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Abstract. It is known that thermoeletric and eletric effeate detected in a circuit made of semiconductotenials

kept in different temperatures. This phenomenoled@eebec effect and Peltier effect can be usgdnerate eletric
power and cooling. The Seebeck effect was firstrobd by the phisician Thomas Johann Seebeck,2h, ¥8hen he
was studying thermoeletric phenomenon, and conisiste production of a eletric power between twm&onductors
join of different materials when they are undefetiént temperatures. The thermoeletric modulesneaee of several
thermoeletric pairs made of semiconductors matsrjalned in series and sealed between two surfategramic
material, one covers the hot joins and the otherecs the cold ones, through which a continuous enirflows and,
according to its way, one board becomes hot or,catdl the dissipated power is fuction of the etettirrent flowing
through the module. This paper presents, initiathg theoretical equations that allows evaluatihg thermoeletric
modules’ performance applied in the eletric poweangration and the experimental results of this elets
association. During the tests there were used tbeairs to evaluate the temperatures in the theretoel module’s
hot and cold sides, thermo-anemometers to mesaraittspeed and temperature measurements in theshdaand a
software to obtain, store and analyze this datae Tiain objective is to know the behavior of the tnmgortant

project parameters that are the efficiency andeleetric power generated by the thermoelectriceayst
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1. INTRODUCTION

It has been known for over a hundred years tharsgvle thermal and electrical effects can be detein a circuit
consisting of two dissimilar wires having their @iions at different temperatures. That these theteotric effects
could be used for the production of electric poesed refrigeration has been realized for almostquaklength of time;
however, the problem has been, and is, the develnopof the appropriate materials and the developrokthe best
engineering techniques for their utilization. Tiiaper presents the theoretical equations that aflealuating the
performance of a thermoelectric power generatotesysbased on the thermoelectric effect and alssepts the
experimental results of tests applied on a thereutet device composed by modules used for sinoratf a small
power generator.

Basically, thermoelectric power generation is ddsetate means of converting heat flow directlyoietectrical
power via the Seebeck effect. High temperatureggnsources have historically been utilized becafste inherent
higher efficiency at high temperature differenddewever, there are many low level energy sourcestipll in nature
which are candidates for thermoelectric converdionexample, ocean thermals, solar energy, steahvarious forms
of waste heat. TE modules normally designed foliogaare the best choice for these applicationsabse they are
manufactured from materials of highest efficientyhese nominal temperatures. As such, they repreébe highest
efficiency devices possible for use as thermoetepwwer generations for low intensity energy sesr(Buist and Lau,
1997).

Thermoelectric devices offer several advantages otieer technologies (Riffat and Ma, 2003): thewéao
moving parts and, therefore, need less maintenaineg;contain no chlorofluorocarbons; the directideat pumping
is reversible, i.e., changing the polarity of th€ Power supply a cooler can then become a hediey; dan work in
environments that are too severe, too sensitivéoorsmall for conventional refrigeration and aret position-
dependent. Due to these advantages, thermoeldetrices have found very extensive applicationsigtevareas, such
as military, aerospace, medical, microelectronief®oratory, instrument and sensors, industrial andhmercial
products.

Several authors presented technical papers irfighis Wu (1995) presents a real thermoelectric @ogenerator
using waste heat. The generator is treated astamekand internal irreversible engine, compatimg system with a
Carnot engine. Chen et al (2002) present the paugyut and efficiency expressions for thermoelecgignerators
which is composed of multi-elements. Numerical egke® are provided. Luo et al (2003) applied thethef finite
time thermodynamics to analyze and optimize théopeance of a multi-elements thermoelectric refiréger.

Bass et al (2004) present a paper that discusseswatechnology named MLQW (multi-layer quantum yvell
thermoelectrics that should increase four times G@P of thermoelectric coolers used in electronioliog
applications. Chen, Sun and Wu (2005) investigate performance of multi-element thermoelectric getoes



assuming heat-transfer irreversibilities and conmgn finite-time thermodynamics with non-equilibrium
thermodynamics. The performance characteristicslaseribed by numerical examples. Chen, Li, Sun\&nd2005)
analyze the performance of the generator assumavgdh’s heat-transfer law and present the effectesign factors
on the performance. Gamathy and Elsner presentdffis data of a Si/SiGe films used to produceeantibelectric
module. Figure 1 shows a schematic of the Seelfémit ¢thermoelectric power generator).
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Figure 1. Schematic of a thermoelectric power gatoer

2. THEORY OF OPERATION

A thermoelectric device consists of several N &dHlgis connected electrically in series and thelyrialparallel
sandwiched between two ceramic plates. When thenthedectric module is operating as a refrigeratioe, bottom
plate is bonded to a heat sink and, with the aaftio of DC current of proper polarity, heat is mped from the top
plate to the bottom plate and into the heat sirtkene it is dissipated to ambient. The resultarthds the top surface
becomes cold. The top surface can also supplytheaimply reversing DC polarity. The same unit tenconverted
into a thermoelectric power generator by simplylaeijmg the DC source with the load, or item to reegower, and
apply heat to the top surface of the TE moduleifistrated in Fig. 1. Electrical power is derivfdm the movement
of electrical carriers brought on by heat flow tigb the thermoelectric pellets. Holes, or positigeriers, move to the
heat sink side of the P-type pellet making thattiom electrically positive. Similarly, electrorofiing through the N-
type pellets results in a net negative chargeeah#at sink side of the N-type pellet.

Figure 2. Thermoelectric modules and heat sinks
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Figure 2 shows thermoelectric modules and heassink

According to Buist and Lau (1997) “there are someartant practical considerations that should beerizefore
attempting to use thermoelectric coolers in the grogeneration mode. Perhaps the most importanidemasions is the
question of survivability of the module at the aigated maximum temperature. Many standard themeté cooling
modules are fabricated with eutectic Bi/Sn soldbiclv melts at approximately 138°C. However, theeesmme coolers
being offered employing higher temperature soldiesigned for operating at temperatures of 200°€n epproaching
300°C. In any case, consideration should be giveoperational lifetime of a thermoelectric modulgesed to high
temperatures. Contaminants or even constituentheofolder can rapidly diffuse into the thermoelectaterial at
high temperatures and degrade performance andtri@nge cases, can cause catastrophic failure. prbisess can be
controlled by the application of a diffusion barr@to the TE material. However, some manufactafébermoelectric
coolers employ no barrier material at all betwelee $older and the TE material. Although applicatidra barrier
material is generally standard on the high tempeeathermoelectric cooling modules manufacturedy thre mostly
intended for only short-term survivability and may may not provide adequate MTBF's (Mean Time Betwe
Failures) at elevated temperatures. In summamnéf expects to operate a thermoelectric coolinguteoid the power
generation mode, qualification testing should beedim assure long-term operation at the maximune&beg operating
temperature”.

3. MATHEMATICAL MODEL

The important design parameters for a power gemesaie the efficiency and the power output. Théciefficy is
defined as the ratio of the electrical power outiby the thermal power inpuf, to the hot junction

P
n=—= 1)
Oh

The power output is the power dissipated in thel.IGde thermal power input to the hot junctioniieg by
)
g, =aT,l +§| R+KAT (2

where:a is the Seebeck coefficier, is the hot side temperature of the thermoelectodule,| is the currentR is the
electric resistanceQ)) , K is the total thermal conductance of the thermdetecooling module andAT is the
temperature difference between hot and cold sifiesT{.). In the discussion of power generators, thetivasdirection
for the current is from thp parameter to the arm at the cold junction. The electrical powerpuitis

P, =1?R_ =V ©)

whereR, is the load resistance. The current is given by

(R+R,)
Since the open-circuit voltage AT . Thus the efficiency is
2R
- ®)

n= n
(dn|+2|2R+KATj

4. EXPERIMENTAL THERMOELECTRIC DEVICE

To analyze the mathematical model aiming to evaludie performance of the system, an experimental
thermoelectric device for power generation wasduligure 3 shows the schematic of the experinhegtaem.

The apparatus consist of a thermoelectric modutgsipally coupled in the cold side to a micro chalrmeat sink
and this finned plate heat exchanger is insertsidiéna duct made from aluminum with 0,065 x 0,036ross section,
and have thermal insulation of polystyrene andr{jlzess. The micro channel heat sink is made froomaium,
measuring 150x80x40mm, with 19 fins with a widtiRaim. The base of heat sink is 6mm thin. The hd# & coupled
to a heat source. In this experiment it is a tylagepelectric resistance.
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Figure 3. Schematic of the experimental system

The cold side fan has adjustable power and flove @bld air flow is controlled by an air flow genemamodel
“Marotec 8203-B”. The air temperature and humiditg measured with thermo hygrometers model “Insémm HT-
210". The speed of the cold air flow is measurethwligital hot wire thermo-anemometer model “Ingterm TAFR-
180". The electric current and voltage are measusgith multimeters “Minipa ET-1502 and ET-2052". The
thermoelectric modules is a model TE Tecnology X00@4m, 16,5 V that can operate at maximum temperagqual
to 80°C. The temperature controller and measurement eofptates are made with thermocouples and a temyperat
controller model “Gefran 600, 220V”". The charadtcis of the thermoelectric modules are presemédble 1.

Table 1. Characteristics of the thermoelectric ni@du

Thermal conductance (K) 0.46 W/K
Seebeck coefficientaf 0.0513 V/IK
Thermal conductivity (k) 0.0151 W/°C m
Electrical resistivity ) 0.00101Q cm
Dimensions 40 x 40 x 3.6 mm
Number of associations (N) 127

Total resistance (R) 2.12Q

2.1. Methodology

Thermoelectric modules were connected in seriels avitesistance, making an electric circuit. An arimpeter and
a voltmeter were connected to the circuit in ortermeasure the electric current and voltage sugpplig the
thermoelectric modules. Thermoelectric modules vigokated in order to avoid heat lost. Fan was stdplito reach,
helped by an anemometer, a constant velocity dtm$em/s in the outlet of the cold air duct, resigtin 0,0182 ri¥s
air flow. The heat source was connected to the ésatpre controller. There were monitored and meabsuthe
temperature in the hot side of the thermoelectriduates (), the temperature in the cold side of the therexekt
modules (T), cold side inlet air temperature, cold side dutlie temperature, air speed in the duct of thel cides of
the thermoelectric module, electric current sugplley the thermoelectric modules and voltage su@ply the
thermoelectric modules when the temperature irhtiieside of the thermoelectric modules reach 560CC and 70°C.
The tests are according to ISO 5725-1 (1994) ami3%25-2 (1994). The accuracy characteristics eftieasurement
instruments are presented in Table 2.
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Table 2. Characteristics of the measurement insgnisn

INSTRUMENT MANUFACTURER/MODEL RESOLUTION/ACCURACY
Thermo-higrometer Instrutherm/HT-210 °Cl/ + 0,05 %
Multimeter Minipa/ET 2052 0,0005V+ 0,5%
Multimeter Minipa/ET 1552 0,005A / 8,5%

Hot wire thermo-anemomete

r

Instrutherm/TAFR 180

0,1 m/s /+ 5%

Temperature controller

Gefran/ 600

°CY £ 0,5%

3. RESULTS

The performance of the thermoelectric power geperdévice is presented in Figs. 4 to 9. Figure dwshthe
voltage as function of hot side temperature (op&ouit). Figure 5 shows the voltage as function haft side
temperature (load = 52 ), Fig. 6 shows the current as function of hoediemperature (load = 582 ), Fig. 7 shows
the power output as function of hot side tempegafload = 512 ) and Fig. 8 shows the efficiency as function of h

side temperature (load = %1 ).
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0,35

0,3

0,25

2 o2

——+ 1Module

8 015

01

0,05

50,0

60,0 70,0

2 Modules
————— 3 Modules

4 Modules

Th (*C)

Figure 7. Power output as function of hot side terafure (load = 502 )
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Figure 8. Efficiency as function of hot side tengiare (load =512 )

It can be seen, analyzing the graphs above, thahtist important design parameters for a powerrgeore that

are the power output and the efficiency, increasemthe hot side temperature increases.

It was also performed one test using a thermodétemindule designed to operate at higher tempermtiiee

result is shown at Fig. 9.
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Figure 9. Voltage as function of hot side tempa®at
4. CONCLUSION

A thermoelectric application was investigated iis thaper and it was presented the experimentaltsestests
applied on a thermoelectric device composed by tesdused to convert heat flow to DC power for siioh of a
small power generator. Generation of electrical groowia thermoelectric devices has been a subjedntefest for
decades. This paper presents some of the uniquedsaf these versatile devices together with slimigations and
precautions. Finally, some performance curves aesemted. It can be seen that the electric voltage current
generated is a direct function of the hot side temajure and that by coupling several thermoeleciradiules it is
possible to reach electric power commercially aygtile. However, this application is only feasibmenercially if
waste heat is used as heat source, for examplanative engine exhaust gases, garbage burningsplearnping stove
burner, among others, once the conversion effigiérmm heat directly to electricity is very low.
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