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Overview

Students will characterize a thermoelecffi&) module and utilize the power generated to power an
LED.

Outline

PreLab @5 min): Learn about thermoelectric devices, answer queséibast TE characteristics

Experimental Procedurd.b hours): Measure Seebeck coefficient, power LED, charge a cell pho
examine Peltier effect

Supplies
Included in Kit Not Included
Thermoelectric modules (5) Hot plates
Thermocouples (12) Screw driver
Voltage stepper (1) Calculator
Power brickd adaptorg5) Ruler
Screw jacks (5) Voltmeter
Thermal grease (1)
LEDs
Tape
Alligator clips
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1. Overview

In 2014 Africa produced/ 7% of its energy from thermal power statsartilizing coal 33%), natural
gas B82%), andoil (12%) [2]. A conventional thermal power station conved§ of thefuel heating value
to useableenergy while the remaining60% is wasted if no appropriate recovery is implemented.
thermoelectridTE) generator is a device that can harvest hgabnvering a temperature difference to a
potential differencgtherebyyielding anoutputof electricity. Advantage®f TE generairs includea long
lifetime, no moving parts, noperationemissions, low maintenance, and high reliab{lgy. However,a
typical TE generator only has an energy conversion efficiefieys%, which limits itscurrentapplication
to places where reliability outweighs efficien8uch applications include space missionstherplanets,
as well apower sources faemote sensing, control, safety surveillance and metering stpdjofi® make
aTE generatoaviableoptionfor largescale waste heatcovery its performance must be increagscht
leasta factor of2 [3]. TE generat@canbe improved by enhancinfgeintrinsic material propertieas well
asby optimizing the device structuréin example of thedttercan be seen ithe TE modulesent with the
presenexperimenkit. A schematic of théncludedmodulecan be found ifrigure 1. Sucha design can
dissipate heajuickly through thdneat sink and fagmnd maintain greatetemperature differenammpared
with abareTE device.Theenhancement dheintrinsic properties of the materials used in the TE device

has the potential to improve the device performance significantlisaardongoing topicof discussionn
the research community
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Figure 1. A schematic of the TE module included in the experiment kit. A TE device is sandwiched
betweenan aluminum top plate and a heat sink. A fan is attachdéldetdeat sink to impre heat
dissipation for cooling applicationElectricity is output througthe black and red wires.

A TE device can be used as bothadectricgenerator (as discussed in the previous paragraph) or as a
cooler, which useshereverse process to the generaBy applyinga potential differenceéo a TE device,

a temperature differencis createdPeltier coolers, as they are often referred, are widely used to cool
scientific devices such as lasers and chamled devices (CCDs), as well as commercial products such
as portable refrigerators and water fountains.

The materialemployedn a TE device make the cooling and electricity generation functions possible.
Figure 2 shows a schematic of a TE devidde devicas composed ofmany pairs of gype and rype
semiconductorsvith each paiconnected by a condtive meta] typically copper onickel (gray rectangles
in Figure 2). All pairs arsandwiched between two ceramic substrathe entire device is thesealed by
silicone (not shown in the figureJhe TE device included in this experimental kit usesvanty bismuth
telluride asthe ptype semiconductowhile the ntype semiconductor is selenium bismuth telluritiee
semiconductor pairs and conductive metal sitting on the top and bottom of the pairs form a continuous path
for electriccharges to move
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This experimental kit seeks to familiarize students with the function of TE devices anidttiresic
properties. The remainder of this document will introduce various fundamental conceptatedseith
TE devices:

1 Section 2- Discusses thphysicalprinciples of how TEdevices work, i.e. why a temperature
differential produces a voltage potential and vice versa, and the ideal material to achieve
maximum performance.

9 Section 3- Introduces the figure of merit (FoM), which is used to describe therpenfice of
a TE device.

9 Section 4- Discusses the veus material properties thaffect the overall performance of a
TE device. Scattered throughout these sectmnse f i-lvaeb "* Pg udesigited ton s |,
reinforce the concepts discussed. At the conguiatf Section 4, the experimental procedure
and corresponding discussion can be found.

/ Ceramic substrate
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Figure 2. A schematt of a thermoelectric devig¢g]

2. Characteristics of Thermoelectrics
2.1. Seebeck Effect

Thermocouplesone of the most popular instruments used for temperature measurartiérgste
Seebeck effedb measuréemperatureThe Seebeck effedescribes the generation of a voltage potential
between two dissimilar metals due to an applied temperature differénttarmocouple isomposedf
two dissimilar metals attached to a voltmetes illustrated irFigure 3a. Different metals have different
electron densities. Imagine a thermocouple where NBdtalsa higher electron density than MefalSince
Metal B has more electrons than Meta) electronswill diffuse from MetalB to Metal A (Figure 3b).
Metal B is left with a positive chargewhile Metal A is left with a negative chargeesulting in a voltage
potential

a) Right before A and B make contac b) After A and B make contact
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Figure 3. Electrons migrating to Metal A from Metal B when the two dissimilar metals are in contact.

When thgunction of athermocouple is exposed to a heat source, the electrons will have more kinetic
energy to diffus€Figure 4a). This means thatore electrons will diffuse from Metal B to Meta] kaving
Metal B with a larger positive charge and Metal A with a larger negative charge, and therefore creating a
larger voltage potentigFigure 4b).
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a)Right before the heat source is applied b) After the heat source is applied
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Figure 4. More electrons migrate from MetBl to Metal A when thermocouple is exposed to a h
source

A similar effect is observed ithe doped semiconductorgilized in TE devicesFigure 5a shows a
semiconductor that is doped with electr@@so known as antype semiconductprWhen one side of the
semiconductor is heated up, the heated electrons have more kinetic energy than the cold dlgcrons.
result the heated electrons move to the cold side of the semicondas@en ifigure 5b. This diffusion
establishes an exceskelectronson the cold side, leaving the hot side with a positive charge analihe ¢
side with a negative charg€his generation of a charge gradientpotential differencérom an applied
thermal gradient iagain a result ahe Seebeck effect.
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a.Right before heat source is appliec b. After the heat source is applied

Figure 5. Seebeck effect in an electrically conductive and thermally insulattpgensemiconductor

In a ptype semiconductopositively charged holes atiee majority charge carriers. When one side is
heatedholes ina p-type semiconductamove towards the cold sideaving the hot side with a negative
charge and the cold side with a positive chahgea TE device, e potential difference generatby a
single pair of legs (i.e. onetgpe and one {ype) is rather smallBy connecting the Htype and ptype
semiconductors in serigasillustrated inFigure 6, a larger overall potential difference can be obtained, as
the total voltage is the sum of thadividual voltages when connected in seridote that the
implemenationof both ntype and gype semiconductors &ssentiato the success of a TE device. Using
only n-type semiconductors or metaisuld yield a negligible potential difference

Hot Surface (Heat Applied)

Thermoelectric Generator (TEG)
Figure 6. A schematic of an array of paireetype and gype semiconductoi§].
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2.2. Peltier Effect

ThePeltier effecis the opposite of the Seebeck effect, where an applied voltage generates a temperature
gradient.

2.3. Ideal Thermoelectric Material

The ideal thermoelectric material is thermally insulating and electrically conduthirigrtunately,
such a material is difficult to attgias most materials are either both thermally and electrically conducting
or insulating. If a thermally and electrically conductive material were utilized, both sides of the material
wouldbecome hot. As a result, electrons would be evenly distributed throughout the material and no voltage
potential would be create#igure 7).

= e’ = e = LA =] e = e =
HOT e e e e coLD Y HOT e e e e HOT

Figure 7. Electricallyandthermallyconductive
On the other hand, if a material is both thermally and electrically insulating, the electrons on the hot
side would have difficulty moving to the cold sidédure 8). The voltage generated from this type of

material wouldbe much smaller compared withat generated bg thermally insulating and electrically
conductive material.

e e e [ oL ——» HOT & - e

Figure 8. Electrically and thermallynsulating

Pre-lab Question 1
Give an example @& material that is both thermally and electrically conductive.

Give an example of a material that is both thermally and electrically insulating.

3. Figure of Merit

The performance of a thermoelectric device can be described Wiighee of Merit (zT) whichis a
dimensionlesparametedescribed as

QY — (1)

Here,| represents theegbeck coefficienunits: V/K],” represents the electrical resistifity ni t s: Qm]
Il represents the thermal conductivitynits: W/mK], and”Yrepresents the average temperature between
the hot and cold sidg&nits: K]. Note that the electrical resistivity is inversely related to the electrical
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conductivity {  pj ,,). The ®ebeck cdificient is a material property that describes the voltage potential
produced for a given temperature differefide

The Figure of Merit is used to compare thermoelectric devices composed of different materials in order
to maximize the péormance of the device. A higher value of zT corresponds to a superior performance
and zT values greater than 3.0 are needed for TE generators to be conifktifiygically, zT is close to
1. Figure 9 shows how zTchanges with temperature for different thermoelectric materials. It is important
to note that thé&rends displayed are nonlinear becausevéthees of , 7, andll alsovary with temperature.
As seen in Figur®, thermoelectric materials operatedrcetain range. For example, bismutilaride
(Bi2Tes) operates from-G0O0K. The zT values peak between 3800 K, which indicates that BTes is
useful for appliations near room temperatysd.
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Figure 9. zT vs temperature for vaous thermoelectric materigi3]

Prelab Question 2 )
Show that the Figure of Merit, zT, is dimensionless. HinW&L V4 Y ) .
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Prelab Question 3

Table 1below shows the experimental results for a single crystal adwsithermoelectric materials
[9]. The symbolsS and ¢ indicate the direction in which measurements were taken, parallel and
perpendicular to the cleavage plane of the crystal, respectivslgig the values in the chart, calculate
the zT values fomeof the crystalsusing the temperatures liste@int: there are 2 ways to calculate
the zT values. One is easier than the other.)

TABLE 1 Experimental Results for Single Crystal

Column n-p T (°C) Gy p jy I K Z
Bi, Tes, n 582 23 10 212 240 2.0 2.9
Sb,Te, p 575 21 3.2 244 92 1.6 1.6
Sb,Tes), p 605 10 1.9 313 83 5.6 0.6
BigSbs,Tego p 540 4.8 10 176 194 1.3 3.0
Bi;0SbsgTeso p 540 3.5 13 177 225 1.4 2.9
BisSbs, Tego p 530 3.9 8.89 190 206 1.5 3.2
Bi,oSbs,Tes n 580 4.0 11 140 223 1.6 2.8
BiyoTess sS€; n 580 43 1 150 230 1.7 2.9

3 - ¥ O . 5 @R, . . 19 3 . 5%
‘olumn n-p, type of cc ction; ), saturation temperature in °C; C,,, carrier concentratic cm’ 7 p, resistivi
Column n-p, type of conduction; T (°C), saturation temperature in “( C,, carrier concentration 107" cm 7 p, resistivity
s - . 2 1 1 2 ~ . rpr—1 . y 1 p—1
1 m; uH, mobility of carriers cm” v " sec” '; a, absolute Seebeck coefficient uV K™ '; K. thermal conductivity Wm ™" K™
. . . -3 —1
Z: figure-of-merit 10 " K.

Crystal zT value (dimensionless)
Biz2Tesy
BigShs2Tes0
Bi1oShsoT €50
BisoShs7Tes
BisoShssTers

Note: Figure 7 is obtainedfrom bulk materials whileTable 1 is obtained from single crystals of the TE

mat er i al s .;TeszR\alueeis muchshighBriat 580°C than the bulk sample in Figufdis is

because bulk TE materials demonstrate lower composition homogeneity, undesired defects, and random
orientation of grains. These traits lower the zTued9].
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4. Material Properties

The Figure of Merit (zT) depends by ,”, andll. These variables amdtindependent, as each variable
may influence another.

4.1. Electrical Conductivity ( & or 1/ } )

Thermoelecté devices utilizep-type and rtype semiconductors to create a voltage potential for
electricity to flow through the devicB-type semiconductors are doped to have an excess of positive holes,
while ntype semiconductors are doped to have an excess of negative electrons. doopials the
electrical conductivity of semiconductors by introducing an impurity with a differenbau of electrons
than the host materiaFor example, silicon (Si) has 4 valence electrons, with all electrons bound to the
silicon lattice as seen Figure 10. In p-type silicon, one of the silicon atoms is replaced with a boron atom
that has 3 valencelectrons. In this case, there is a missing electron, also knowhaa &loles are the
majolity carriers for ptype silicon.In n-type silicon, a silicon atom is replaced with a phosphorous atom
that has 5 valence electrons. In this case, there ist@nedectron. Electrons are the majpprcarriers in A
type silicon.

@) @) (o)
© Major carriers @ Major carriers
e} 4 electrons o ° @ P J
° ° ‘are holes ° are electrons
(o)) o0
(e]e) o oo 00 o0 |[o0 QQ o¢
= = . QO O/ ¥/ ©
HOHOHOH o S-)O’ D@2 c@:OIO3
- TR . o |92 o /O"O\o /O'O\% /O/Q\o
7 (o N\ © O ) (si) P (si
8(\5)8‘\5)8( ‘e O\ ’o(s'/o O\Ongocﬂog'o/o
) o0 o0 O Yy
A ) = (O (&) @/
HOROROY: :@:@:@: @:@:@®:
o\o oSo 7 ® 00 o e
0 o0 00 e o0 o0 o
Undoped Silicon P-type Silicon N-type Silicon

Figure 10. Three types of silicon lattices
For themoelectric materials, such as bismuthuride, doping is more complicated, but theoept
is the same. Doping with antimonyakes ptype bismuth telluride, while doping with selenium makes n
type bismuthelluride. Conductivityof n- and ptype materials,( and, , respectively] Uni t-s]) 1/ Q
and doping ardirectlyrelated by the following equatien
” 0 Q (2.2
” 0 Q (2.2)

whereN. andNy representhe number of electrorendholes Qrepresents the charge of an electron
[1.6x10%°C], andpe andpn, represent thenobility of the electronandholes[Units: n?/V-s].

42.Ther mal Conductivity (9)

Thermal conductivity describes the abildfa material to transfer heat and can be defined based on
contributions from phonons and electrons:

(R 3)
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421.Ther mal Conductivigty from El ectrons (o

Electrons are good at transporting heat and electriégypreviously mentioned, for thermoelectric
devices, a thermally insulating (i.e. low thermal conductinaty electrically conductingaterial is desired
to enhance the performance of the devdeea resultmetals are typically not desirable due teitkelectron
arrangement allowing for a high degree of thermal conductivitye contribution to the thermal
conductivity from electrons may be reduced by decreasing the number of electrons, as well as scattering
the electrons. This, however, would incredise electrical resistivity and thus, potentially decrease the zT
value.

422.Ther mal Conductivi)ty from Phonons (8

Phononsre vibration®f atoms in a crystaPhonons are the primary carriers of heat andmetallic
materialsIndividual atoms in the lattice can vibrate longitudinally and transversely, as Seiguia 11.
The combination of these vi,kzaledtaphonuin gdneral, mcreased wav e”
vibrations and length of vibrations increases tierrmal conductivity. Thereforen iorder to reduce the
t her mal conductivity of TE material s, research he
defects and microstructures. Different defects and microstructures scatter different phonodscnithee
thermal conductivity, which may increase the zT value. Some defects and microstructures, however, could
also scatter electrons and increase the electrical resistivity, leading to a potential decrease in zT. Finding a
balance between the thermahdactivity and the electrical conductivity is one of the major challenges
associated with improving the performance of thermoelectric devices.

-0 @ 006
e 00 @ @

Transverse

ek~ ﬁ 6 ﬁ é .......

Figure 11. Phonons in the lattice formed from longitualiand transverse vibratiofis0]

Prelab Question 4

Looking back at Table 1, the thermal conductivity fosTBi is 2.0 W/mK. Meanwhile, BisSkoT &0,
Bi1sShyTeso, and BisShyTeso all have thermal conductivities less than 2.0 WWnWhat could be a possible
explanation for this?
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43.Seebeck Coefficient (0)

The Seebeck coefficient is a measure of the voltage difference geneyaie@mperature gradient
across a thermoelectric device/matedald can be described by:

| 7 (4)

Here,| represents the Seebeck coefficient [Units: Viltepresents the voltage difference [Units: V], and
Y"Yrepresents the temperature difference between the hot and cold sides [Units: K]. The Seebeck coefficient

is measured by prescribing a hot and cold temperature to opposite ends of the sample, targtargiare

gradient across the sampledure 12). The temperature on the hot side is varied while the cold side is
typically kept at room temperature. The voltage is then measured. Thermocouples are typically used to
measure the temperature of eaaiface. A potential source of error when using thermocouples may result

fromt he cold finger effect”, where the temperatul

measurement.

Sample

Figure 12. Setup used to measure the I8mek coefficient of a samp|é]

In thefollowing experiments, the Seebeck coefficient will be measured using a technique like the one
described above.

Prelab Question 5

750 —_—— 2

Voltage (uV)

4 -3 -2 -1 0 1 2 3
Temperature (K)

Figure 13. Sample of voltage vs temperature data usedltulede the Seebeck coefficidif
The Seebeck coefficient for thermoelectrics is often measured with increasing temperature, then decreasing
temperature, and vice versa. Good thermal contact betweesutfecesand thethermocouplesnd/or
heateris important for acctate measurement of the Seebeck coefficient. Usmge 13:

1 Which data was measuregding good thermatontact? Label on the above plot.
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1 Calculate the Seebeck coefficiesing the data obtainedith thegood thermal contact.
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Experimental Procedure

Materials Required:

E R N I R |

1x calculatorper group

1x hot plate per group

1x Voltmeterper group

1x Screw driver

1x Rulerper group

1x Cell phone charging cable

1x Stopwatch

5x Thermoelectric (TE) modules (included)
2x Thermocouples (included)
LEDs of various colors (included)
Screw jackincluded)

Voltage stepper (included)

6x Alligator clips(included)
Power bricks & adaptor@ncluded)
1x Tape (included)

Device Characterization

In this portion of theexperimentyou will characterize the TE module by determining the Seebeck
coefficient. This will be done by examining the voltage generated at five applied temperature
differentials. One characterization will need one hotplate, one TEG module, one voltmeter, two
thermocouples, and two alligator cliftss recommended that3students work with one TEG module.

Instructions

1. Using the tape, attach one thermocouple to the surface of the hot plate and one thermocouple
to the top surface of the TE module, which is exposed tdlainay be easier to remove the

fan.)

2. Toinducea temperature diffrential across the TE module, plaiceflat sideof the TE module
on a hot plate set t040 °C (Caution: Try notto exceedl50°C due to the sensitivity of the

TE).

3. Measure the output voltage for five temperature gradients usingottmeter.Increase the
temperature difference in increments of approximatel) 3C. Record the measurements in

the table below.

TE Surface Hot Plate oor
Temperature (Tc) | Temperature (TH) (Th-Tc) Voltage
[°C] [°C] [°C] [Vl

© SciBridge
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** Caution: Hot plate will be warm. Do not touch surfacgry notto allow Ty to exceedl50°C.

Questions

1. Plot a graph of the measured voltages as a function of the applied temperature differential on the
chartbelow. Do the results display an approximately linear trend?

Voltage [V]

Tu-Tc [K]

a. Recall from Equation 4 that the Seebeck coefficient can be calculated usingfy"Y As
best as you can, draw a linear Hsltine through your 5 data poinend the origin of the

plot. Use theslope of this line to calculate the Seebeck coefficient.
Note: If the results display an approximately linear trend, the Seebeck coefficient

calculated from the slope should be similar to the Seebeck coefficient calculated
from each individual data point.

2. The Seebeck coefficient you calculated in Question 1 was for the whaleo@iEle whereas the
values displayed in Table 1 of Peb Question 3 are for individual TiBaterials The Seebeck
coefficient of a TEmodulecan be determined based on thelfeek coefficients of the-@nd n
type semiconductors theoduleis composed of and the number efgmd ntype semiconductor

pairs, using the following equation:

| 0 | | ()
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Assune your TEmoduleis composed 027 p- and ntype semiconductor pairblE 127), the p
type semiconductor is approximatelyBls.Teso and the rtype semiconductor is approximately
BisoShs7Tes (see Appendix A for determination of materiald¥ing the value found in Table 1,
estimate the Seebeck coefficient of thedule Note: the Seebeck coefficient foitype
semiconductors is negative.

3. Calculate the percent error between the experimentally determined Seebeck coefficient and the
valuecalculated in Question 2 abowhat are some possible sources of error?

POl i ¢+ pTITT

4. The zT value of a TE module can be calculated using a similar expression to that found in Equation
1. Recall that Equation 1 is used to determinezZhievalueof a thermoelectrienaterial Minor
modificationsmust bemade to account for theany p and ntype semiconductor pairs.

a"y — (6)

Calculate the experimental zT valder the TE module using your eperimental Seebeck
coefficient and letting 0 ™ X WK and Y o® m (see Appendix B for the
experimental measurement of these parameters).
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5. Now calculate the theoretical zT value for the module, using the theoretical Seebeck coefficient
calculated in Question Paterial and thermal properties for each semiconduasing the same
materials asn Question 2) and assuming L =vim and A = Imn¥.

O 6 — — @)
Y5 — — ®)

Here,0 is the thermal conductance of the modite, is the electrical resistance of the
module, I and I are the thermal conductivities of the pnd ntype semiconductors,
respectively,” and” are the electrical resistivities of the pnd ntype semiconductors,
respectivelyp is the area of each semiconductor leg, aithe length of each semiconductor

leg.

6. How do your calculatedT valuesfrom Question 4 and Questiorcémpare™ow do thesealues
compare with Figure®Would you expect the zT value of the module to be similar to the value for
the individual materials(Hint: think abouthe effect of other components present in a real device)

. Device Applications

Lightingan LED

In this portion of the experiments, you will use the thermoelectric module to power -arigting

diode (LED). As observed in Part I, the voltage produced by a single TE modules Kherefore,

in order to power &ED (> 1.8 V), you will need to connect multiple TE modules togetl@ne
experiment will need one hotplate, at least three TEG modules, LEDs, and at least four alligator clips.
It is recommended that an entire lab class works on this experiment due to the availability of the
modaules.

Questions

1. Based on the measured voltage differences you recorded in Part I, how many UlEsnawd
required to power 2V LED using your largest temperature differencg{B0 °C)?

2. Will you connect the TE modules in parallel or in series?

© SciBridge 16



3. Draw a circuit diagram belovhat can be used to power the ¥.QED. Each TE module can be
represented as a voltage source.
71

Note the symbol for an LED: —+ 4I>'; —

4. Using your circuit diagram from the previous question, choose the correct wiring configuration

from below.
A
T
B
N
/_‘-'"‘\\..‘_ /""_-"\
Instructions

1. Using the wiring diagram you selected in Question 4 (either A or B) and the correct number of TE
modulesto power the LEQ(as determined in Question pnnect the wires of the TE modules
together using the alligator clips.

2. Attach the 2 remaining wires to the legs of the LED. An LED hadamy leg and one short leg,
as seen below. Be surefooperly connect the positivand negative legs in your circuit (use the
diagram you drew in Question 3).

ANODE CATHODE

3. Carefully place all TE modules on the hot plate(s), ensuring that the wiring connections are not
broken. Set the hot plgi to ~80°C.

4. Hopefully your LED is glowingnice and bright for you! If not, make sure you connected the LED
legs to the proper wires. Perhaps try reversing. If your LED is still not lit, try adding another TE
module for added voltag@nother method is to increase the temperature of the hot Niatie that
you can increase the temperature up to ~I5@nd that the cold side will get hot (temperature
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differencewill go down)overtime After successfully lighting your LED, try testing with the other
color LEDs, varying the number of TE modules reedito obtain the necessary voltage.

Charging a Cell Phone

In this section, you will use a voltage stepper to yield a voltage large enough to charge a cell phone.
Cell phones require 5.9 to charge. As seen in the previous section, this would require many TE
modules. As an alternative, you can use a voltage steppédjust an inpuvoltageranging between
~15-6.0V to 5.0V. You will do this using the experimental setup from the jmes section (i.e.
powering an LED).

Instructions
1. Connect the USB end of a phone charger into the voltage seamgéne other end to a cell phone

2. Keep the TE modules on the hot plate(s) and the temperature set@ B&tonnect the LED
from thecircuit created in the previous section. In its place, connect the voltage stspuger
alligator clips to connect the wires to the metal plates on the voltage stdppefully your phone
has started charging!

** Caution: Do not charge your phone fora prolonged period of tme using the TE generator.
Theunstable current and voltage produced by the
battery.

When you are finished, turn off the hot plate(s). Once the TE modules have cooled, remove them from
thehot plate(s) and disconnect the modules by removing the alligator clips.

Questiors
5.1 f your <cell phone shows that it’'s charging,
percentage of your battery increase or decrease? (An old cell phodeaihatbattery fast would

be ideal to observe the effect quickly) Explain what you observed.

6. Name a few potentiaksearch directior®r thermoelectric generators

. Peltier Cooler

The experiments thus far have demonstrated the Seelffeck (i.e. generating a voltage from an
applied temperature differential). Thermoelectric generators are a viable option for waste heat recovery.
TE modules, however, can also be used in reverse, taking advantage of the Peltier effect (i.e. using an
apdied potential difference to produce a temperature differential). Peltier coolers, as they are often
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referred can be utilized as an effective heat pump. This brief experiment will demonstrate this effect.
One experiment will need one TEG module, one sgemk, one power brickpne timer,and two
thermocoupledt is recommended that3 students work with one TEG module.

Instructions

1. Attach the screw jack to the TE module by insertingrétewireinto thepositive side of thgack
and the black wire into the negative side of the fawkusing the screw driver to tighten the screws.
Ensure that the wires will not come looeconnected properly, heat will be pumped from the top
plate to the heat sink.

2. Tape athermocouple to thep and bottom surfaces of the TE module.

3. Connect the power brick to the inlet in the screw jack. Plug the power brick into a wallisirtigt
the power adaptor

4. Record the temperature of earface every 10 seconds for-3ninute in the table below

Time [s] Temperature (Ty) [°C] | Temperature (Tc) [°C]

5. After completing measurements, physically observe the temperature difference created by
touching your finger to the surface. Frost may appedhesurface.

Questions
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1. How long did it take for the temperatures to reach steady values? What was the temperature
difference at steady conditions?

2. What are some potential applications of Peltier Ceptgher than thosmentioned in the
introduction?
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Appendix A

Materials characterization of a commercial TEG module

Objectives
1. Use energdispersive Xray spectroscopy (EDS) to determine elemental composition;
2. Use the information obtained to find materials propersiash as electrical conductivjtiy the
literature.

Methods
Materials Preparatiohe sample for EDS was prepared by removing the legs from the thermoelectric
module and placing onto a conductive carbon tape.

CharacterizationEDS was performedsingFE! Varios 460L at NC State Advanced Instrumentation
Facility (AIF).

Results

. Map Sum Spectrum

Figure A-1. An energydispersive Xray spectrum of the-fype leg of a commercial thermoelectric
module. The inset is a secondary electron scanning electron microfteregion measured for EDS.

Based on the weight percentage of the elements predeiguireA-1, this leg was determined to be
approximately BiShysTeso, which is a ptype thermoelectric material.
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TABLE 27.7 Experimental Results for Single Crystal

Column n-p T (°C) G p je « A Z
Bi,Tes), n 582 23 10 212 240 2.0 2.9
Sb,Te; P 575 21 3.2 244 92 1.6 1.6
Sb,Tes, P 605 10 1.9 313 83 5.6 0.6
BigSb, Tego p 540 48 10 176 194 1.3 3.0
BijoShspTego p 540 3.5 13 177 225 1.4 2.9
BioSba, Tego p 530 3.9 8.89 190 206 1.5 3.2
Bi,oSbs-Tes n 580 4.0 11 140 223 1.6 28
BiyoTess sSe; s n 580 43 1 150 230 1.7 2.9

, . . S ) . . . . g 3 -
Column n-p, type of conduction; T (°C), saturation temperature in °Cs ('P‘ carrier concentration 10! cm 7 p, resistivity

w82 m; e H, mobility of carriers cm’ v " sec s o, absolute Seebeck coefficient uV K ' A, thermal conductivity Wm 'K

— - . —3 =1

Z: figure-of-merit 10 " K

Table 27.Avasextracted fromthe ThermodectricsHandbook: Macro tdNano[1]. Materialproperties of
BisShysTeso may be approximated by the properties faaSBi-Teso in the table. A few properties of
interest includehe electricalresistivity( 1 0 -m)) $eebeck coefficiefl 9 4 ) Nernkal conductity
(1. 3 W/ anu figireof-merit (3.0 x 16° K'1). The EDS spectrum of thetgipe leg in the moduleas
not collectedlt was assumetb be BioShs7Tes, which hasanelectrical conductivity of 9 x ¥(B/m,
Seebeck coefficieavondtic2R@i py/ Kf -di-mefitrold@ 10K,

Reference
1. Rowe, D. M. (2006)Thermoelectrics handbook: macro to naBomca Raton, FL: Taylor &
Francis, pp 246.
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Appendix B

Experimental measurement of TE module thermal conductance anelectrical resistance
Thermal Conductance Measurement

The thermal conductivity of a material describes how well a material conducts heat. A low thermal
conductivity material conducts heat alosver rate, or has a higher resistance to heat condudtieat
conduction is governed by Fourier’'s Law, which st
rate of change of temperature in the direction of heat transfer, and is refessmge

0 I 6— (B-1)

whereQ represents the heating power [W]represents the thermal conductivity [WKfj A represents
thearea of heat transfer, andrepresents the temperature rate of change in the direction of heat flow. For

the simplest of cases (rectangular system), a linear temperature profile exists across the thickness and the
above equation can be simplified to

0 I &- (B-2)

whereY"Yrepresents the temperature diffarerbetween 2 given points, aMérepresents the distance
between the same 2 points. The thermal conductivity of a material can be determined by rgarrangin
Fourier’'s Llaw to solve for

I feeed— (B-3)

whereq aepresents the heat flux (heating power per unit area)Yarepresents the hotter temperature.
Finally, the thermatonductanc€0 ) of a sample specimen can be determiingsed on the dimensions of
the sample, according to

N (B'4)
A simple steady state heat transfer problem can betaskxtermine the unknown thermal conductivity of
a material.

Objectives
1. Measure the thermal conductance of the TE module using steady state heat transfer principles

Methods

A steady state heat transfer system was utilized to measure the tbenshattance of the TE modude
approximately room temperatur€he setup utilizeé heating pad to supply a constant heat flux to the
sample material (i.e. the TE module). The temperature ohtteilewas measured on the top and bottom

to determine theetmperature difference. FigureBdisplay a schematic of the experimental setlipe
thermal compound noted in FigurelBivas used to minimize the contact resistance between the heating
pad and the TE module.
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Figure B-1: Schematic of experimental settqpmeasure thermal conductance

Results

The experimental procedure was first validated using a reference specimen with known thermal
conductivity. After validating the procedure, the thermal conductivity of the TE module was measured 3
times and an averagvas taken to represent the thermal conductivity of the module. The average thermal
conductivity was found to be 0.425 W4 The thermal conductance was then calculated using Equation
B-4, based on the measured dimensions of the module. The thermaktamcduof the module is
approximately 0.176 W/K.

Electrical Resistance Measurement

Objectives
1. Measure the electrical resistance of the TE module using Ohms Law

Methods

Ohms Law w "O’Ywas used to determine the electrical resistance of the TE module at room temperature.
The electrical leads of the TE module were connected to a power supply and a very small voltage potential
was applied to the device. The current was measured and usgdulate the resistance in combination

with the voltage. This was repeated for 4 different voltage potentials, all of which were less than 1V to
minimize the temperature difference generated across the device (i.e. by the Peltier effect).

Results
The esulting resistances measured from each of the fougvrgsk used to determine an average resistance
of the module. The electrical resistance was foun
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