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Abstract

A computational model has been developed in order to simulate the thermal and electric
behaviour of the thermoelectric generators. This model solves the non linear system of
equations of the thermoelectric and heat transfer equationsnfiies of the program are
the thermoelectric parameters as a function of the temperature and the boundary conditions,
(room temperature and residual heat flux). dhgputs are the temperature values of all the
elements forming the thermoelectric generator, (performance, electric power, voltage and
electric current generated). The model solves the equation system using the finite difference
method and semi-empiric expressions for the convection coefficients.

It has been built a thermoelectric electric power generation test bench in order to validate
and determine the accuracy of the computational model, which maximum error is lower
than 5%.

The objective of this study is to create a design tool that allows us to solve the system of
equations involved in the electric generation process without needing to impose boundary
conditions that are not known in the design phase, as the temperature of the Peltier
modules.

With the computational model we study the influence of the heat flux supplied as well as
the room temperature in the electric power generated.
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Nomenclature

A Area (m?)

C Thermal capacity K

c Specific heat A kgt K™
E Electromotive force (N)

I Electric current (A)

k Thermal conductivity (W mtK™
L Characteristic length (m)

m Load ratio (R/Ro)

N Number of thermocouples of Peltier modules

P Generated power (W)

Q Calorific power (W)

a Calorific power per volume unity (Wm™)

R Thermal resistance (KW
Reont Contact electric resistance (Ohm)
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Greek letters
a
AV
AT

Electric resistance of the Peltier module
Load electric resistance

Temperature

Temperature

Temperature in next time step

Volume

Seebeck Coefficient
Difference of electric power
Difference of temperatures
Test

Density

Electric resistance of the Peltier module

Thomson Coefficient
Time

Superscripts, subscripts

Cc
cont
Dissip

Cold side of the Peltier module
Semiconductor and copper contact
Dissipater

Hot side of the Peltier module
Node i

System inlet

Number of Test repetitions

Joule effect

Node j

System loses

Maximum value of the studied curve
System outlet

Electric resistance of generation of the hieat f

Relative
Ambient

(Ohm)
(Ohm)
(°C)
(K)
(K)

(VIK)
(V)
(K)

(kg 1Y)
(Ghin

AN
(s)



1. Introduction

We have developed a computational model which siteslthe thermal and electric
behavior of a thermoelectric generator which presssome advantages respect previous
ones.

Some applications in thermoelectric generationwaste heat fluxes as energy source.
Benson et al [1] investigated geothermal heat B8uwé&h temperature gaps of 80-180°C;
other ones are produced in ocean’s currents, ar galnels, or in power generator stations.
Matsuura and Rowe [2] propose these and otherualsidermal energy sources.

In order to study these applications is necessaryldtermine the behavior of the
thermoelectric devices. The analytic solution mased to solve the equation system of the
thermoelectric device is the ideal thermoelectaapde, which expression was obtained by
loffe A.F. in [3]. Another references that use thigression were [4] and [5], and in the
case of thermoelectric generation it was usedfereaces [6], [7], [8], [9], [10] y [11]. In
the expression of ideal thermoelectric couple therrhoelectric parameters (Seebeck
coefficient, electrical resistivity and thermal dowtivity) are not dependent on the
temperature.

A better approximation is to consider an averadeevaf the Seebeck coefficient within
the operation temperatures of thermoelectric cqugdeit can be seen in the research of
loffe A.F. in [3], Arenas, A in [12] and Yu G. irB]. Nevertheless, this approximation
does not adjust to reality because in fact the &gelcoefficient varies with the

temperature.



The Buist, R.J. works [14], [15] divides a thermevaknt in segments and applies the
ideal thermoelectric couple in each segment. Tlodahkeeps in mind the variation of the
thermoelectric properties with the temperature.ntigor disadvantage is that the model
needs the heat flux, the hot source temperaturegtaneélectric current generated as input
parameters and it is necessary to obtain them iexpetally.

To determine completely the thermoelectric devielkdvior is also necessary to consider
the heat exchangers on the sides of the Peltieulmods it is described by Stockholm, J. G.
in [16]. The disadvantage of Stockholm’s modehiattsimplifies the Peltier module and it
is impossible to optimize the geometry and dimemsi&imilar but more comprehensive
models have been posed by Arenas in [12] and bydkaitev in [17], but these models do
not calculate the transitory state.

Our model is based in a computational model dewslojp simulate the behavior of
thermoelectric refrigerators by Vian and AstraiB8][119] and [20].

Our model solves the behaviour of thermoelectritegator and makes improvements to
the previous models. It takes into account the gntigs of the thermoelectric materials as
function of the temperature. We divide the Peltisodule in ten different parts which
allows us to determine the variation of the therecteic properties in its interior. The
Thomson effect is considered not negligible whitcheg an approximation closer to the
reality. The model inputs are only the room tempegeaand the heat flux supplied by the
residual energy source, it is not necessary tamptrameters experimentally.

The heat exchangers of the hot and cold side ataeded in our model; therefore can

obtain as outputs the temperatures and the hegesflin all the components of the



thermoelectric system. Another advantage is thatnoadel determines the transitory state

as well as to determine the steady state.

2. Objectives

The objectives we have proposed are:

A computational model design capable to simulate thermoelectric generator
operation, including the heat transfer from thatrited sources until to the faces of the
Peltier module. We will keep in mind the Thompsoaoefticient and all the

thermoelectric properties will be a function of teenperature.

» Validation of the computational model with experimted data obtained from the test

bench.

* Theoretical and experimental study of the influenoethe thermoelectric power

generated of the following parameters:

» Residual heat flux and electric load resistanceafoonstant room temperature.

> Room temperature and electric load resistance éonatant residual heat flux.

> Room temperature and electric load resistance foorestant temperature gap

between the faces of the Peltier module.

3. Computational Model
In thermoelectric devices, for both refrigerationdageneration applications, the

temperatures in the faces of the Peltier modulat ianthe internal nodes can not be



determined analytically without knowing the heaixfldue to the thermoelectric effects. The
system of equations in order to calculate the teatpees is non linear.

The model solves these non linear systems, fornyetihd) thermoelectricity equations
and the heat transfer ones, by the finite diffeeemethod, which calculates the temperature
in different points separated in the space by arelis distance. In the transient state the
temperatures of these points are calculated imets@eriods of time. With this purpose a
finite period of time is chosen and the temperatdoe all the points are recalculated at the
end of this time interval.

While solving the model using the implicit finitefférence method the values of the
heat flux can be determined using the values ofdhmperatures of the time step before.

Theinputs of the model are: the geometric data and matpr@erties of the elements
of the thermoelectric system studied (thermal cotidily, electric resistivity, Seebeck
coefficient and specific heat), and the thermalgypealue supplied to the system. After the
simulation, theoutputs of the model are: the values of efficiency, electroltage and
current, electric power generated, temperatureheaatflux generated.

Previous works showed in references from [3] td,[h8eded as inputs for their models,
the temperature values on the Peltier module fadesse were experimentally measured in
the thermoelectric generation system for each flwwasupplied.

Our model can determine all heat fluxes and tentpers of thermoelectric generator
components only with the heat flux supplied by tesidual energy source and the room
temperature as inputs. This model no needs preveapgrimental values of ice-maker

temperatures.



3.1 Hypothesis of the model
The materials used in the test bench shown inZ=gge considered isotropous.

The model has been built neglecting the magnegtd fieffects, so Hall, Nernst,

Ettingshausen and Righi-Ludec effects are neglexsedell.

3.2 Equations of the model.
The model solves the equation of the heat transfelansitory state for one dimension

and one-dimensional flow:
pc, 3t/or =k(0%t/3x J+ o 1)
The equation of the heat conduction (1) multiplsdthe volume, applied to the i node

as a function of the thermal resistances and ctpsics:
G- )R+ @ -T)R,+Q, =@ '-T,)C, /o (2)
The generation or absorption of heat related toeniots represented by; and its
expression is given by equations (6) to (9).
The thermal resistance between nodes i and j3¢@nd the thermal capacity of node i,
eq. (4) are:
R, :Lij/(KA) (3
C =Vipc, 4)
Therefore, the thermal resistance and capacitigeoPeltier module is studied as done in
[18]; in our case, we divide the module in ten rodmd we get a thermal resistance

between nodes and a thermal capacity associateghdh node as a function of its

temperature.



For the contact resistances between the elementsedest bench, the works of Ritzer
and Lau [21] were used.
The thermal resistance and capacity of the Heaerieddr are calculated using the

equations (3) and (4) giving the following values:

RHeatExtender= 01677 [K/W]

C 211 [J/kgK]

Heat Extender —

In our case the thermal resistance of the dissipate the insulator related to the
ambient are calculated experimentally as desciiedolv:
Grouping the equation parameters as function oériethperatures and the heat flux we

obtain the equation:

-Taar [(GRo )+ Tler/c YR + YR )+1]-T ar/GR =T +Q /e (B)
The model incorporates the equations from the thetectric effects. These effects are
the heat flux from the Peltier effects equationsaied (7), Joule eq. (8), and Thomson eq.

(9), with no magnetic fields.

(.gh = _NzahITh + l ZRm:ont (6)
.QC = NzaclTC + I chont (7)
Q, =17R, = NI?24L/A (8)

Q, =AT ®)



The temperature difference between the semicondtertminals is used to calculate the
heat fluxes due to the Peltier effect. The contrdyuof the contact thermal effects was
developed in [2].

The discretization of the thermoelectric generatees symbols of an electric analogy,
shown in Fig. 1. The model assigns different ndddfe Peltier module in the ceramic part
and in the end of the semiconductor, and thus, bt necessary to correct the temperature
gap between them. This is an improvement to th/@naolution of [2] which is necessary
when only the experimental temperature of the cergmart of the Peltier module is

available.
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Fig. 1. Scheme of the thermal-electric analogshefcomputational model.

With the scheme shown in Fig. 1 and the expreg&iprwe obtain the following system

of equations:

Mlr]=fr+arc, Q| @0

The matrix system (10) is developed as a functibrthe thermal resistances and

capacities of the device, as shown in (11):
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The Seebeck coefficient is a parameter variable thi¢ temperatures, so if it is included
in the model as a function of the temperature, wethe following expressions for the
electromotive force generated due to the Seebdektethe voltage in the ends of the

generator, the current and the electric power.

E = ZN((ahTh —aCTC)—iri (r —Tiﬂ)j (12)
AV = (ny1+m)E, (13)
| =E/@+m)R, (14)
P, =AVI (15)

out

4. Experimental work
The assembly of the test bench, Fig. 2, has besigrasl for this work and it is

composed by:
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A calibrated electric resistance that simulates thermal energy source,

providing a heat fluxg ¢ with @ maximum value of 50 W.

* A heat extender, with a known thermal resistane¢ ¢tommunicates the electric
resistance with the Peltier module.

* A Peltier module Marlow DT12-6L type.

* A dissipater for the cold side of the Peltier me@juhith a thermal resistance
experimentally determined.

* A decade box CAM METRIC R420 in order to be ablsitaulate with different

load resistances.

° Peltier
Module
Cold
Dissipater
Heat

Extender

Electrical
¥ Resistance

Insulator — T T

Fig. 2. Scheme of the test bench.

The principal element of study is the Peltier medularlow DT12-6L, used generally in

thermoelectric refrigeration. We have chosen thixdote to take advantage of residual
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thermal energies of low temperature, (lower thatC35as its temperature range is the most
suitable.

In order to determinate with accuracy the therrealstance of the dissipater, we made
some tests in a standardized climatic room. This tesre made with a prototype that used
a known heat flux that went through the dissipat@th the same temperature room
conditions than the thermoelectric generator.

In Fig. 2 it can be seen the heat flux that goesuidh the heat extender is the same than

the heat absorbed by the Peltier modglg. This is calculated with the temperature gap

between the ends of the heat extender and the gheesistance of the heat extender, using

the expression (16).

an = ATHeatExtender/ RHeatE><tender (16)

In an open circuit case, (R 0), there is no Peltier effect and thus, thereaselectric
power generated in the Peltier modulg,{P 0), so the heat flux absorbedgs,, and fits in
with the flux through the dissipatérpissip; With this data and experimentally measuring the

temperature gap between the dissipater and theeatmbive determined the thermal

resistance of the dissipater using the expresdion (
Roissip = ATDissip—Ambien;/ Qbissip (17)
In Table 1 the values of the thermal resistancelifiterent heat fluxes of the dissipater
0 pissip are shown. The data of the thermal resistandeeoflissipater are independent of the

thermoelectric device installed and the thermaktasce of the dissipater is an input data

for the model.
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Table 1.
Thermal resistance of the dissipater.

(.? Dissip. ATDissip-Ambient RDissip
W] (K] [K/w]
25,93 21,8 0,84
21,54 18,1 0,84
18,35 15,2 0,83
13,96 11,4 0,82
9,17 7,6 0,83
4,39 3,7 0,84

The temperature probes are thermocouples K typetfandiata logging is ALMEMO
5590-2. A thermocouple is placed in each pointtoflg shown in Fig. 2. The tests were
placed in a climatic room CLIMATS 1440H 60/3 to kaebe room temperature constant.

The heat flux due to the leaks eq. (19) is theediffice between the heat fluxes generated

by the electric resistance eq. (18) minus the desbby the Peltier module eq. (16).

Q, =AV, | (18)

er-er

.Qleaks = .Qer_ (ji (19)

The thermal resistance between the electric remistand the ambient is determined
using the same methodology that we used to cakula¢ thermal resistance of the
dissipater, using two thermocouples placed in tiéiant and tin the electric resistance.
Then the temperature gap between the electrictaesis and the ambient is known. Thus,
with the value of the heat flux that is transmitted calculate the thermal resistance as is
shown in Table 2 for different values of the incoftoe.

Table 2.
Thermal resistance between the thermal generatwcesand the room.
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(.Q er [W] Q in [\N] Q Ieaks[W] AT EIectr.Resist-Ambien[ K] R EIectr.Resist—Ambien{K/W]
29,7 25,9 3,8 76,2 20,1
24,5 21,5 2,9 65,7 22,4
21,0 18,4 2,7 56,7 21,4
15,4 14,0 1,4 34,6 24,7
10,3 9,2 11 25,7 23,4
51 4.4 0,7 13,8 20,0

In order to study the electric power generateds iecessary to keep in mind the load
resistance of the device joint to the thermoelecgenerator. To simulate this load
resistance a decade box has been used, CAM METRED,Rvhich provides a variable

resistance from 0.0Q@ to 100Q.

5. Resultsand discussion.

The experimental data obtained from the test bemelcompared with the values from
the computational model. With this comparison wekena validation of the model to

determine the error between the experimental amgithulated values.

The sample mearP o4 of the measurement results is estimated from 16peddent

observation of Pobtained under the same conditions of measurement.
= 1
Pout,s - Ez Pout,s,k (20)

The standard uncertainty W(R) associated withP oy is the estimated standard

deviation of the mean, given by the expression.

%
_ 1 10 5 )
U(Pout,s ) - ( n(n _1) zkzl(Pout,s,k Pout,e) j (2 1)

Therefore, the relative uncertainty of the experitak measurement is estimated as

follows:
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Urelar (Pout,s ) = U(POULE ) (22)

The total relative uncertainty of the experimentswacceptable. It was lower than 1.5 %
in the case of output power and lower than 2 %héndase of temperatures.

In order to study the output power of the thermctele generator system we have
analyzed three different cases:

[) Constant room temperature, varying the residuat flea and the load electric

resistance.

II) Constant residual heat flux, varying the room terapge and the load electric

resistance.

[l) Constant temperature gap between the Peltier modanging the room temperature

and the load electric resistance.

The model we present in this work can determingehgeratures and heat fluxes of all
nodes of the thermoelectric generation system coems. It only needs as input, the heat
flux supplied to the hot source and room tempeeatiiis not necessary to know previously
the electric current as in [16], or [17]. In ouseathe current is not an input parameter but
an output parameter related with all the unknowypghe eq. (14); moreover, it uses the

thermoelectric parameters as a function of the &ratpre.

5.1 Casel: Constant room temperature varying theresidual heat flux and the load
electric resistance.

5.1.1. Computational model validation
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In the tests developed for the present case theflwawas constant. This heat flux
simulates the residual thermal energy. The elepwiger obtained is measured for each of

the load resistances tested.
In Fig. 3 and Fig. 4 is shown a comparison of thedeh and experimental values for
residual heat flux ofgin= 5W and gin= 30W. The values are acceptable with an error

lower than the 5%.
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Fig. 3. Comparison of the power generated frormtbeel and the experimental data

for a heat flux of 5W.
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Fig. 4. Comparison of the electric power generatethe model and experimental

data for a supplied heat flux of 30W.

The maximum electric power is produced for valuédoad resistance equal to the
internal resistance of the Peltier module. Thisavédr was demonstrated analytically in
reference [2]. For a constant room temperaturegtbater is the supplied residual heat flux,

the higher the temperature of the Peltier module is

5.1.2. Output thermoelectric power experimental and sirtada
Our model has into account the variation of thetele resistance of the Peltier module

with the temperature. Thus the load electric rass® that gives the maximum power
increases, with the temperature, as internal étectsistance of the Peltier module
increases with the temperature as well. As an el@ntpcan be seen that if a heat flux of

30W is supplied, the load resistance value forntlaimum power generated is 3Yand
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if the heat flux has a value of 5 W the load resist increases to 3vhat makes a rise

of the 18%. This effect is shown in Fig. 5.
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Fig. 5. Thermoelectric generated power maximunetah curve of heat flux

constant with a room temperature of Troom = 273K.

With the analytical solution of ideal thermoelecttouple developed from references [3]
to [11] or in the models that use average valughethermoelectric parameters, references
[12] and [13], the power and efficiency curves eaieulated as a function of the electric
current generated, keeping constant the tempergiyréetween the faces of the Peltier

module.

With the models of the mentioned works it is nasgible to determine the effect shown
in Fig 5. As a matter of fact, increasing the siggpheat flux, the absorbed heat due to the
Peltier effect increases. Thus the temperaturdogipeen the Peltier module’s faces

increases. In case of the works from reference®[R]1] it would be necessary to calculate
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experimentally the temperature of the faces ofRtékier module each time the heat flux

varies, in order to determine the generated thelentie power.

5.1.3. Temperature gap between the sides of the Peltidutaexperimental and
simulated.

The model calculates the temperatures and theflogas of all the elements of the
thermoelectric device. As it can be seen in Fidoba constant heat flux supplied, when
the load resistance hcreases then the temperature gap between the dadee Peltier
module increased\[) too. The simulation results with the model haeey good accuracy
with errors lower than the 5% with the experimemnégiults. As an example, let's see what
happens for a supplied heat flux of 30 W whereti¢ngperature gap between the faces of
the Peltier module increases 10 K (what makes ene@se of 27%) when the load

resistance is varied fromQ@to 16 Q.
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Fig. 6. Temperatura gap between the faces of theP®odule as a function of the

load resistance |Rfor a constant supplied heat flux.

5.2 Casell: Constant waste heat flux varying the room temperature and the electric
load resistance.

5.2.1. Output thermoelectric power experimental and sirtada
The tests made for a constant heat flux of 9.97@h\amying the room temperature from

-25°C to 50°C, Fig. 7 show that the experiment&les obtained of generated power vary
with the room temperature. This fact is due towtheation of the thermoelectric properties

as a function of the temperature.
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Fig. 7. Thermoelectric generated power for a roemgerature constant with a

supplied heat flux of 9.97 W.

If we suppose that the thermoelectric propertiesidodepend on the temperature, for
the tests where the heat flux was constant, theeval the electric power generated would
be the same, independent of the room temperatuygerinentally we have checked that
this supposition is not correct, see Fig.7.

The model and experimental values are shown inFighere it can be checked that the
errors are lower than the 5%.

In Fig. 8 is shown the maximum power curve (foroastant room temperature, Fig. 7).
The maximum of the power curve is produced foraallcesistance greater as greater is the

room temperature. For this case of study, the cofveaximum power has a parabolic
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shape, reaching the highest value for a room temer of -1°C. The influence of the
temperature on the thermoelectric properties dep@mdthe material used, so with other

Peltier modules different curves would be gotten.
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[
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0042 +----- - - """ oo

0,040 \ \ T \ \
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Fig. 8. Maximum power for each curve of constamnnaemperature, with a supplied

heat flux of 9.97 W.

5.3 Caselll: Constant temperature gap between the faces of the Peltier module
varying the room temper ature and the electric load resistance.

5.3.1. Output thermoelectric power experimental and sirtada
In order to check the influence of the room tempee the cases where the temperature

gap between the faces of the Peltier module istaohfiave been simulated. The electric
power generated is shown in Fig. 9, for a constamiperature gap of 20°C, varying the

load resistance.
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Fig. 9. Thermoelectric generated power for a conistzom temperature, with a

temperature gap between the faces of the modue°a.

If we suppose that the thermoelectric propertiesnat a function of the temperature, for
the tests where the temperature gap of the faceabeofPeltier module is constant the
maximum power generated, (calculated using the motledeal thermocouple or the
models that suppose average values for the theectoel properties) would be the same
independent of the room temperature. However timellstions and the experimental data

show that this is not correct.

For the case of our study, Fig. 9, a decreaseen®% of the maximum power generated
between the lowest room temperature Troom = -2@rfCthe highest Troom = 40 °C for a

constant temperature gap between the faces ofeierfmodule of 20°C.
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For lower values of load resistance, the genenateder is greater as lower is the room
temperature. For higher values of room temperative,generated power is greater as

greater is the room temperature, as shown in Fig. 9

Our simulations allow choosing the load resistammge suitable as a function of the

room temperature of operation.

6. Conclusions
* A complete computational model has been developapalde to simulate the
thermoelectric generation of the Peltier module. sbblves the equations of
thermoelectricity and the heat transfer phenomefmbe. thermoelectric parameters are
defined as a function of the temperature, whatalls to keep in mind the Thomson
effect.
* The computational model has been validated usipgraxental data of a test bench for
different room temperatures and different heatdkixThe errors are lower than the 5%.
» Our computational model has important advantagek wiher calculation methods
from the literature such as:
= The model determines the thermoelectric power gaeeérfor any boundary
conditions of operation (supplied heat flux to tReltier module and room
temperature). It is not necessary to obtain par@amsexperimentally.
» |t solves the system of equations determining tmperatures of all the

elements in the thermoelectric system and thefheads involved. It determines
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the transitory state as well as to determine tleadst state. This makes the
model very useful as a design tool of thermoelegeneration systems.

The influence of the room temperature, the residgat flux and the electric
load resistance in the behaviour of the thermoetegeneration system was
studied.

It was experimentally proved that demonstrated thatelectric load resistance
which gives the maximum power varies with the siggpheat flux. Specifically
in our case of study, it raises 18% when the ateldad value is increased from
3.3Q (5 W) to 3.9Q (30 W). This effect can be observed in the companal
model as well.

For a constant supplied heat flux it has been ieerithat the maximum power
obtained is a function of the room temperature #edload resistance. For the
case of a supplied heat flux of 9.97W, the curvehef maximum power as a
function of the room temperature has a parabolapehreaching the maximum
at the temperature of -1°C.

For a constant temperature gap between the facdéiseoPeltier module, the
influence of the room temperature in the maximunwvgrowas studied. In our
case, a decrease of the 9 % of the maximum powerged between the lowest
simulated room temperature, 20°C, and the higloesh temperature, 40°C, has

been obtained.
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