and the above-mentioned z-meter (DX 4090). Only the Peltier modules investigated were inserted in TTC while the other measurement tools such as the reference resistor (Fluke 742A-1, R0 = 1) shown in Figure 1, the voltmeters (Agilent 34420A 7½ Digit) and the thermocouples measurement bench (NI cDAQ-9178, TB-9212) not shown in the figure, were placed outside the TTC and kept in thermal equilibrium with the laboratory. For achieving a Still Air Chamber (SAC) inside TTC, a protective cylindrical screen has been arranged around the Device Under Test (DUT), avoiding on its exposed surfaces the air turbulences induced by the internal fan. At each established TTC set points chosen in the range 363 K, 213 K, the assigned test reference temperature was that picked on the inner surface of the cylindrical screen of SAC.



During the tests, the actual output current I set by the DX 4090 was checked to measure the voltage drop V0 at the potential leads of the reference resistor R0. This output current allows identifying the resistance RC of the feeding cables (double red and black lines in Figure 1) by measuring the voltage drop VDX and VDUT at the external connections of the DX 4090 and of the DUT, as shown in Figure 1. In this way, the resistance R’ measured by the DX 4090 is influenced by the resistances R0 and RC, and the figure of merit z’ obtained is altered as if the p-n series of the DUT was more resistive.



The corrected values for the resistance R of the p-n series (including, in this case, the resistance of connecting leads assembled at the factory) can be found subtracting R0 and RC, while the revised value z is obtained considering for this case the equality   z R   =  z ′   R ′   , so


  R   =  R ′  −  (   R C  +  R 0   )  =  R ′  −  R 0    Δ  V  D X   − Δ  V  D U T     Δ  V 0    ,  



(1)






  z   =  z ′    R ′  R  =  z ′    Δ  V  D X     Δ  V  D U T     .  



(2)







With the correct R value of the DUT, by subtracting the ohmic component   Δ  V Ω  = I R   from the measured voltage drop VDUT (or subtracting   Δ  V Ω ′  = I  R ′    from VDX) it was possible to identify the total Seebeck voltage   Δ  V S    produced at p-n junctions, associating to it the junction temperature difference   Δ  T S    which produces this voltage, namely:


  Δ  V S    = Δ  V  D U T   − I R = Δ  V  D U T   − Δ  V 0   (      R    R 0     )  = Δ  V  D X   − Δ  V 0   (       R ′     R 0     )  = 2  N P  ε Δ  T S  ,  



(3)




where,    N P    is the number of thermoelectric pairs, and ε represents the equivalent Seebeck coefficient of the single junction of the assembled pillar series.



Since the direct measurement of the actual junction temperature of an assembled thermoelectric module is not an easy task, to obtain  ε  from the Seebeck voltage   Δ  V S    expressed by Equation (3), the junction temperature difference   Δ  T S    was estimated on the basis of the temperature difference   Δ  T P    measured on the outside surfaces of the ceramic plates, introducing suitable corrections.



Different solutions were considered to identify the temperature of the outside surfaces of the ceramic plates. Around room temperature, with feeding currents less than 50 mA, a good temperature uniformity on these plates was verified using an infrared camera (FLIR 6753sc, cooled array 640 × 512 px, NETD < 18 mK). The operating range of the IR camera (253–623 K) has unfortunately inhibited its use in carrying out experiments down to 213 K. So, the surface temperatures were measured using type K thermocouples with exposed welded tip junctions (made using 0.076 mm diameter wires), placed in contact with the ceramic plate using a thin, highly reflective aluminum adhesive tape. The expected deviation between   Δ  T S    and   Δ  T P    (  Δ  T S  > Δ  T P   ) was estimated taking into account both the thermal resistance of the ceramic layers (    Al  2   O 3   ) and the pillars footprint area on the ceramic surface as spreading effect determined by the filling factors shown in Table 1.



Considering the actual ceramic thickness of the investigated Peltier modules, assuming feeding current in the range 25–40 mA, with some hypotheses on the maximum heat flux, exchanged at the junction (less than 0.1 W with I = 40 mA), a maximum deviation between   Δ  T P    and   Δ  T S    was estimated of the same order of accuracy expected in the temperature measurements. Despite this, in all experimental tests, a temperature correction   Δ  T ^    in the range 0.05–0.1 K was nevertheless applied on the measured   Δ  T P   .




3. Experimental Results


All Peltier modules were tested in the range from 363 K to 213 K, covering the gap with temperature steps of about 30 K. Investigations were performed at a steady-state, checking the stability of the set-point imposed on the basis of the temperature measured inside the SAC. As mentioned in the previous section, the measured quantities were the voltage drops V0, VDX, and VDUT, as well as the resistance   R ′   of the module and the figure of merit   z ′  , the latter two measured using the DX 40490 (z-meter). The measurement protocol of the DX 4090 provides for polarity inversion; therefore, the voltage drops VDX and VDUT, obtained at each reference temperature Tref, were obtained by averaging the measured values with current I and −I, respectively. Following this approach for all modules, at each Tref, the measurement was repeated twice, waiting between the two measurements for the time necessary for the temperature to return to the set-point value.



The p-n series resistance R, the dimensionless figure of merit zT at Tref, and the Seebeck voltage   Δ  V S    obtained by Equations (1)–(3) are summarized for the Peltier modules in Table 2, Table 3, Table 4, Table 5 and Table 6, specifying the test current I imposed by the DX 4090.



The obtained p-n series resistance R, in addition to the resistance of the semiconductor pillars, includes at each junction both the resistance of the soldering material and the connecting copper element. For all the modules tested, the trend of resistance R as a function of the reference temperature of the test is shown in Figure 2a. The trends are almost linear for all modules, with the exception of module b for which a deviation from the linear trend is observed for temperatures higher than the ambient one. Assuming that the assembled thermoelectric materials have common and comparable properties, Figure 2b shows their equivalent electrical resistivity obtained by means of the geometry of the pillars reported in Table 1. This resistivity is fairly similar for modules a.1, a.2, and a.3, while it assumes quite different values for modules b and c. In particular, the dependence of resistivity on temperature for module b deviates from linearity when the ambient temperature is exceeded. The dashed line shown in Figure 2b provides a comparison with the values found in the literature [14], which represent a possible trend of the average electrical resistivity for the p and n doped     Bi  2    Te  3    bulk materials. The latter can be assumed in agreement with the measured trends for the grouped modules “a” and module c, while the same cannot be said for module b.



The similar behavior for the Peltier modules “a” is confirmed by the dimensionless figure of merit shown in Figure 3. For these modules, the measured trends zTref as the temperature changes are practically coincident and not so different from that obtained for module c. On the other hand, for module b the resulting figure of merit shows significantly different values and trends.



Since the values of zTref and found for the devices grouped as “a” are similar, it is possible to assume that their Seebeck coefficients are also similar. Therefore, in the following to estimate the Seebeck coefficient from the temperature difference   Δ  T P    measured on the ceramic plates, only modules a.2, b, and c were considered.



Figure 4 shows the trend over time of the temperature difference   Δ  T P    for tests at maximum (363 K) and minimum temperature (213 K). Figure 4a,b refer to Peltier modules a.2 and c, respectively. Such a transient temperature difference is caused by the feeding current I, the characteristic time    t 0    estimated using the DX 4090 is a useful parameter for the evaluation of the asymptotic value   Δ  T  P , ∞    . In fact, assuming the time    t 0    as the parameter that characterizes the response to a step input of a first-order linear system (RC lumped model), it was possible to obtain the best fit of the values   Δ  T P    and evaluate the asymptotic temperature differences   Δ  T  P , ∞     shown in Figure 4a,b with dashed lines. The agreement with the measured values is pointed out through the trends calculated with    t 0    and   Δ  T  P , ∞    , represented in the previous figures by the solid lines that reproduce the two sequential transients established by the measurement protocol of the DX 4090.



Since the estimated   Δ  T  P , ∞     are systematically lower than the actual values of the temperature difference   Δ  T S    of the junctions, as mentioned at the end of the previous section, a temperature correction   Δ  T ^    has been imposed, such that   Δ  T S  = Δ  T  P , ∞   + Δ  T ^   . In the performed tests,   Δ  T ^  = 0.05   K   was assigned to modules a.2 and c, and   Δ  T ^  = 0.1   K   to module b, due to the higher temperature noise noticed. Using the total Seebeck voltage measured at the leads of these modules, Figure 5 shows the Seebeck voltage of a single pair as a function of the estimated Seebeck temperature difference   Δ  T S    for the junctions. In Figure 5, it is possible to observe the linear trend of the Seebeck voltage with a greater slope in the case of module c compared to modules a.2 and b. The same slope found for the latter two modules suggests similar Seebeck coefficients for both devices.



In fact, the equivalent Seebeck coefficients of the single junction resulting from Equation (3) and shown in Figure 6a as a function of the reference temperature of the test, highlight the same values for modules a.2 and b, and higher values with a different trend for module c. In this figure, the solid lines indicate the second-order polynomial fit, whose equation, coefficients, and reference temperature    T 0    are shown inside the diagram box. The dashed line in the figure represents the theoretical trend proportional to    T  r e f      3 / 2    , as mentioned by Goldsmid [26] for the thermoelectric power of     Bi  2    Te  3   .



From the equations for   ε  ( T )   , two temperature-dependent relationships were obtained for the Thomson coefficients   τ  ( T )  = T d ε  ( T )  / d T   for module c, and modules a.2 and b marked, hereafter as (i) and (ii) respectively. Figure 6b shows the trends for the Thomson coefficient with respect to temperature, and inside the diagram box the reported relationship refers to both cases (i) and (ii); parameters m and n are those shown in Figure 6a, while    τ 0  = m  T 0    is the Thomson coefficient at the reference temperature    T 0  = 298.15   K  .



Finally, with the measured electric resistance R and the Seebeck coefficient estimated, from the well know relation that expresses the figure of merit   z =    (  2  N P  ε  )   2  /  (  R   K  )   , the thermal conductance  K  was obtained for modules a.2, b, and c, as shown in Figure 7a. Then, using the pillars geometry reported in Table 1, the equivalent thermal conductivity of the assembled thermoelectric materials was estimated. Figure 7b displays the values found against the reference temperature of the test, and the dashed line represents the trend of the average thermal conductivity with respect to the temperature for p and n doped Bi2Te3 bulk materials found in the literature [27].




4. Discussion


The results of the tests performed on various commercial Peltier modules, described in the previous section, make it possible to highlight the temperature dependence of their thermoelectric properties, in particular for the Seebeck coefficient  ε , the electric resistivity  ρ , and the thermal conductivity  λ . These properties were mentioned as equivalent, because they were not obtained through investigations carried out directly on semiconductor materials, but indirectly through the same materials assembled in thermoelectric modules. Despite this, the values found and the comparison with the literature data gave them adequate reliability.



The temperature dependence of the thermoelectric properties makes it difficult to predict the actual performance of a device when used in the various temperature ranges. Furthermore, the impact of the Thomson effect on the performance of a device is not always so clear, especially when this effect overlaps the Joule effect caused by electrical resistivity if the latter also depends on the temperature.



The analysis was focused on the temperature dependence of the Seebeck coefficient  ε  that is responsible for the Thomson coefficients  τ  previously identified as (i) and (ii). The temperature dependence of the electrical resistivity  ρ  and of the thermal conductivity  λ  was also considered, adopting the values obtained for module c and a.2, in the cases (i) and (ii), respectively. Assuming in the temperature range investigated there is a linear and a quadratic trend for the resistivity and conductivity respectively, and taking into account what is specified for temperature dependence of the Seebeck coefficient (see Figure 6a), the general relationship of dependence on the temperature adopted for these properties (  y   is the generic one) can be written as:


  y  ( T )  =  y 0  + m  (  T −  T 0   )  + n    (  T −  T 0   )   2  ,  



(4)




where    y 0    is the value (   ε 0  ,    ρ 0  ,    λ 0   ) of the considered property at the reference temperature    T 0   . In Table 7, for a reference temperature    T 0  = 298.15   K ,   the coefficients    y 0   ,  m , and  n  are displayed for both cases (i) and (ii). For cases (i) and (ii), the geometry of the pillars and the number of pairs are those reported in Table 1 referring, respectively, to modules c and a.2. The effect produced by the temperature dependence of the thermoelectric properties was obtained by assuming the steady-state conditions and a one-dimensional thermal and electric field along pillars and solving the following governing equation:


  λ    d 2  T   d  x 2    −  (  T   d ε   d T    )  j   d T   d x   + ρ  j 2  = 0 ,  



(5)




where j is the current density, and the term in round brackets is the Thomson coefficient. The first term of Equation (5) represents the heat flux due to the Fourier conduction, while the second and the third terms characterize the heat generation due respectively to the Thomson and Joule effects. Dirichlet boundary conditions were imposed at the cold (  x = 0 ,   T =  T C  )   and hot (  x = L ,   T =  T H  )   side, thus the heat fluxes at these boundaries can be calculated as:


   Q C  = 2  N P  I (    ε |    x = 0    T C  ) − 2  N P  A λ       d T   d x    |    x = 0   ,  



(6)






   Q H  = 2  N P  I   (    ε |    x = L    T H  ) − 2  N P  A λ       d T   d x    |    x = L   ,  



(7)




where in both equations, the terms in round brackets are the Peltier coefficients on the cold and hot sides,  A  is the cross-section of the pillar (  A =  W 2   ), while in both equations the first and second terms represent Peltier and Fourier heat fluxes on the cold and hot sides respectively. The coefficient of performance (  C O P  ) of the device can be expressed by:


  C O P =  Q C  /  (   Q H  −  Q C   )  .  



(8)







The solution for Equation (5) at any location  x  was obtained numerically by discretization of the computational domain   ( 0 < x < L  ). The domain was meshed with more than one hundred and one-dimensional elements; the set of equations was solved with a recursive finite differences algorithm (see, for example [28]), adopting a three-point approximation of the temperature gradient.



For both types of modules, (i) and (ii), using three different currents,   I =  I  M A X    ,   I = 0.375    I  M A X    , and   I = 0.125    I  M A X     two cases were examined with constant hot side temperatures equal to    T H  = 298.15   K   and    T H  = 323.15   K   respectively.    I  M A X   =  (  A / L  )   T H   ε H  /  ρ H    is current with which    Q  C , M A X     is obtained when the cold side is kept at the temperature    T H   , and    ε H   ,    ρ H   , are the Seebeck coefficient and the electrical resistivity at    T H   .



To explore these scenarios, the temperature    T C    of the cold side was varied in steps of 1 K from    T H    to    T  C , m i n     assuming    T  C , m i n   =  (    1 + 2  z H   T H    − 1  )  /  z H   , with    z H  =  ε H 2  /  (   λ H   ρ H   )   ,    λ H    the figure of merit and the thermal conductivity at    T H   , respectively. For each assigned    T C   , the temperature distribution along the pillars was calculated by solving Equation (5), and therefore determining the heat fluxes on the cold and hot sides with Equations (6) and (7), and the coefficient of performance with Equation (8).



Positive Thomson heat (second term of Equation (5)) plays the role of reducing heat generation by Joule effect (third term of Equation (5)), and both cases (i) and (ii) show a positive Thomson heat at the cold side. Figure 8, for the cases at    T H  = 298.15   K   and    T H  = 323.15   K  , shows the ratio between Thomson heat and Joule effect calculated on the cold side as a function of the relative cooling capacity    Q C  /  Q  C , M a x     for different values of the relative feeding current   I /  I  M A X    .



Since the Joule effect is always positive, the graphs in Figure 8 suggest an enhancement of the cooling capacity induced by the Thomson effect, in particular for high values of   Δ T   when the cooling capacity decreases. By increasing the cooling capacity,   Δ T   goes to zero, and the Thomson heat is minimum, but its value increases with the current. To clarify the real role assumed by the Thomson effect in improving the cooling capacity, it is more interesting to compare the experimental results obtained with an ideal circumstance. In this ideal case all the thermoelectric properties are assumed independent of the temperature (i.e.,   ε =  ε H  ,   ρ =  ρ H  ,   λ =  λ H   ), and, therefore, the Thomson effect is zero, and the heat generation by Joule effect along the pillars with a fixed current is constant.



To underline the Thomson effect in relation to the temperature dependence of electrical resistivity and thermal conductivity, it can also be useful to make a comparison with another hypothetical scenario. In this scenario, the Seebeck coefficient is temperature dependent, as established in the cases (i) and (ii), while the electrical resistivity and the thermal conductivity are both independent of temperature (i.e.,   ρ =  ρ H  ,   λ =  λ H   ). Thes scenarios, for both cases (i) and (ii), is shown in Figure 9, with    T H  = 298.15   K  , and in Figure 10, with    T H  = 323.15   K  . In the two figures, the trends of the relative cooling capacity    Q C  /  Q  M a x     as a function of the relative temperature difference   Δ T / Δ  T  M a x    , compared for different values of the relative feeding current   I /  I  M A X    , are quite similar. With the adoption of the previous defined    T  C , m i n    , the maximum temperature difference depends on the temperature of the hot side chosen, named   Δ  T  M a x   =    T H  −    T  C , m i n    .



In the previous diagrams, it can be seen that the results obtained with the temperature-independent properties, represented by the dashed lines, show a linear trend with respect to the relative temperature difference   Δ T / Δ  T  M a x   .   The slope depends on the feeding current, i.e.,   − 2  N P   [   ε H  I −  (  A / L  )   λ H   ]  /  Q  C , M a x    , and reproduces the typical trend proposed in datasheets of commercial devices. On the contrary, the experimental results obtained, represented by the thick solid lines, show the influence of the temperature-dependent thermoelectric properties with an overall reduced cooling capacity, in particular for both high feeding currents, and temperature differences. With a low feeding current there are no significant differences regardless of the assumptions about the thermoelectric properties, while at high currents, a reduced cooling capacity is observed for all the temperature differences between the junctions. When   Δ T   approaches zero, the reduced cooling capacity is caused by the different temperature gradients resulting on the cold side. The temperature gradient is influenced by the temperature profile along the pillars, which depends on the electrical resistivity and thermal conductivity. Furthermore, the thermal gradient on the cold side in the case of temperature-dependent properties is higher than that found in the ideal case of temperature-independent properties. In this way, with the same Peltier heat flux for   Δ T = 0  , the Fourier heat conduction increases. Therefore, with regard to case (ii), Figure 9b and Figure 10b show at the higher current a greater deviation from ideal conditions due to the higher thermal conductivity value (see Table 7), compared with Figure 9a and Figure 10a, which refer to case (i). At the lower currents investigated, this fact was negligible.



The assumption that only the Seebeck coefficient depends on the temperature allows us to better highlight the contribution of the Thomson effect. On the cold side, as shown in Figure 8a,b, the magnitude of the Thomson heat compared with the heat generation by Joule effect is greater at higher   Δ T   and with lower cooling capacities. In addition, the Thomson heat, although reduced, does not vanish at smaller   Δ T   and with greater cooling capacity, and when the temperature difference approaches zero, it clearly increases with the feeding current. The thin solid lines in Figure 9a,b shows these evidence. At the lowest current set, the effect induced by Thomson heat is practically undetectable and its influence is observable due to the increase in the feeding current. At higher temperature differences, the trend of the cooling capacity shifts toward the ideal condition (temperature-independent properties), but remains even lower. Otherwise, with higher feeding current and at the lower temperature difference, the cooling capacity exceeds that obtained in the ideal condition because on the cold side, the heat generated by Joule effect is reduced due to the heat absorbed by the Thomson effect, and consequently the local thermal gradient and the Fourier heat contribution are reduced. A further confirmation of this is given by the coefficients of performance reported in Figure 11 and Figure 12, for which it is difficult to highlight an improvement in the performance of the device compared with the event that only the Seebeck coefficient is temperature-dependent (solid thin lines). Under these conditions, for the thermoelectric modules investigated, only with the maximum current, a small improvement in the performance was observed.




5. Conclusions


Based on what emerged from the experimental investigations and analyses, it is possible to affirm that the intrinsic Thomson effect appears clearly when all the properties are temperature dependent. Furthermore, it seems inappropriate to separate the temperature-dependence of the Seebeck coefficient from the temperature dependence of the other thermoelectric properties as sometimes found in the literature. About the investigated commercial Peltier modules and their measured thermoelectric properties, some final remarks can be summarized as follows.



(1) No benefits on the estimated performances in the whole operating range can be ascribed to the Thomson effect. In fact, the cooling capacity of the considered devices is always reduced compared to the ideal condition of temperature-independent properties. This behavior is because the Joule heat dominates the thermal events inside the device.



(2) In datasheets commonly available, the Thomson effect is almost certainly not considered. In fact, at a giving feeding current, the typical linear trend between cooling capacity and temperature difference among junctions identifies this eventuality (see Figure 9 and Figure 10).



(3) In current bulk materials such as     Bi  2    Te  3   , it seems difficult to improve the performances by enhancing the Thomson effect while simultaneously reducing the Joule contribution. For this purpose, the new class of thermoelectric materials mentioned in the literature [18,19,20,21,22] could introduce stimulating chances.
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Figure 1. Scheme of the experimental arrangement. DX 4090 is the z-meter, TTC is the Thermostatic Test Chamber, SAC is the Still Air Chamber, and DUT is the Device Under Test. Solid and double red and black lines are the feeding cables, while the dashed ones represent the signal wires. 
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Figure 2. (a) Assembled p-n series resistance R given by Equation (1) versus the test reference temperature for each Peltier module; (b) Equivalent electrical resistivity of the assembled thermoelectric materials versus test reference temperature for each Peltier module. The dashed line represents a possible trend in temperature of the average electrical resistivity for the p and n doped Bi2Te3 bulk materials, as found in the literature [26]. 
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Figure 3. Measured dimensionless figure of merit for the investigated Peltier modules versus the test reference temperature. 
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Figure 4. Examples of the transient temperature difference measured on the external surface of the ceramic plates versus time for the two cases with maximum and minimum reference temperature. Solid lines represent the trend calculated with a lumped model that uses the characteristic time    t 0    provided by the DX 4090; dashed lines represent the asymptotic values   Δ  T  P , ∞    . (a) module a.2; (b) module c. 
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Figure 5. Seebeck voltage of a single pair (total Seebeck voltage divided by the number of pairs NP) versus the estimated temperature difference   Δ  T S    of the Seebeck junction. 
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Figure 6. (a) Equivalent single junction Seebeck coefficients versus test reference temperature for modules a.2, b and c. The fitting equation and regression coefficients are shown in the diagram box. The solid lines represent the fit trends, and the dashed line is the theoretical trend mentioned by Goldsmid [26]; (b) Thomson coefficient trends for module c (i) and modules a.2 and b (ii). Parameters m and n are those shown in (a), and    τ 0    values are the Thomson coefficients at    T 0   . 
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[image: Metals 10 00291 g006]







[image: Metals 10 00291 g007 550] 





Figure 7. (a) Thermal conductance versus the reference temperature of the test for modules a.2, b, and c.; (b) Equivalent thermal conductivity of the assembled thermoelectric materials versus the reference temperature of the test for modules a.2, b, and c. The dashed line represents a possible trend in temperature of the average thermal conductivity for p and n doped Bi2Te3 bulk materials, as found in the literature [27]. 
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Figure 8. Cold side: ratio between Thomson heat and Joule effect versus the relative cooling capacity, solid line case (i), dashed line case (ii). (a)    T H  = 298.15   K  ; (b)    T H  = 323.15   K  . 
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Figure 9.    T H  = 298.15   K  . Relative cooling capacity    Q C  /  Q  M a x     against the relative temperature difference   Δ T / Δ  T  M a x     for different relative feeding currents   I /  I  M A X    . The thick solid lines represent the performed experiment; the dashed lines refer to thermoelectric properties independent of temperature, the thin solid lines indicate the scenario in which the Seebeck coefficient depends on the temperature, while both the electrical resistivity and the thermal conductivity are temperature independent: (a) case (i); (b) case (ii). 
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Figure 10.    T H  = 323.15   K  . Relative cooling capacity    Q C  /  Q  M a x     against the relative temperature difference   Δ T / Δ  T  M a x     for different relative feeding currents   I /  I  M A X    . The thick solid lines represent the performed experiment, the dashed lines refer to thermoelectric properties independent of temperature, the thin solid lines indicate the scenario in which the Seebeck coefficient depends on the temperature, while both the electrical resistivity and the thermal conductivity are temperature independent: (a) case (i); (b) case (ii). 
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Figure 11.    T H  = 298.15   K  . Coefficient of performance against the relative temperature difference   Δ T / Δ  T  M a x     at different relative feeding current   I /  I  M A X    , thick solid lines represent the performed experiment, dashed lines refer to temperature-independent thermoelectric properties, thin solid lines denote the scenario in which the Seebeck coefficient is temperature-dependent and both electrical resistivity and thermal conductivity are temperature independent: (a) case (i); (b) case (ii). 
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Figure 12.    T H  = 323.15   K  . Coefficient of performance against the relative temperature difference   Δ T / Δ  T  M a x     at different relative feeding current   I /  I  M A X    , thick solid lines represent the performed experiment, dashed lines refer to temperature-independent thermoelectric properties, thin solid lines denote the scenario in which the Seebeck coefficient is temperature-dependent and both electrical resistivity and thermal conductivity are temperature independent: (a) case (i); (b) case (ii). 
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Table 1. Number of pairs and some geometric features of the investigated Peltier modules.
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Peltier

Module

	
Number

of Pairs

NP

	
Module Thickness (mm)

	
Pillar Size

	
Copper Thickness

(mm)

	
Ceramic Thickness

(mm)

	
Filling

Factor

(%)




	
Height L

(mm)

	
Side W

(mm)






	
a.1

	
127

	
3.4

	
1.5

	
1.5

	
0.35

	
0.60

	
36




	
a.2

	
127

	
3.3

	
1.3

	
1.3

	
0.35

	
0.65

	
27




	
a.3

	
127

	
3.9

	
1.9

	
1.3

	
0.35

	
0.65

	
27




	
b

	
17

	
5.4

	
2.7

	
1.5

	
0.35

	
1.00

	
14




	
c *

	
50

	
1.3

	
0.3

	
0.6

	
0.05

	
0.45

	
56








* The external surface of the ceramic plates is metalized.
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Table 2. Peltier module a.1: p-n series resistance, the figure of merit, and Seebeck voltage (I = 41 mA).
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	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)
	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)





	362.35
	1.72
	0.93
	54.72
	273.55
	1.10
	0.63
	34.18



	362.35
	1.72
	0.93
	54.70
	273.85
	1.11
	0.62
	33.94



	332.55
	1.52
	0.88
	50.42
	243.85
	0.95
	0.47
	23.98



	332.65
	1.52
	0.88
	50.42
	244.25
	0.94
	0.47
	24.58



	300.15
	1.29
	0.75
	41.53
	214.55
	0.79
	0.34
	16.83



	302.35
	1.29
	0.77
	43.35
	214.85
	0.80
	0.34
	16.56
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Table 3. Peltier module a.2: p-n series resistance, the figure of merit, and Seebeck voltage (I = 41 mA).
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	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)
	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)





	362.25
	1.98
	0.95
	64.64
	273.45
	1.29
	0.62
	38.86



	362.35
	1.98
	0.96
	64.73
	273.75
	1.29
	0.62
	39.42



	332.55
	1.77
	0.88
	57.28
	244.05
	1.12
	0.48
	28.32



	332.65
	1.76
	0.88
	57.51
	244.35
	1.11
	0.48
	28.80



	300.55
	1.49
	0.75
	47.13
	214.55
	0.91
	0.35
	20.69



	302.15
	1.51
	0.75
	48.48
	214.85
	0.93
	0.35
	20.00
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Table 4. Peltier module a.3: p-n series resistance, the figure of merit, and Seebeck voltage (I = 41 mA).
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	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)
	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)





	362.35
	2.94
	0.94
	93.93
	272.05
	1.87
	0.61
	56.00



	362.35
	2.94
	0.94
	93.79
	273.65
	1.88
	0.61
	57.08



	332.75
	2.61
	0.87
	83.16
	244.05
	1.61
	0.48
	41.47



	332.55
	2.61
	0.87
	83.22
	244.45
	1.60
	0.48
	42.00



	302.45
	2.20
	0.75
	71.05
	214.55
	1.32
	0.34
	29.87



	301.75
	2.18
	0.75
	69.37
	214.85
	1.35
	0.35
	28.64
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Table 5. Peltier module b: p-n series resistance, the figure of merit, and Seebeck voltage (I = 25 mA).
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	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)
	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)





	362.95
	1.15
	0.38
	10.82
	273.15
	0.52
	0.40
	6.06



	363.05
	1.15
	0.37
	10.74
	273.15
	0.52
	0.40
	6.02



	332.45
	0.78
	0.47
	8.32
	243.85
	0.42
	0.32
	4.48



	332.55
	0.76
	0.47
	8.34
	243.85
	0.42
	0.32
	4.48



	302.45
	0.61
	0.47
	7.41
	213.55
	0.35
	0.23
	3.87 *



	302.45
	0.62
	0.47
	7.42
	213.55
	0.35
	0.23
	3.87 *







* Measurement performed with feeding current I = 30 mA.
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Table 6. Peltier module c: p-n series resistance, the figure of merit, and Seebeck voltage (I = 25 mA).
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	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)
	Tref (K)
	    R    (  Ω  )     
	zTref
	   Δ   Vs (mV)





	363.05
	1.25
	0.87
	23.05
	273.15
	0.83
	0.57
	13.64



	363.05
	1.25
	0.87
	23.18
	273.15
	0.82
	0.57
	13.40



	332.35
	1.11
	0.80
	20.45
	243.85
	0.70
	0.44
	9.78



	332.35
	1.10
	0.80
	20.66
	243.85
	0.70
	0.43
	9.78



	302.35
	0.95
	0.70
	17.31
	213.85
	0.58
	0.31
	8.07 *



	302.35
	0.96
	0.70
	17.06
	213.85
	0.58
	0.31
	8.07 *







* Measurement performed with feeding current I = 30 mA.
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Table 7. Coefficients for the temperature dependence relationship of   ε ,   ρ ,   λ  . (   T 0  = 298.15   K  ).
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Case

	
Property

	
     y 0     

	
m

	
n






	
(i)

	
  ε  ( T )   , V/K

	
195.93

	
0.4675

	
−0.0013




	
  ρ  ( T )   , m

	
11.390

	
0.0541

	
-




	
  λ  ( T )   , W/(m K)

	
1.4921

	
−0.0045

	
3.78⋅10−5




	
(ii)

	
  ε  ( T )   , V/K

	
188.44

	
0.3033

	
−0.0021




	
  ρ  ( T )   , m

	
7.6813

	
0.0370

	
-




	
  λ  ( T )   , W/(m K)

	
1.9033

	
−0.0088

	
3.34⋅10−5












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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