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A.A. Ashcheulov

ON ENERGY OPPORTUNITIES IN ANISOTROPIC
BIPOLAR ELECTRICALLY CONDUCTIVE MEDIA

A study was made of the features of electric current transformation by an anisotropic electrically
conductive medium characterized by different types of conductivity (p- and n-types) in selected
crystallographic directions under ohmic contact conditions. It has been established that in the case
of an external sinusoidal electric current flowing through a device based on a rectangular plate of
the above mentioned anisotropic material, electric current vortices occur in its bulk. Based on the
analysis of the function m (K, a) (case | m |> 1), which determines the transformation coefficient of
the device, a conclusion is made about the energy interaction between the bulk of the anisotropic
plate and the external medium.. Studies have shown that the use of anisotropic electrically
conductive bipolar material leads to a significant higher (m> 1) or lower (m <-1) value of the
transformation coefficient m than in the case of unipolar anisotropic electrically conductive
materialss. The phenomenon of electroohmic transformation is caused by the appearance of
electric field vortices which are characterized by turbulent flow represented by the expression

rot j =xw,, where w is a circular frequency of vortex rotation, and signs «+» and «—» denote the

direction of its rotation and are determined by the value of the anisotropy coefficient K=c11/022.
Such electric vortices with a turbulent flow are an efficient mechanism of pumping energy between
the external medium and, in our case, the anisotropic plate of the device. It should be noted that in
some cases there is an anomalous value of the abovementioned coefficient. The application of the
considered method of electric current transformation with the help of the proposed devices, which
are based on a plate made of anisotropic electrically conductive material, significantly expands
the field of alternative electricity and other related fields of science and technology. Bibl.14, Fig. 7.
Key words: anisotropic medium; electrical conductivity; transformation; electric current;
efficiency; heating; cooling; generation.

Introduction

In [1], for the first time, the possibility of the transformation effect in anisotropic electrically
conductive unipolar media was shown. In this case, the device called anisotropic electroohmic
transformer is a rectangular plate of length a, height b and width ¢, made of anisotropic single-crystal
or layered electrically conductive materials, characterized by linear volt-ampere characteristicss. The
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selected crystallographic axes of anisotropic material 1 and 2, having the values of electrical
conductivity o11 and 22, which are unipolar in sign, are located in the plane of lateral faces a x b of
the plate, one of them being oriented at an angle a. On the end faces b x ¢ and the upper and lower
face a x c of this plate are the input and output electrical wires, respectively.

In the case of sinusoidal alternating electric current flowing through the end contacts 4 and 5 of
the electric current Jin, the electric current Jout flows through the output contacts 6, 7, and the
transformation coefficient m of such a device (Fig. 1) is represented by the following expression

Jout / Jn=m = pf (1)

where p is transformation coefficient of plate material, f = a/ b is its form factor.

h

a

N
V

R

Fig. 1. Schematic of anisotropic transformer design
1 — Plate of anisotropic electrically conductive material; 2 — electrical insulating layers;
3 —electrically conductive layers; 4, 5 — input electrical wires; 6, 7 — output electrical wires.

In so doing, the optimal value of slope angle « is found from the relationship
a = arctg VK 2)
where K = g11 / 022 is anisotropy coefficient of plate material.
Since in the case under study the condition % # % is satisfied, an eddy electric current arises

in the bulk of this anisotropic plate, which is characterized by a laminar flow [2].

The studies have shown that in the case under study the value of transformation coefficient does
not exceed 1 (m < 1) for the casesof both0 <K <land1<K<oo. Inthecase of K=1,n=0.

6 Journal of Thermoelectricity /23, 2021 ISSN 1607-8829
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The method of transformation considered in [1, 3] is significantly different from the existing ones
and has a number of relevant advantages and disadvantages.

Presentaton of the main material and analysis of the results
The situation will change if we move to an anisotropic electrically conductive medium

characterized by different types of conductivity (p- and n-types) in the 1% and 2" selected
crystallographic directions (Fig. 2), while the contact between all layers is ohmic [4].

o

N\
N

Fig. 2. Orientation of the OX, OY and OZ crystallographic axes of anisotropic electrically

conductive plate and location of electric field vectors E;, E,, and induction vectors D;, D,

The electrical conductivity tensor of such a single-crystal or artificial anisotropic medium is given
by

(3':00 0 — 0292 0 =10 —O'p 0 (3)

Creation from this material of a rectangular plate with dimensions axb xc (a = ¢ >> b) whose
main crystallographic axes OX and OY are arranged in the plane of its lateral surface axb, and one of
these axes is located at an angle « to the edge a (0 <a<90°) (Fig. 2), allows us to represent tensor &
as follows [5]:

0110052 a—opysin®a (o1 +0pp)sinacosa 0
G=0p|(c11+0pp)sinacosa  oq18in® a—oyycos?a 0O 4)
0 0 033
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which is characterized by the presence of both longitudinal (o)) and transverse (o, ) components
a|| = 0o (011 cos? a — opp Sin? a) (5)
o, =op(o11 +090)sinacosa. (6)
In so doing, the transformation coefficient m; of the device based on the above rectangular plate is

given by

G_J__ (011+022)SinaC0506

mp =

(7)

o] o1 cos? a oy sin? o

Numerical estimates show that under a ~ ¢ >> b the boundary conditions on the end b xc and
lateral axb faces can be ignored [2].
Investigation of function

_(K+1)tge

ml(Kra) 2
K-tga

(8)

for extremum (om/da =0,06%m/6a? <0 ) demonstrates that function extremum points are absent.

50 :
45 K=0.75 K=10 K=50 K=100
40
35
30
25
15
10 ; ‘
5
40 60 70 9

Fig. 3. Dependence of the transformation coefficient m on the angle o at fixed anisotropy coefficients

a
0

of electrically conductive material K=0.75; 10; 50; 100.

This allows one to vary the value of the coefficient m of this device in a wide range by selecting
the appropriate angle a. This possibility is shown in Fig. 3 for four anisotropic electrically conductive
bipolar materials with anisotropy coefficients 0.75, 10, 50 and 100. From this plot it follows that there

8 Journal of Thermoelectricity /23, 2021 ISSN 1607-8829
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is always the possibility of selecting the angle a for a given m with the required value and sign.

For the angle a = 45° the expression (7) acquires the following form

o11to K+1
m= 11022 _

9)

011 — 022 K-1

Analysis of these functions shows that the value of coefficient |m| > 1 allows making a conclusion
on the energy interaction between the bulk of anisotropic plate 1 and the external medium. Thus, the
use of anisotropic electrically conductive bipolar material leads to a much higher value of
transformation coefficient m than in the case of unipolar anisotropic electrically conductive
materials (Fig. 4.).

The explanation of this phenomenon can be presented using the concepts of vortex
electrodynamics. If an external electric current of a sinusoidal shape is passed through the plate, then
electric current vortices appear in its bulk, which are characterized by a turbulent flow. [6, 7] In our
case, similarly to [8, 9], the change in the nature of a vortex with a laminar flow to a turbulent one is
due to the reorientation of the directions of the corresponding components of the electric current and
field vectors. In this case, the longitudinal component of the electric current and field vector is located
parallel to the crystallographic direction of the second selected crystallographic axis. In so doing, the
direction of the electric current is parallel to the direction of the electric field.

m 0

o

=20

=25 \
=30 \
=35

-40
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m

20

10

0

1 2 3 4 5 6 T 8 9 10K
b)

Fig. 4. Dependence of the transformation coefficient m on the value of anisotropy
to electrically conductive material at a=45" a) Dependence of the transformation coefficient m on the
anisotropy value at 0<K<1 and the angle « =45"; b) Dependence of the transformation coefficient m on the
anisotropy value at / <K<co and the angle a=45".

The flow of input electric current through the end contacts Jon causes an electric current Jout to
appear at the output contacts.
In this case, the vortex of electric current according to [10, 11] is as follows:

rot] = -w, ms 0<K<1, (10)

Totf = w, g 1<K<oo (11)

where o=F(oq1,0,,,a,b,¢,a) is the circular frequency of rotation of the electric vortex, the signs «+»

and «—» denote the direction of its rotation.
Such electric vortices are an efficient mechanism of pumping energy between the external
medium and, in our case, the bulk of the anisotropic electrically conductive alternating bipolar plate.
The presented mechanism of energy interaction has a good outlook for modern science and
technology.

Possible applications of the proposed method of energy conversion

In the general case, the choice of a specific design of the anisotropic device is determined by its
purpose and functional features, as well as the conditions of its operation.

In all possible designs of this device the basis is a rectangular plate 1 of anisotropic material
which in the selected crystallographic axes Ox and Oy is characterized by p- and n- types of

10 Journal of Thermoelectricity /23, 2021 ISSN 1607-8829
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conductivity, respectively. When using artificial anisotropic electrically conductive material, it will be
an alternating layered structure based on the layers of electrically conductive material 1 with thickness
71 and electrically conductive material 2 with thickness z>. The method of calculating this structure and
its optimization is similar to the method described in [12].

Selecting the appropriate value of the anisotropy coefficient of layers 1 and 2 of this plate, as well
as its geometrical dimensions makes it possible to create the required instruments and devices with
respective parameters. Consider the designs of specific devices based on the above anisotropic plates.

Anisotropic electroohmic generator (AEG)

In this case, the converter is AEG which is based on a rectangular anisotropic plate characterized
by the positive value of transformation coefficient m (1<K<oo) and the orientation of crystallographic
axis o1 at certain selected angle a.

The schematic design of such a generator is represented in Fig. 5, consisting of plate 1; electrical
insulating layer 2 and electrically conductive layer 3; input electrical wires 4, 5 connected to external
source of electric energy created by the master generator; output electrical wires 6, 7 to which the
external load is connected, with resistance Z.

2 3
—1 1 —\

“

Fig. 5. Schematic of AEG design
1 — Plate of anisotropic electrically conductive material; 2 —electrical insulating layers;
3 —electrically conductive layers; 4, 5 — input electrical wires; 6, 7 — output electrical wires.

When some power P(t)=PRysin(ayt) is supplied in the form of a master generator to AEG input,

electric vortices with turbulent flow appear in the bulk of plate 1, which then interact with the external
medium. This leads to origination of energy flows directed from this medium to the bulk of the plate
which is converted into electrical one. This results in the appearance on the output electrical wires 6, 7
of some electrical power Poyt Which is represented as follows:

ISSN 1607-8829 Journal of Thermoelectricity /23, 2021 11
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)(K +1)-tga

P, t = PO Sin(a)lto
o K—tgza

, (12)

Thus, right-hand rotation of electric vortices with turbulent flow determines the possibility of
operation of the plate in the mode of electricity generationn. Here, w1 is the frequency of the electric
vortex which is determined by the master generator.

The efficiency n in this case is as follows:

1

LR (43

m

where P;/P, are powers released in the bulk of both the plate and the external load of resistance Z,
respectively.

Maximum value of electrical power Pmax Which can be generated by AEG is determined as
follows:

Prax. = (S' M 'AT)/(Pl/PZ) 1 (14)
where M =a -b -c -d is the weight of the plate; d is the density of its material; s is specific heat of
material; 7o is ambient temperature; Tmax IS boundary operating temperature of plate 1 material.

Numerical estimates show that the efficiency value of the proposed device is within 0.5+0.99

It should be noted that under certain conditions the AEG under study can also actively function in
the mode of thermal power generation.

Anisotropic electroohmic heater (AEH)

A feature of this heater in comparison with the generator is the increased values of the
internal resistance of the plate. The schematic design of such AEH (Fig. 6) is similar to the design
of the above AEG with the difference that the resistance R=0.

Fig. 6. Schematic of AEH design
1 — Plate of anisotropic

electrically conductive material;
2 —electrical insulating layers;

3 — electrically conductive layers;

4, 5 — input electrical wires;
6, 7 — output electrical wires.

12 Journal of Thermoelectricity /23, 2021 ISSN 1607-8829



A.A. Ashcheulov
On energy opportunities in anisotropic bipolar electrically conductive media

Anisotropic electroohmic cooler (AEC)

Unlike AEG and AEH, the design of AEC consists of anisotropic rectangular plate 1 and
electrical wires 4, 5 (Fig. 7). The anisotropy of electrical conductivity of the materials of plate 1 is
selected with the coefficient 0<K<1.

G

Fig.7. Schematic of AEC design
1 — Plate of anisotropic electrically conductive material;

4,5 —input electrical wires; 6, 7 — output electrical wires.

In this case, the application to contacts 4, 5 of the generator power leads to the occurrence in its
bulk of turbulent vortices of electric current with left-hand rotation. This leads to a decrease in the
internal energy of the anisotropic plate, which ultimately leads to a corresponding decrease in the plate
temperature T.

With a positive half-cycle of power supplied to the input of such a device, part of its internal
energy is absorbed by the external medium through one of the lateral faces (a x b), with a negative
half-cycle — through the opposite lateral face (a x b).

In this case, cooling capacity Q is determined as follows [13]:

(K+1)-tga

Q:WOUt 2
K-tg°ax

, (15)

and temperature difference AT between the external medium and the anisotropic device, which is
achieved by the adiabatic isolation of the faces of the plate,

AT = (Q-0es )/(s- M), (16)

where g, are losses due to cooling of electrically conductive and metal layers on the upper and lower

faces of the converter, s is heat capacity, M is its weight.
The efficiency ¢ of the analysed cooling process is represented by the classical expression:

ISSN 1607-8829 Journal of Thermoelectricity /23, 2021 13
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0= (T1-T2)/T1

where T1is ambient temperature, T is anisotropic plate temperature which is achieved on cooling.

It should be noted that as materials for the plate it is possible to use both semiconductors with a
narrow energy gap, semiconductors of p- and n- type conductivity, semimetals and metals of
appropriate conductivity.

The results of the studies show the outlook for using this device as highly efficient cooling
elements. This method allows for efficient utilization and accumulation of thermal energy released by
specific objects, various instruments and devices, pumping it into the external medium.

Conclusions

For the first time, an original physical model is proposed for energy interaction between
vortex electric field of a plate made of anisotropic electrically conductive material characterized
by different types of conductivity in the selected crystallographic axes and the external medium.
The analysis of this model shows that in the range 0<K<1 the transformation coefficient m is
characterized by the negative value, and in the range 1<K<oo - by the positive value. In the former
case, there is cooling effect, in the latter — the mode of electric energy generation and heat release.

The use of single-crystal and artificial anisotropic electrically conductive materials with
different conductivity types in the selected crystallographic axes makes it possible to obtain the
value of module m > 1 which is caused by the action of electric field vortices with a turbulent flow
in the bulk of the anisotropic plate.

Promising areas of practical application of such devices in the form of generators of
electricity, heat and cold are determined, calculated expressions are obtained for their efficiency,
which is in the range # = 0.5+ 0.98, and the cooling temperature of this device when using
appropriate materials with the necessary temperature dependence of their kinetic coefficients can
reach the temperature of liquid helium.

The proposed model will promote the emergence of new scientific and technical lines in the
field of electricity and all related areas.
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IMPO EHEPTETUYHI MOXJINBOCTI Y AHI3OTPOITHOMY
BIITOJIAPHOMY EJIEKTPOITPOBIZTHOMY CEPEJOBMUIIII

Ilposeoderno Oocnidoicenns ocobnusocmeti nepemeopeHHs eleKmpUiHo20 CIMpPYMy AHI30MPORHUM
eNeKMPONPOBIOHUM CepedosuLeM sKe XapaKmepusyEmobcsl PIBHUMU MUNamu nposionocmi (p- ma
N- munu) y GuUOpaHUX KPUCMANOZDADIUHUX HANPAMKAX 8 YMOBAX OMIYHO20 KOHMAKMY.
Bcemanoesneno, wo y eunaoky npomixanHs 3068HIUHLO20 eNEKMPUYHO20 CIPYMY CUHYCOIOATbHOL
dopmu uepe3 npucmpiii 8 OCHOGI K020 € NPAMOKYMHA WIACMUHA i3 3200)Y8aH020 Guuje
AHI30MPONHO20 Mamepiany, 8 il 00’emi GUHUKAIOMb BUXOPU eleKmpuuHozo cmpymy. Ha ocnogi
ananizy gynxyii m(K, a) (éunadox |m| > 1), wo eusnauac xoegiyicnm nepemeopents npucmpoio,
3p00IEHO BUCHOBOK NPO eHepemuuHy 63dEMOO0i0 MidC 00’ €MOM aHI30MPONHOI NAACMUHU i
306HiwNIM cepedosunem. IIposedeni 00CniOdiceH s NOKA3ANY, WO BUKOPUCTNANHA AHI30MPONHO20
eNeKMPONPOBIOHO20 OINONAPHO20 MAMEPIATY Npu3go0ums 00 3HAYHO euwoi (m>1) abo uudcyoi
(M<-1) senuuunu roegiyicnma nepemeopenns m Hinc y GUNAOKY VHINOJIAPHUX AHIZ0MPONHUX
eNeKmponposionux mamepianie. JJo enomeny enekmpoomiuHoz0 nepemeopeHHs eede Nosaea
BUXOPIG  eIeKMPUYHO20 NOJS, AKI  XApaKmepusylomuvcsi  mypOyieHmHol0 — medi€lo,  wo

npedcmasnsionmscst supazom 10t | =+w, de @ — kpyeosa wacmoma obepmanHs 6UXOPY, a 3HAKU

«t» ma «—» — No3HAuAIOMb HANPAMOK 1020 00epmanHas ma GUIHAYAIOMLCSA GEAUUUHOIO
koeiyienma auizomponii K=a11/022. Taki enexkmpuuni suxopu 3 mypOyieHMHUM XAPAKMEPOM
meuii € epekmusHUM MEXaHI3MOM, WO NEPeKayye eHepeito MIdC 306HIWHIM cepedosuwyem i 6
Hawiomy 6uUNAoKy, aHi30mponHolo niacmunoro npucmpoio. Crio iomimumu, wo 8 OKpeMmux
BUNAOKAX CNOCMEPI2AEMbCS AHOMANbHE 3HAYEHHS 32a0y8aH020 Koediyicnma. 3acmocysanis
PO32NAHYMO20 MemOOy NepemeopeHHs eeKMpPUYHO20 CIMPYMY 3d OONOMO20i0 3aNpPONOHOBAHUX
npucmpois, 6 OCHO8I pobomu  AKUX € NAACMUHA — GUSOMOGIEHA 3  AHI30MPONHOZ0
e1eKMPONPOBIOHO20 Mamepiany, 3HAYHO POWUPIOE 2ATY3i ANbMEPHAMUBHOT eNIeKIMPOeHep2emuKy
ma tHWUX o8 sI3anux 3 HUM obaacmetl nayku ma mexuiku. bion. 14, puc.7.

Ki1r04yoBi ciioBa: aHi30TpOIHE CEpEeIOBHINA; €ICKTPONPOBIIHICTE; MEPETBOPEHHS; SICKTPUIHIN

CTpYM; KOe(iIlieHT KOPUCHOT JIil; HarpiB; OXOJMIOHKEHHS; TeHEepaIlis.
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O DQHEPTETUYECKHUX BO3MOKHOCTAX B AHU3OTPOIIHBIX
BUITOJIAPHBIX SJIEKTPOITPOBOJAHBIX CPEJAX

IIposederno uccredosanue ocobeHHocmel nPeodPaA308anUs IEKMPULECKO20 MOKA AHUZ0MPONHOU
INIEKMPONPOBOOHOU CPeOll, XAPAKMEPUIYVIOWENC PAZHBIMU MURAMU NPOSOOUMOCmU (p- U n-
Munbl) 8 6blOPAHHBIX KPUCMATIOSDAGUUECKUX HANPAGLEHUSX 8 YCL08UIX OMUUECKO20 KOHMAKMA.
Yemanoseneno, umo 6 ciyuae npomekanus GHEUWIHE20 SJEKMPUUECKO20 MOKA CUHYCOUOATbHOU
Gopmbl  uepe3 ycmpoucmeo, 6 O0CHO8e KOMOPO20 UMEEMCs NPpAMOY2ONbHASL NAACMUHA U3
BBILUEYNOMSHYINO20 AHUZ0MPONHO20 MAMEPUANA, 6 ee 00beMe BOZHUKAIOM GUXPU INEKIMPUYECKO20
moxa. Ha ocnose ananuza ¢ynxyuu m(K, a) (cnyuaii |m|>1), onpedensowuii kod¢pduyuenm
npeoopazo8anus yYCmpoucmeda, cOenaH 6vl800 00 IHepeemuUueckoOM 63auUMOOeticCmeul MexHcoy
06beMOM aHU3OMPONHOU NIACTUHBL U GHewHell cpedoti. [Iposedennvle ucciedo8anus nOKa3auu,
YMO UCNONBb308AHUE AHUZOMPONHOL0 IJIEKMPONPOBOOHO20 OUNONAPHOZO MAMEPUATA NPUBOOUM K
3HauumenvHo 6oaee evicoxou (M > 1) um 6bonee uuzkou (m<-1) eeruuune xosppuyuenma
npeodpa308anus m, Yem 8 Ciyiae YHUROIAPHBIX AHUZOMPONHBIX JIeKMPONPOBOOHbIX MAMEPUATIO8.
K ¢henomeny snexmpoxumuuecko2o npeepaujerust 6e0em nosigieHue Guxpell d1eKmpuiecko2o noJs,

Xapakmepusyiouuxcs. mypOyieHmHblM meyenuem, npeocmagisemvim evipadicenuem IOt | =+

20e @ — Kpy208as 4acmoma 8paweHus 8Uxps, a 3HaKu «+» u «—» — 0003Hauaom HanpagieHue e2o
epaujerus U ONnpedersiiomcsa eaudurol Kodg@uyuenma anusomponuu K=cll/c22. Taxue
INeKMmpuuecKue SUXpu ¢ mypOyIeHMHbLIM XAPAKMEPOM MedeHUs: AGIAIOMCA  IPHeKmueHbim
MEXAHUZMOM, NePEeKAYUBAIOWUM DHEP2UI0 MedcOy GHeWwHell Cpedoli U 6 Haulem Ccayyae,
anuzomponnoti naacmunou ycmpovicmea. Cnedyem ommemumys, 4mMo 6 peOKux CIAyudasx
HaOmodaemcss  QHOMANbHOE — 3HAYeHue  YHoMAHymozo  koapguyuenma.  Ipumenenue
Paccmampueaemozo Memooa npeobpazo6anus IAEKMPULecKoeo moka ¢ HOMOWbIO NPEOLOHCEHHbIX
ycmpoticms, 6  0CHO8e  pabomvl KOMOPbIX NAACHMUHA —U320MOGNeHd U3  AHU30MPONHO20
INEKMPONPOBOOAUE20  MAMEPUATA, 3HAYUMETbHO —pacuiupsiem o00aacmu  aibmepHAmUHOU
INEKMPOIHEPeeMuKY U Opyeue, C6A3AHHBIX ¢ Hell obnacmu Hayku u mexuuxu. bubn. 14, puc.7.

KiroueBble cjioBa: aHU30TPOIHAS Cpela; ICKTPOIPOBOAHOCTD; MPEBPAIICHHUE; SICKTPHUCCKUI

TOK; KO3(DQUIMEHT MMOJIE3HOTO JEHCTBUS; HATPEB; OXJIAXK/CHHE; TCHEePAIIHSI.
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L.I. Anatychuk L.M. Vikhor
INFLUENCE OF ELECTRICAL AND THERMAL

RESISTANCES OF CONTACTS AND INTERCONNECTS ON THE
COEFFICIENT OF PERFORMANCE OF THERMOELECTRIC MODULE

The paper describes a method for calculating the maximum coefficient of performance for a real model
of a thermoelectric module, which takes into account the influence of the electrical resistance of contacts
and interconnects and the thermal resistance of interconnect and insulating plates. The dependences of
the maximum coefficient of performance of the module on the height of its legs and temperature
difference are calculated. A comparative analysis of the coefficient of performance of a real module
model with its "ideal" value, which does not take into account the influence of electrical and thermal
resistances of contacts, interconnects and insulating plates, is carried out. Bibl. 7, Fig. 4, Tabl. 2.

Key words: thermoelectric cooling module, coefficient of performance, electrical contact resistance,
thermal resistance of interconnect and insulating plates

Introduction

Thermoelectric cooling technology has been widely used in various spheres of human life for
over 50 years due to its main advantages, such as the absence of harmful refrigerants, quiet operation,
the ability to operate in any orientation in space, the ability to accurately maintain temperatures, long
service life, etc. Thermoelectric devices are used for cooling, controlling thermal conditions and
stabilizing the temperature of elements and systems of electronics and optoelectronics, such as
photodetectors, IR radiation sensors [1], CCD matrices, laser diodes, integrated chips, microprocessors
[2—-10], LEDs [11, 12]. The thermoelectric cooling method is used in biological and medical
equipment: in cryodestructors, cold-heat stimulators, mini thermostats for medicines, in
biocalorimeters, spectrometers and bioanalyzers [13-18]. Household appliances with thermoelectric
cooling modules are diverse, these are household air conditioners [19 —21], portable household
refrigerators, minibars for drinks, cooler bags for picnics [22 — 25]. Thermoelectric coolers (TECs) are
used in the automotive and transport industries for cooling-heating seats [26, 27] and in air
conditioners for vehicles [28].
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It is well known that the main disadvantage of thermoelectric coolers is the low coefficient of
performance compared to mechanical cooling methods. Increasing the coefficient of performance is an
urgent task [29, 30]. The coefficient of performance of a thermoelectric module as the main element of
the cooler depends on the figure of merit of the materials of the thermoelement legs and the electrical
and thermal resistance of the contacts, inetrconnect and insulating plates of the module. These
resistances lead to electrical and thermal losses in the efficiency of thermoelectric energy conversion
[31, 32]. An increase in the figure of merit of materials contributes to an increase in the coefficient of
performance. However, since the 1950s, cooling modules have been manufactured from materials
based on Bi,Tes, the dimensionless figure of merit of which remains at the level of 1 — 1.2 [30]. The
search for new materials with increased figure of merit has not yet yielded tangible positive results.
Electrical and thermal losses in modules reduce the coefficient of performance and are one of the main
reasons why thermoelectric coolers do not fully realize the properties of materials.

The works [31, 32] describe approximate analytical methods for calculating the coefficient of
performance, taking into account the electrical and thermal resistances of contacts, interconnect and
insulating plates in the module. It is shown that the coefficient of performance decreases if the height
of the thermoelement legs is reduced.

The purpose of this work is to theoretically establish the influence of the combined action of the
contact resistance, the electrical resistance of interconnects, the thermal resistance of interconnect and
insulating plates on the value of the maximum coefficient of performance of the module and to
determine which of the resistances more significantly affects the coefficient of performance with a
decrease in the height of thermoelement legs.

Method for calculating the maximum coefficient of performance

A model of thermoelectric module is shown in Fig. 1.

Q.
EEREREEER

Fig. 1. A model of cooling module (a) and
thermoelement (b). 1 — heat-absorbing

h

thermoelement junction, 2 — interconnect plate,
3 —insulating plate, 4 — contact zone.

’
e’
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The module contains a number of thermoelements from semiconductor legs of n- and p-types of
conductivity. Typically, the legs are connected in a series electrical circuit by metal plates and are
mounted between two insulating plates in parallel with respect to the heat flow. If we pass an electrical
current I, of indicated in Fig. 1b polarity, then heat is absorbed at the junctions of thermoelements 1,
and is released at the opposite junctions. If the heat-releasing surface of the module is maintained at a
temperature Ty close to the ambient temperature, the heat-absorbing surface will be cooled down to a
certain temperature T.

The energy efficiency of the module is determined by the coefficient of performance

e= (1)

where W = Qn - Q¢ is power consumption, Q. is cooling capacity, Qn is heat productivity of each
thermoelement in the module.
The following approximations were used to calculate and optimize the coefficient of
performance:
1. In the stationary state, the temperature distribution in the legs of thermoelements is one-
dimensional, i.e. T = T(x), where x is the coordinate directed along the height of the leg.
2. The Seebeck coefficient anp, resistivity pnp and thermal conductivity knp of the materials of n-
and p-type legs are temperature independent.
3. The influence of electrical contact resistance rc, electrical resistance reom Of interconnects and
thermal resistance R; of interconnect and insulating plates is taken into account.
With such approximations, the cooling capacity Q¢ and the heat productivity Qn are determined
from the system of heat balance equations for a thermoelement, which is given by

_1

QC—RI(TC—TC,-), 2)
1 L 2 2 S
chachj—bpg+?+rme| —KE(Thj—ch), (3)
1 L 2 ) S
Qh:alThj+£§p;+ 5 +rmm]| —KE(ThJ.—TCj), (4)
Q == (T, -T,) (5)
h Rt hj h/

where a:|0cn|+ap, p=p,+p,, k=%, +x, Listhe height of the leg, s is the cross-section of the leg,

T and Thj are temperatures of the heat-absorbing and heat-releasing thermoelement junctions. The

resistance of the interconnect plate is calculated by the formula r_ = Poom EJ§+ aJ [33], and

com Icom\/§£3
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thermal resistance of the interconnect and insulating plates is determined as follows:

R = lon + s , Where pcom 1S resistivity of interconnect plate, kcom, Kins IS thermal conductivity

Kcom Scom Kins Sins

of interconnect and insulating plates, respectively, leom, lins is their height, s, = (2v/s +a)J/s is the

area of interconnect plate, s, =2(«/s +a)? is the area of insulating plate, a is the distance between

thermoelectric legs.
The temperatures Tej, Trj are found from Egs. (2), (5) and are substituted into Egs. (3), (4), the
solution of which is the following expressions for Qc, Qn:

Qo —* RQu

Q=——>t", ©)
QhO_ CKERI
Q =l )

where F, =1 (al —KE)R“ F, =1+ ZKERI —(aIR)?,

1 L 2r S
—alT, —| Sp=+==+r_ [I?—x>(T, -T.), 8
QcO c szs s comJ L( h c) ()
1 L 2r S
=alT, +| Zp—+—+r_ [I"-x—(T, -T,). 9
QhO a h szs s comJ KL( h c) ()

Cooling capacity Q. and heat productivity Qn depend on the value of current | in thermoelement
legs. Computer methods are used to calculate the optimal value of current lop, Whereby the maximum
coefficient of performance is achieved which is found by the formula (1).

Note that for an ideal model of module in which the influence of the electrical and thermal
resistances of contacts, interconnect and insulating plates is neglected, that is
r.—0, r,,—0, R —0,formulae (6), (7) for Qc, Qn acquire a classical form [33]

1 L S
=alT, —Zp=12—x=>(T, -T
Qc a c 2pS KL(h c)’

1 L S
Qh :(X,ITh +§p§|2 —KE(Th _Tc)’

which makes it possible to calculate maximum coefficient of performance by the classical
formula [33]
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8max = MTC _Th ' (10)
AT(M +1)

2
where AT =T, -T,, M = I+05Z(T, +T,), Z ="
pPK

Results of calculating maximum coefficient of performance and their analysis

For the theoretical study of the influence of electrical and thermal resistance of contacts,
interconnect and insulating plates on the energy efficiency of thermoelectric coolers, the maximum
coefficient of performance was calculated for modules made of Bi,Tes based materials. The
thermoelectric parameters of the materials of n- and p-type legs were considered to be the same.
Calculations are made for modules with copper interconnects of legs and with insulating plates made
of aluminum oxide Al,Oz and aluminum nitride AIN, the thermal conductivity of which is 5 times
better than that of Al2Oa,

To analyze the impact of electrical contact resistance rc on the maximum coefficient of
performance, calculations were made for two values of rc, namely, for the value r. = 5-:10% Ohm-cm?,
which is considered typical for mass production modules [34], and for the minimum value rc = 107
Ohm-cm? of contact resistance due to the potential barrier at the boundary between the thermoelectric
material and the nickel anti-diffusion layer [35].

The initial data for the calculation of emax are given in Table 1.

Table 1
The values used for calculating maximum coefficient of performance

Quantity Value
Seebeck coefficient o, pV/K 210
Resistivity p, Ohm-cm 102
Thermal conductivity «, W/cm-K 0.015
Height of legs L, cm 0.02-0.2
Cross-section of legs s, cm? 0.1x0.1
Distance between legs a, cm 0.05
Height of interconnect plate lcom, cm 0.025
Height of insulating plate lins, cm 0.063

The dependences of emax on the height of thermoelement legs, calculated for the temperature
differences on the module 30 K and 60 K, are shown in Fig. 2.
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Fig. 2. Dependences of maximum coefficient of performance emax On the height L of
thermoelement legs. 1 and 2 — with account of electrical resistance of contacts and interconnect
plates and thermal resistance of interconnect and insulating plates of Al,O3 (solid lines),
of AIN (dashed lines). 1 — contact resistance r.=5-10% Ohm-cm?; 2 — r;=10" Ohm-cm?;

3 — thermal resistance is not taken into account, r.=10" Ohm-cm?,
Temperature difference AT=30 K (a), 4T=60 K (b), Tv=30 °C.

If the contact resistance is low, and the heat losses due to the thermal resistance of interconnect
and insulating plates are not taken into account, then the coefficient of performance does not depend
on the height of the thermoelement legs (dependence 3 in Fig. 2). These conditions correspond to the
ideal model of the cooling module, and the maximum coefficient of performance can be calculated
using the classical formula (10).
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Note that the results of calculations of emax have shown that the electrical resistance of
interconnect plates practically does not affect emax.

The influence of the thermal resistance of interconnect and insulating plates under the condition
of both minimal (dependences 2 in Fig. 2) and real (dependences 1 in Fig. 2) contact resistance
determines the dependence of gmax on the height of the thermoelement legs.

A decrease in the height of the legs leads to a decrease in the coefficient of performance, which
is especially noticeable during the miniaturization of thermoelements, when the height of the legs is
less than 0.1 cm.

Thermal resistance is the reason for the temperature difference AT on interconnect and
insulating plates (Fig. 3), which for miniature legs is the greater, the smaller their height. It is obvious
that 8T, =T, —T, on the heat-releasing insulating plate will be significantly greater than &T =T -T;

on the heat-absorbing one. For modules with leg height L = 0.05 cm and Al.O3z insulating plates, &Th
reaches 5 degrees (Fig. 3b) and, accordingly, the temperature of the heat-generating junctions of
thermoelements increases, which leads to a decrease in the coefficient of performance.

O0T,K

\ AT=30 K

,\

1 \\YK} Fig.3. Dependences of temperature difference 6T on
s —— interconnect and insulating plates of Al,Os (solid lines),

0(') j ; ________ 1 -_é::===:_=,5,=__|__j=r:,:=='2 of AIN (dashed lines) on the height of thermoelement
legs L. 1 —oTh on the heat-releasing surface of
a) thermoelements in the module, 2 — 6T on the heat-
absorbing surface. Temperature difference on
6.0 K _ the module AT = 30 K (a), AT = 60 K (b), Tn= 30 °C.
\ AT=60 K

\\\ 2 \
1 \‘*71
0 e
0 0.5 1 15 | mm 2
b)
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The loss of cooling efficiency can be reduced by reducing the thermal resistance of the
insulating plates by using thinner plates made of materials with higher thermal conductivity, such as
AIN. For insulation with AIN at L=0.05 cm, 8T instead of 5 K will reach a value of less than 1 K
(Fig. 3).

The dependence of emax 0n the temperature difference on the module is shown in Fig. 4. Here are
the results of calculations for the modules with the height of legs L=0.2 cm and for the miniature legs
with L=0.02 cm. If the legs are high, then emax 0f a real model of module (dependence 3, Fig. 4), which
takes into account the electrical and thermal resistances of contacts, interconnect and insulating plates,
is nor essentially different from emax Of an ideal model (dependence 4, Fig. 4). For miniature legs this
difference will be insignificant only on condition of minimum contact resistance and the use of
insulating plates with high thermal conductivity (dependence 2 for AIN plates, Fig. 4). Otherwise, €max
of a real micromodule will be 2-5 times less as compared to o, calculated with the use of ideal model
approximation. This conclusion follows from the results of calculation of the ratio eo/emax Of the
coefficients of performance of the ideal and real models presented in Table 2.

Fig.4. Dependences of maximum coefficient of performance emax on temperature difference
AT, Th=30 °C. 1, 2, 3 — with account of thermal losses in interconnect and insulating
plates of Al,O3 (solid lines), of AIN (dashed lines). 1 — height of legs L=0.02 cm, contact
resistance rc=5-10°% Ohm-em?; 2 — L=0.02 cm, r.=10" Ohm-cm?; 3—L=0.2 cm,
re=5-10" Ohm-cm?; 4 — thermal losses are not taken into account,
L=0.2 cm, rc=10" Ohm-cm?.
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Table 2

Dependence of the ratio eo/emax ON the height of thermoelement legs.
emax — the value of coefficient of performance with account of electrical and thermal losses in the
contacts with resistance rc and in copper interconnect and insulating plates of Al,Ogz, & — the value of
coefficient of performance for an ideal model of module with no account of the losses.

€0/ €max €0/€max €0/€max €0/ €max
With account of | With accountof | With account of | With account
Height | only electrical electrical and only electrical of electrical
of legs losses in the thermal losses losses in the and thermal
L, cm contacts r=10" Ohm-cm? contacts losses
r=10" Ohm-cm? r=5-10° r=5-10°
Ohm-cm? Ohm-cm?
Temperature difference on the module AT=10 K, &=4.15
0.2 1.0 1.08 1.04 1.12
0.15 1.0 1.10 1.06 1.16
0.1 1.002 1.16 1.08 1.24
0.05 1.003 1.32 1.17 151
0.02 1.008 1.89 1.43 2.48
Temperature difference on the module AT=30 K, &,=0.96
0.2 1.00 1.06 1.06 1.12
0.15 1.001 1.08 1.08 1.16
0.1 1.002 1.12 1.12 1.24
0.05 1.004 1.24 1.24 154
0.02 1.01 171 1.69 2.99
Temperature difference on the module AT=60 K, &=0.17
0.2 1.00 111 1.17 1.31
0.15 1.004 1.15 1.24 1.45
0.1 1.006 1.25 1.39 181
0.05 1.01 1.60 2.08 5.24
0.02 1.03 5.37 - -

Here are the calculation data of the ratio eo/emax, the analysis of which also shows that the
module efficiency losses with a decrease in the height of the thermoelement legs, which are caused by
the thermal resistance of interconnect and insulating plates, are commensurate with the losses caused
by the electrical contact resistance.
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Thus, for the design of cooling modules with legs less than 1 mm high, it is important to take

into account both the electrical contact resistance and the thermal resistance of interconnect and

ins

ulating plates. For modules with legs larger than 0.15 cm, an ideal model can be used that does not

take into account the influence of electrical and thermal losses in energy efficiency.

Conclusions

1.

The calculation and analysis of the maximum coefficient of performance, carried out on the basis
of a real model of the cooling module, taking into account the influence of the electrical contact
resistance and the electrical and thermal resistances of interconnect and insulating plates, allow us
to draw the following conclusions:

The coefficient of performance depends on the height of thermoelement legs. The lower the
height of the legs, the lower is coefficient of performance. For temperature differences less than
40 K, the coefficient of performance of modules with insulating plates made of Al.Oz and legs
made of Bi;Tes based materials with the height of 0.05cm reaches only 65 % of its “ideal”
values, which does not take into account the influence of electrical and thermal resistances, and
for AT = 60 K this will be only 19 %. At the same time, for modules with a leg height 0.2 cm this
figure is 90 %.

The greater the electrical contact resistance and thermal resistance of interconnect and insulating
plates, the more significantly the coefficient of performance decreases with a decrease in the
height of the legs. In so doing, the decrease in the coefficient of performance due to thermal
resistance is commensurate with its decrease as a result of the impact of electrical contact
resistance.

The energy efficiency of the modules can be improved by applying manufacturing technologies
that minimize contact resistance [35] and by using insulating plates made of highly thermally
conductive materials, such as AIN instead of Al.Os. The coefficient of performance of such
modules will not significantly depend on the height of the legs and will approach its “ideal” value.
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V.S. Zakordonets .M. SySak
THERMOELECTRIC FIGURE OF MERIT OF

SEMICONDUCTOR SUPERLATTICES

The thermoelectric figure of merit of semiconductor superlattices has been studied in the quasi-
classical one-miniband approximation. The change in the relaxation time of current carriers in 2D
structures compared to their 3D analogs is taken into account when current carriers are scattered by
acoustic phonons, point defects, and nonpolar optical phonons with arbitrary statistics. An analytical
dependence of the figure of merit on the thermoelectric quality factor of the material and the width of
the conduction miniband along the superlattice axis is established. It is shown that the figure of merit
of semiconductor superlattices increases with increasing these parameters. Bibl. 14, Fig. 4.

Key words: superlattices, conduction miniband, relaxation time, thermopower, phonon thermal
conductivity, thermoelectric figure of merit.

Introduction

Formulation of the problem. The efficiency of thermoelectric generators, as well as
coefficient of performance of thermoelectric coolers is determined by the parameter of dimensionless
thermoelectric figure of merit

2
a‘oc
T =

T, 1)

K, + Kph
where a, o, ke, xph are the Seebeck coefficient, electric conductivity, electron and phonon thermal
conductivity of thermoelectric material, T is average absolute temperature which characterizes the
conditions of application of the thermoelectric device [1].
In [2], it is shown that for the bulk crystalline semiconductor materials, even with perfect
combination of their parameters, zT < 1.5. In fact, the value of zT of modern thermoelectrics based on
Bi>Tes has approached the limit value of zT < 1.

Analysis of recent research and publications

In recent decades, intensive search for ways to increase the thermoelectric figure of merit has
continued. In this case, the increase in thermoelectric figure of merit was mainly associated with a
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decrease in phonon thermal conductivity while maintaining electrical conductivity at least at the level
of degenerate wide-gap semiconductors. The use of low-dimensional semiconductor structures has
been proposed: thin films [3, 4], superlattices, [5, 6], nanoscale structures [7]. Analysis of the
experimental data confirms the promise of creating highly efficient thermoelectric materials based on
nanotechnologies [8].

However, a decrease in the phonon component of the lattice thermal conductivity is not the
only consequence of the influence of low-dimensional structures on the properties of a thermoelectric
material: in nanostructured materials, the processes of transport and scattering of not only phonons,
but also electrons can change [9, 10].

The purpose of the work is to study the thermoelectric figure of merit of semiconductor
superlattices in quasi-classical one-miniband approximation with regard to a change in relaxation time
in 2D structures as compared to their 3D analogs at scattering of current carriers by acoustic phonons,
point defects and nonpolar optical phonons with arbitrary statistics.

Formulation of the task
Finding the distribution function

The physical properties of semiconductor materials are determined by their electronic
spectrum, which has a strong anisotropy in superlattices. While the movement of current carriers in the
direction perpendicular to the SL axis is almost free and corresponds to movement along a wide
conduction band, the movement along the superlattice axis is limited.

In this direction, the electronic spectrum is miniband. In the case of sufficiently narrow layers,
which are quantum wells for electrons, all electrons will be located near the bottom of the lower size
quantization miniband. In the framework of quasi-classical approximation 2go >>h / t2p, eEo, aV. ko T
the law of electron dispersion in the lower miniband of SL is given by [11]

. 2),2
g(k)z Zr:l +2¢,(1-cosk,a) 3)

L

where k, = (kx2 +ky2)}/2, and k; is transverse and longitudinal to SL axis components of quasi-

wave vector, m, is transverse effective mass, which is close in size to the effective mass m* of

semiconductor electrons forming SL, a is SL period, 2¢o is the width of SL conduction miniband in the
direction k;.

The calculation of kinetic coefficients will be carried out in the quasi-classical one-miniband
approximation taking into account the change in the relaxation time in 2D structures in comparison
with their three-dimensional 3D analogues. The nonequilibrium function of electron distribution f will
be found from the kinetic Boltzmann equation

g

eE f

S (@)

- of
vV—=-eE,—==
hok Top

or
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where B:h‘lag(ﬁ)/aﬁ is electron velocity, E(; :—8¢/8F is electric field strength, ¢ is electric
potential, f, = f —f,, f, =[L+exp(e—¢)/k,T] is equilibrium Fermi-Dirac distribution function with

space-variable absolute temperature 7'and chemical potential ¢, top is relaxation time, ko is Boltzmann
constant.

Fig.1 Schematic structure of semiconductor superlattice
GaAs/AlAs. 1 — GaAs layer, 2 — AlAs layer.

The longitudinal component of the relaxation time tensor of the SL electron gas is written as
follows [12]

T

2./2m kT e
-a M.% TSD( i j : 3)

20 37h k,T

where

r-1/2
Typ =7, (kg'l'j : (4)
0

— relaxation time in the bulk sample, o — electron energy-independent constant, r — scattering
parameter are given by:
on point defects (short-term potential)
7Z'h4

T, = , )
" m,(2m ko T)PURN,

on acoustic phonons

271" pv’
TO = E2 0 32 ’ (6)
1 (2mnk0T)

on nonpolar optical phonons (k,T >> A, )
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B 2.2
L N N - (7)
7w\ E, mn(zmnkoT)

It is obvious that the differences in the power dependence of the relaxation time of the bulk
sample and the superlattice are due to the different energy dependence of the density of states.

Solving equation (2) in the relaxation time approximation, for the nonequilibrium additive to
the Fermi-Dirac distribution function we obtain

: o) T e

f, = —rw(af()j{& VT —eBV((o— 6 ﬂ (8)

It is obvious that the first component of the nonequilibrium additive is caused by the sample
temperature gradient, and the second one is caused by the current carrier energy gradient.

Calculation of kinetic coefficients

The current density and energy flux density are found from the known relations [12]

- 20 [\ [~ -\ —
j= Wju(k)fl(k,r)dk, ©)
W= (272[)3 [[ek)- ] oK)t (k. 7) ok (10)

We assume that the vectors E(; and VT are directed along the superlattice axis, which is

compatible with the axis of the cylindrical coordinate system 0z. Given (8) and integrating in the
cylindrical coordinate system for current and energy density, we obtain

i=i,=0(n.p) vz(§—¢j—a(n,ﬁ) (0, 5) V.T 1)

W=W, :_Ke(n’ﬂ) vZT (12)

where o(n, B), t(n, B), xe(n, B) are the Seebeck coefficient, electric conductivity and electron
component of thermal conductivity along the SL axis.

Taking into account the form of the distribution function, from (11) and (12) we find the
kinetic coefficients.

The Seebeck coefficient
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S_
a( ﬁ)_vz[e ¢J__ko |1,2,0(77:,B)+:B Io,z,z(ﬂvﬂ)_ , (13)
= A e Io,z,o(ﬂ’ﬂ) 7
electric conductivity
(1. B)= 008201, B): (14)

electron component of thermal conductivity

i, (1. 8)=Lys (1, B) o, BIT . (15)

where

Iz,z,o(niﬂ)"'zﬂ |1,2,2(77':B)+ﬁ2|0,2,4(77':3)_
L2D(77’ﬂ)=(koj2 IO’Z’O(n,ﬂ) 2 (16)
€ _|: |1,2,0(771:B)+ﬂ Io,2,2(77113):|
Io,z,o(n’ﬂ) Io,z,o(nlﬁ)
the Lorentz number,
|k,.,m(f7’ﬂ)=IFk(771Z’,B)(Sin z)'(sin;jmdz, (17)
L, 2
L eXp| Xx—mp+p sin®
F(n.2.8)=] ( ZJ X dx (18)

0

{1+ exp(x—n + [ sin? ;H

three-parameter Fermi integrals [12],
g, =hk’/2m , x=¢ /KT, n=¢/k T, z=aK,, B=2¢,/K,T is reduced width of conduction

miniband in the direction of superlattice axis.

Calculation of thermoelectric figure of merit

Using the found kinetic coefficients, we calculate the thermoelectric figure of merit of 2D-
structure

*(n. ) o(n, )

T o (1. )
Ke (n!ﬂ)—i_’(ph

_ , (19)
Lo, 8)+BB10,0(n. B)]*

2,0, )T =
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where L, (7, 8) = L, (7, B)/(k, /€)’ is the reduced Lorentz number, o, (17, 8) = ar(n7, B)/(~k, /&) is
the reduced Seebeck coefficient,

2
B :(koj a1 is coefficient of thermoelectric quality which contains material parameters of 2D

e) K,

lattice: coefficient of phonon thermal conductivity, SL period, effective mass and mobility of current
carriers in the direction of SL axis and has a significant impact on the value of thermoelectric figure of
merit. A similar parameter was introduced for the bulk semiconductor samples in [2].

Analysis of the results

At fixed values of current carrier parameters B and B, the thermoelectric figure of merit is a
function of only n, and the dependence z(n) has an extremum. That is, there is an optimal
concentration of doping impurities, which leads to maximum figure of merit values. After
maximization of z(n) by chemical potential, the effect of parameters B and 3 on the thermoelectric
figure of merit was investigated. Estimation of the most realistic range of changes in thermoelectric
quality factor gives B = 0.075-0.125.

Fig. 2 Dependence of thermoelectric figure of merit
on the reduced chemical potential at the width of the conduction
miniband =5 and at different values of quality factor.
Curve 1 at B =0.15, 2- B=0.125,3 - B=0.1, 4 - B =0.075, 5 - B =0.05.
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3.51

Fig. 3. Dependence of maximum thermoelectric figure of merit
on the width of conduction miniband at different values of quality factor.
Curve 1 at B =0.15, 2- at B =0.125, 3 - at B =0.1,
4 at - B =0.075, 5 at- B =0.05.

Taking into account the finiteness of the width of the conduction miniband leads to the
dependence of the Lorentz number on its width. In particular, as the width of the miniband decreases
in the direction of the SL axis, the Lorentz number and the electrical conductivity and electronic
component of thermal conductivity decrease. And, despite the decrease in phonon thermal
conductivity, this process leads to an overall decrease in thermoelectric figure of merit.

On the contrary, increasing the width of the conduction miniband increases the conductivity.
However, this increases the electronic component of thermal conductivity, which can compensate for
the decrease in phonon thermal conductivity. This process can lead to an overall reduction in
thermoelectric figure of merit. It is obvious that there is an optimal width of the conduction miniband,
which for the GaAs /AlAs superlattices is in the range g = 5-9.

In two-dimensional structures for the statistics of degenerate gas of current carriers, the
reduced Lorentz number reaches the maximum value Lo (oo, )=7%/3, and for nondegenerate electron
gas and ultra-narrow minimum band of minimum conductivity - Lo(#, 0)=1.

To verify the correctness of the obtained relations, a boundary transition was performed at
S — oo. The increase in g should be considered as the approximation of the width of the conduction
band in the direction parallel to the SL axis to the width of the wide conduction band in the

directionk .

In the boundary case 8 = oo, the analytical relations for the kinetic coefficients are transferred
to the known formulae for the bulk semiconductors with a parabolic dispersion law [12].
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Fig. 4. Dependence of reduced Lorentz number on chemical potential at different
width of conduction miniband. Curves: 1 -atf=1,2—atf =3,3atf =5,4
atp=7,5atp =10, 6 - at § =w.

One of the most important results of the creation of low-dimensional heterostructures, leading
to an increase in thermoelectric figure of merit, is a decrease in the thermal conductivity of the lattice
as a result of phonon scattering on surfaces and heterointerfaces.

However, the decrease in lattice thermal conductivity is not the only consequence of the
impact of low-dimensional structures on the properties of thermoelectric material: in nanostructured
materials, the scattering processes of not only phonons but also of electrons change. In particular, the
relaxation time of current carriers in 2D structures changes in comparison with their 3D analogues.

Conclusions

The thermoelectric figure of merit of superlattices depends on the chemical potential n, the
width of conduction miniband  and thermoelectric quality factor B. The dimensionless parameter of
thermoelectric material quality is determined by the value: phonon thermal conductivity, superlattice
period, effective mass of current carriers in the direction of superlattice axis, etc. The most realistic
range of change in B for two-dimensional structures based on GaAs/AlAs is 0.050-0.125.

At fixed values of parameters B and B, the thermoelectric figure of merit is a function of only
n, and the dependence z(n) has an extremum which, when B increases, shifts toward smaller values of
chemical potential. In the region of room temperatures, under the condition of the optimal
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concentration of dopants, with the width of the conduction miniband p=10 and with the most

favorable value of thermoelectric quality factor B=0.125, the thermoelectric figure of merit of
superlattices based on AlGaAs can reach the values zT=3. The resulting limit value of SL

thermoelectric figure of merit is sufficient for thermoelectric devices to compete in efficiency with

electric generators and refrigerators operating on other principles.

Naturally, the effect of electron-phonon drag can make significant adjustments to the value of

thermoelectric figure of merit [13, 14].
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TEPMOJJIEKTPUHYECKASA JOBPOTHOCTb
IMOJYINPOBOJHUKOBbBIX CBEPXPEIIETOK

B xeasuxiaccuueckom OOHOMUHUZOHHOM NPUOTUdICEHUU UCCIEO08AHA  MEPMOINEKMPUYEcKas
0006pOMHOCL  NOYNPOBOOHUKOBLIX CEEPXPEUemoK. YumeHo usmeHeHue epemMenu peraxkcayuu
Hocumeneu moxa 6 2D cmpykmypax no cpasHenuio ¢ ux 3D ananocamu npu pacceugaHuu
Hocumenell moKa Ha aKyCMu4yeckux (QOHOHAX, MOYEUHbX 0eeKmax u HeNnoNAPHbIX ONMUYECKUX
@oHOHAX npu  NPOU3BONBHOU CcmMamucmure. YCmMaHo6leHA AHATUMUYECKA 3A8UCUMOCHIb
dobpomHocmu om KodpduyueHma mepmodNeKMpPU4ecKko2o0 Kavyecmea Mamepuana U wupunsl
MUHU30HBL  NpoGOOUMOCHU  no  ocu  ceepxpewémku. Iloxazano, umo  0obpomHocmb
NOMYNPOBOOHUKOBLIX — CEEPXPEUIENOK  YBEIUYUBACMC C  YBeIUUeHUeM dMux napamempos.
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COMPUTER METHOD OF DESCRIPTION
OF THE TECHNOLOGIES AND PROPERTIES
OF Bi2-Tes-BASED THERMOELECTRIC MATERIALS
OBTAINED BY THE BRIDGMAN METHOD

This paper presents the results of the study of literary sources describing the technologies and
properties of thermoelectric materials obtained by the Bridgman method. The results of one of the
stages of creating a software product for the description of the production technologies and
properties of a thermoelectric material based on Bi-Te compounds are given.Bibl.8, Fig.2, Table 1.
Key words: Bridgman method, interpolation, bismuth telluride.

Introduction

Thermoelectric materials are in high demand due to their use in power generation and
refrigeration applications. They are an excellent solution in active cooling devices in military,
telecommunication equipment and temperature control systems.

Bismuth telluride (Bi:Te3) is one of the best thermoelectric materials with the highest
thermoelectric figure of merit (Z), which in turn is related to thermal conductivity (x) and electric
conductivity (o), as represented in formula 1

z=-22, )
K

where a is the Seebeck coefficient.

Traditional methods of manufacturing bismuth telluride compounds include the Bridgman,
Czochralski, and zone melting methods, as well as powder metallurgy methods such as hot pressing
and hot extrusion [1].

The purpose of this work is to study the thermoelectric characteristics of solid solutions based
on bismuth telluride obtained by the Bridgman method, as well as application of a modified computer
program with the study of Bridgman’s method and characteristics of thermoelectric materials based on
Bi-Te compounds.

Dependence of the thermoelectric characteristics of Bi.-Tes-based materials obtained
by the Bridgman method

When obtaining samples of Bi>Tes and its solid solutions by the Bridgman method, the material
is synthesized by fusing the initial components in the same ampoule in which the material will be
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grown later [2]. The Bridgman method consists in the fact that an ampoule with a crystallizing
substance moves in the furnace from the upper part with a temperature exceeding the melting
temperature to the lower part, the temperature of which is lower than the melting temperature.
Bridgman-produced ingots of Bi>Tes consist of one or more crystalline grains large enough to be cut
into single-crystal samples.

Table 1 shows the thermoelectric characteristics of Bi-Te-based materials obtained by the
Bridgman method.

Table 1
Thermoelectric characteristics of Bi-Te-based materials
obtained by the Bridgman method.
X
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308 | 4.57 - - 1.21 P (BI0,258b0175)2T63 15 | 686 673 2-5 [3]
308 | 3.67 - - - N Biz(Teo,94Seo,06)3 15 [3]
298 | 1.27 - - 1.38 P (Bio_258b0,75)2Te3 - - - - [4]
298 | 1.25 - - 136 | N Bi2(Teo.04Se0.06)3 - - - - [4]
208 1 0.91 | 221 - 136 | P (Bio25Sho75)2Tes 15 - 673 5 [5]
298 | 1.09 | 223 | - | 165 | N | BixTeossSeoos)s | 15| - |673 | 5 | [5]
473 - - - - P BiosSbisTeso - 923 - - [6]
300 | 28 | 171 | 1910 | 10.2 | N Bi;Te1sSers - - 600 | 1200 | [7]
300 | 27 | 161 | 2120 | 95 | N B'l'QQQBZZO'OOOZTel'S - | - | 600 | 1200 | [7]
15
300 3 | 163 |2320| 89 | N Bil-gg%ggooooﬁelﬁ - | - | 600 | 1200 | [7]
15
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All the data in the table were implemented in the software product to describe the technologies
and properties of Bi-Te -based thermoelectric material. Updating the software product database will be
described in future papers.

Theory of linear interpolation

Interpolation in the general sense is a method of calculating certain intermediate values of any
studied quantity based on a set of known values.

If the investigated process can be described by a linear function, the procedure for calculating
unknown parameters can be significantly simplified compared to other calculation cases.
Mathematical modeling of various production situations of engineering and scientific practicality by
methods of linear interpolation suggests the possibility of mathematical forecasting by identifying the
value of the interpolated coordinate Y by a given parameter of the X coordinate with known
coordinates of two points of a linear function [8].

For successful management, it is necessary to foresee how this or that system will behave within
the framework of the existing process described by the corresponding linear function. The first point
of the linear function has coordinates XO0,YO0, the second - X1,Y1, the resulting interpolated Y
coordinate, which is calculated, based on the given value of the X coordinate, is calculated according
to formula 2:

Y =((X =X )x (Y, =Yo) +( X, = Xo))+Yo, )

Further development of the software product for describing the technologies and
properties of Bi-Te — based thermoelectric material.

The function of theoretical calculation of unknown values of o and & using interpolation was
introduced into the software product for describing the production technologies and characteristics of
thermoelectric material based on Bi-Te compounds. The general algorithm of this function is as
follows.

e Calling the interpolation function by the user.

e Creation of a dynamic form and all its components for interpolation.

e After the user enters the required working temperature, the program searches the database
for a material whose performance range may include the desired value. To do this, the
following algorithm is implemented (Fig.1).

e After selecting the optimal material, the program calculates the value of the coefficient o using
a linear interpolation formula.

e Based on the result obtained, the program plots the dependence of o on temperature.

e After receiving the results of o, the program calculates the value of o using a linear
interpolation formula.

e Based on the result obtained, the program plots the dependence of & on temperature.

e The results are also displayed in Label.

e  After the user terminates, the program deletes all form components and the form itself. The
general view of the value interpolation window is shown in Fig.1.
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Fig. 1. Algorithm of finding optimal material for interpolation
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Fig. 2. General view of the value interpolation window
Interpolation; output; working temperature; interpolated Alpha; interpolated Sigma

Further development of the software product will be described in future papers.

Conclusions

A study of literary sources describing Bi-Te-based thermoelectric materials obtained by the
Bridgman method was carried out.
1. The research data were added to the database of the software product to describe the
technologies and properties of obtaining Bi-Te-based thermoelectric material.
2. The interpolation function is implemented in the software product to describe the
technologies and properties of obtaining Bi-Te-based thermoelectric material.
3. Further versions of the software product will be described in subsequent papers.
The authors express their gratitude to Anatychuk Lukyan lvanovych, academician of the
National Academy of Sciences, for the suggested topic of the paper.
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ON THE ISSUE OF CHOOSING THERMOCOUPLE MATERIAL
FOR THERMAL CONVERTERS OF METROLOGICAL PURPOSE

In this paper, we consider ways to increase the sensitivity of a thermoelectric converter for
metrological purposes due to design improvements in the thermoelectric converter and
optimization of thermal operating modes. The features of the requirements for thermoelectric
material intended for designing thermoelectric converters as measuring instruments are shown.
Bibl. 11, Fig. 1.

Key words: thermoelectric converter, heater, thermocouple, sensitivity, thermoelectric material

Introduction

The creation of high-precision devices for measuring alternating current values is a
fundamental task of modern thermoelectric instrumentation. An increase in the sensitivity of such
devices is directly related to an increase in the sensitivity of a thermoelectric converter (TC) for
metrological purposes.

Increasing the sensitivity of TC is mainly achieved by improving the parameters of
thermoelectric material (TEM). However, along with the search for new TEMs and improving the
quality of known materials, the possibilities of increasing the figure of merit (z) of which are
practically exhausted at this stage, there are opportunities to increase the parameters of the TC due to
their design improvements, optimize thermal operating modes in order to increase the efficiency of
using the heat generated by the TC heater. The task of optimal application of TEM specifically for TC
remains relevant, because in this case there is a significant difference from the use of TEM for other
thermoelectric devices — thermal generators (TEG), radiation receivers, coolers, etc.
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Therefore, an important task and purpose of this work is to establish the features of the
application of TEM in the development of TC.

Differences in the choice of TEM for different types of thermoelectric devices

It is known [2] that the use of a semiconductor material for thermal into electrical energy
converters has led to a sharp improvement in their coefficient of performance (COP) and created good
prerequisites for the widespread use of such converters. The possibilities of improving the parameters
of TC for metrological purposes have been studied to a much lesser extent. Often, attempts to use
thermoelectric materials (TEMs) developed for energy applications have not met with the expected
success. This is due to the fact that TEMs intended for measurement technology and metrology must
satisfy a number of additional requirements that are not taken into account when developing TEMs for
other applications, such as TEG, thermoelectric coolers (TEC) and thermoelectric heating devices.

When choosing a TEM for TC thermocouples, the TEM optimization criteria are modified. In
TEG, TEC and thermoelectric heating devices, the main parameter that determines their quality is the
efficiency. For TEG, the efficiency (ywax) In the maximum power mode is determined by the
expression [3]:

1 T1 _Tz ) (1)

o 2 1
T1+;_Z(T1_Tz)

nmax =

where 71 and 7> are the temperatures of the hot and cold junctions, respectively, z is the thermoelectric
figure of merit of TEM which is determined by the formula:

a o
7="-,

X ()

where a is the Seebeck coefficient, o is electric conductivity, x is thermal conductivity.
To characterize the TEC, the coefficient of performance evax iS used, which is determined
from Eq.[4]:

T, J1+05z(T,+T,)-T,/T,

g =—" : 3)
T,-T, J1+05z(T,+T,) +T,/T,
The heating coefficient K+ for thermoelectric heating devices is determined as [5]:
K, 21(12_@). 4)
4°2 7T,

Formulae (1), (2), (3), (4) remain correct regardless of which type of device is considered. In
these formulae, the main parameter that characterizes the efficiency of the device is z. Therefore, the
main requirement for the TEM is to achieve the maximum possible value of z.
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Another, no less important, requirement is to maintain the figure of merit of the TEM in a wide
range of temperatures.

Only for a small group of measuring devices — radiation receivers, microcalorimeters,
thermocouples - a relation has been found from which the relationship between the parameters of the
TEM and the main characteristics of the device is determined, taking into account the possibility of
reaching their boundary values, limited only by thermal and temperature noises [5].

The main parameters describing radiation receivers are signal detection capability and volt-watt
sensitivity. Similar parameters are introduced for microcalorimeters. These parameters have long been
studied and described in [3,4]. Mathematical expressions to determine these parameters do not take
into account a number of additional factors inherent in various thermoelectric devices. Expressions for
real structures are much more complicated [5]. They include TEM parameters in different
combinations: a, o, x. In addition to the requirements for achieving maximum sensitivity, a number of
additional conditions are imposed on TEM and TC: stability in a given temperature range, high
temporal stability, etc.

From the above it can be seen that the requirements for TEM, designed for TEG, TEC and heat
pumps, differ significantly from the requirements for TEM, designed for the design of TC as
measuring instruments. For example, the figure of merit of a TEM is decisive for a TEG, and its
efficiency at small values of ZT depends on the figure of merit according to a law close to linear.
Whereas for measuring instruments, the expressions that include z are determined by the power
dependence [6] and other coefficients. For this reason, the conditions for optimizing the TEM to
achieve the maximum value of sensitivity, speed, etc., will differ. In addition, there are differences in
the requirements for TEM and for different measuring instruments [7]. Due to this, a universal TEM
suitable for various thermoelectric products cannot be created.

However, the requirements for TEM to achieve the extremely important parameters of the TC
are either not fully investigated and defined, or are chosen from considerations that do not always
follow from the physical principles of the TC operation, but are determined by operational approaches.
As a result, it is often difficult to choose the best TEM for TC.

The relationship of the main parameters of TC with the properties of TEM

To determine the method of selection and optimization of TEM for TC, consider the main
parameters of TC.

The most influential parameters describing the properties of TC are those that determine the
relationship between the initial values (current, voltage) and the output values (thermoEMF of
thermocouples, thermoelectric current, power in the thermocouple circuit). To describe this
connection, the following is accepted in the literature [5]:

OE,

a) sensitivitysI = , as the ratio of the increase in thermoEMF of the thermocouple E7 to the

H

increase in current Iy through the heater;
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b) sensitivity S, = oE

T as the ratio of the increase in thermoEMF of the thermocouple E7 to the
’
increase in voltage Uy;

E

c) sensitivity S =T as the ratio of E7to power Py dissipated by the heater.

H

To determine S; and Sy, use formulae [10, 11]:

S, =2K/|1,, ()

S, =2K,U,. (6)
Conversion factors K, and K are related by the ratio:

K, =K,R2, (7)

where Ry is the resistance of the heater.
Conversion factor K, can approximately written as [10]:

K, =R ®)
SA

where S is heat exchange surface, A is heat transfer coefficient.

Expressions (5) and (6) for sensitivity Sy and Sy include only one parameter of TEM — a.
Formulae (5) and (7) are valid only for some types of TC in which heat dissipation by the heater is
much greater than heat dissipation by the thermocouple.

In most TC designs, the thermocouple and the heater are similar in both geometric dimensions
and thermophysical parameters of the materials. In this case, as shown in [8], the thermal conductivity
of the thermocouple affects the temperature distribution along the heater. Therefore, expressions (5)
and (6) do not fully take into account the physical processes that take place in the TC.

The volt-watt sensitivity [9] for small temperature differences is equal to

S, =2, ©)
SA

where rr is thermal resistance of thermocouple which is determined by the formula:

L (10)

Where |t and St are the length and cross-section of thermocouple leg.
The volt-watt sensitivity is related to conversion factor K; by the ratio:

s _ K (11)

With regard to (11), the general expression for TC sensitivity can be written as:
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g = LhRuly (12)
SA
Thus, Eq.(12) determines the relationship between the main parameters of the thermocouple. It
can be seen from formula (12) that S; makes it possible to establish with greater certainty the
dependence of the properties of the TC on the parameters of the TEM, however, the sensitivity S, does
not fully characterize them either.
To most fully determine the dependence of TC parameters on the properties of TEM, we
introduce the sensitivity parameter

S =, (13)

which is the ratio of the power obtained on the electric load of the thermoelement to the AC electric
power supplied to the TC. To find S,, consider the equivalent schematic of a contactless TC with the
load ru, Fig. 1.

Fig. 1. Schematic of a contactless TC with the load

If the load resistance is matched with the thermocouple resistance (r4 = Rt), then TC works in
a mode close to maximum efficiency mode, and then

2
5= o1 (14)
4R R, 1]
On the other hand, the watt-watt sensitivity S, can be recorded through the thermophysical
parameters of the thermocouple TEM in the form:

s - 40L-T.) (15)
TS
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where Fp is coefficient that characterizes the rationality of using heat dissipated by the heater in TC. In
so doing,
E = 2PH I . (16)
’ Tl _Tz
Formula (15) according to [3] corresponds to the expression for TEG efficiency under the
condition of small temperature differences in the thermocouple and under the condition that the TEM

parameters for the thermocouple do not depend on temperature. Moreover, the expression for can be
written [5] in the form:

S, < (T -T)VI+2T -1 17)
' (T,V1+zT =T/T)F,

From the analysis of (15) and (17) it follows that the main operational characteristics of the TC
are set by the thermoelectric figure of merit of the TEM z, the operating drop 4T = T;- T, and the
coefficient Fp dependent on the concentration of the TC.

Therefore, an increase in the sensitivity of the TC can be achieved by increasing z and AT and
decreasing the coefficient Fp. However, an increase in AT unambiguously worsens the TC parameters:
the squareness of the conversion (the Ki coefficient in formula (5) becomes temperature dependent),
the ability to overcurrent, the stability over time due to the aging of the heater metal and the
acceleration of diffusion processes at the thermocouple junctions. Therefore, a significant increase in
AT is impractical.

Evaluation of the rationality of the TC design, taking into account the possibility of reducing
heat losses due to the evacuation of the TC body or filling it with inert gases with low thermal
conductivity (for example, xenon) [10], the optimal ratio of the geometric dimensions of the heater and
thermocouple, the use of a heater with a variable cross section [11], which optimizes the use of heat
from the heater, etc., significantly improve the parameters of the TC. But the main increase in

sensitivity is still provided by using TEM with the maximum value of z and the Seebeck coefficient a.

Conclusion

The combination of various options for increasing the TC parameters using effective materials
based on Bi;Tes creates favorable opportunities for the development of TC with boundary sensitivity
values.
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AUTOMATION AND COMPUTERIZATION OF PROCESSES
OF MEASURING THERMOELECTRIC PARAMETERS OF
MATERIALS FORMING PART OF GENERATOR AND
COOLING THERMOELECTRIC MODULES

The results of development of automation system for measuring thermoelectric parameters of materials
forming part of thermoelectric modules by the absolute method are presented. The measurement control
unit is built on the basis of a multi-channel analog-to-digital converter. Processing and display of
measurement results is carried out using a computer to which the measurement unit is connected via a
standard USB channel. The results are displayed in the form of graphs and tables.

The developed automation system is universal and makes it possible to measure the thermoelectric
properties of materials both as part of generator and as part of cooling thermoelectric modules. Bibl. 9,
Fig. 3.

Key words: electrical conductivity, thermoEMF, thermal conductivity, thermoelectric material,
automation, computerization.

Introduction

General characterization of the problem.

It is known that the quality control of thermoelectric power converters (modules) plays an
important role both in the development and in the creation on the basis of these modules of
thermoelectric devices for cooling and generation of electric energy. This control is carried out by
measuring the parameters of thermoelectric modules, namely cooling capacity, coefficient of
performance and temperature difference on the module for thermoelectric coolers; efficiency, electric
power - for thermoelectric generators. One of the best measurement methods is the absolute method
[1, 2]. The main advantages of this method are the determination of the parameters of the modules in
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the real conditions of their operation and the possibility of instrumental minimization of the main
sources of measurement errors [3].

Moreover, the absolute method makes it possible to additionally obtain information about the
properties of the material forming part of the module, namely thermoEMF, electrical conductivity and
thermal conductivity of a pair of thermoelectric legs. This information is useful both for optimizing the
thermoelectric material for its specific applications and for improving the design of modules [4 - 6].

The implementation of these methods requires complete automation of the measurement process.
In addition, this will eliminate possible subjective errors of operators when measuring electrical signals,
processing them to determine o, a, k, Z, when plotting graphs and tables.

Therefore, the purpose of the work was to create a computerized measurement control system to
automate the processes of determining the thermoelectric properties of materials forming part of
thermoelectric power converters, processing and displaying their results.

Requirements for automation of measurements

The diagrams of the absolute method taken as a basis for creation of automated equipment for
determining the parameters of generator and cooling thermoelectric modules are given in Fig.1 and
Fig.2, respectively.

F
y
6
5 T
9
] TEM> UTEM

3 1,
10
2
E,
1

Fig. 1. Absolute method for measuring parameters of thermoelectric
generator modules: 1 — thermostat; 2 — heat meter, 3, 5 — heat equalizing plates;
4 —module under study; 6 — heater; 7 — clamp; 9, 10 — thermocouples.
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Fig. 2. Absolute method for measuring parameters of thermoelectric cooling modules:
1 —thermostat; 2, 4 — heat equalizing plates; 3 — module under study;
5 — reference heater; 6 — thermal insulation; 7 — protective heater;
8 — clamp; 9 — zero thermocouple; 10, 11 — thermocouples.

To determine the parameters of the generator thermoelectric module, the latter is placed between
two heat equalizing plates, which in turn are located between the electric heater and the heat meter
(Fig. 1). The other side of the heat meter is in contact with the thermostat. By means of the electric
heater a given temperature difference is created on the module and the thermoEMF Ergwm that occurs
on the module wires is measured. After that, the matched electrical load is connected to the module
wires, whereby the voltage at the module wires will be equal to half of the EMF. The values of the
electric current Item passing through the module, the voltage on its wires Urem are measured, and with
the help of a heat meter, the value of the heat flux Q1, removed from the cold side of the module to the
thermostat, is determined. The electrical power of the module P and the efficiency n are determined by
the formulae

P= ITEM 'UTEM ) 1)
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p
n=—— @
Ql+ I:%'EM

where ltem and Utem are current and voltage of module, Q: is heat flux which is removed from the
cold side of the module and determined by means of the heat meter, F is clamp.

When determining the parameters of cooling modules, a protective heater is additionally used to
prevent heat loss from the heater through the clamping mechanism (Fig. 2). The values of cooling capacity
Qo, temperature difference AT and coefficient of performance ¢ are determined by the formulae

Qozlo'Uo’ (3)

AT =T, -T,, (4)
_Q

e=y ©)

where lo and Uo are current through the heater and voltage drop thereon, 71 is the temperature of the “cold”
side of module, 7> is the temperature of the “hot” side of module, W is electrical power consumed by the
module.

To find the properties of the thermoelectric material forming part of the modules, the method
described in detail in [4, 6] was used.

The average values of electrical conductivity, thermoEMF, thermal conductivity and figure of merit
of thermoelectric module legs are determined by the formulae

1

o LIS ©6)
R%Nai'bl
E

a:@'Kz' (7
AT
Q

o Dk, ®)
AT a-b

Z:oic1 o

where Rwv is the AC module resistance; a1 x by is the cross-section of legs; h; is the height of legs; N is the
number of pairs; £ is the EMF of module; AT is the temperature difference between thermocouples
arranged on the heat equalizing plates between which a module under study is located; Q is the thermal flux
through the module; K3 - K3 are correction factors to reduce the value of measurement errors calculated for
given module design and measuring equipment or determined experimentally.
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To implement this method, the measurement control system must have:
— means for setting and maintaining the temperature of the measuring thermostat in a wide
temperature range (temperature controller, power supply, control thermocouple, etc.);

adjustable power supply for passing current through the module, current switch;

— adjustable power supply of the reference heater;

— means for maintaining zero temperature difference between the reference heater and the
protective shield (temperature controller, power supply, control zero-thermocouple, etc.);

— high-precision voltage meter with a resolution of at least 1 uV;

— the ability to work out the necessary cyclogram for switching on / off power supplies and
recording the measurement results of all measuring channels (temperatures of "hot" and "cold"
thermocouples, voltage drop between modules, current and voltage values through the module,
current and voltage supply of the reference heater, etc.);

— the possibility of transferring the measurement results to a computer for further processing,

plotting graphs and tables, generating a module passport.

Description of measurement control system

Universal units with discrete control inputs and corresponding analog outputs have been
developed. By combining these units and controlling them according to the required cyclograms with
the help of a programmable controller, one can create different installations that make it possible to
implement any method of measuring the parameters of thermoelectric modules.

The block diagram of the automation system for measuring the parameters of thermoelectric
modules is shown in Fig. 3. It is based on a 4 - channel analog-to-digital converter (ADC) with
differential inputs, the measured voltage range of which is = (5 uV - 2.5 V). ADC differential inputs
allow high-precision voltage measurements in electrical circuits of different units, which can have
different power supplies.

The system also includes electronic load 18, which utilizes a range of state-of-the-art MOSFETSs
with low on-resistance to reduce heat generation and eliminate the need for heat sinks.

The holder of the thermoelectric module 1 uses an interchangeable heating heat exchanger,
which includes a reference heater 15, with a temperature sensor in the heat equalizing plate 14, a
shield heater and a differential zero-thermocouple. The heat exchanger through the block 19 is
connected to the power supply units of the reference 27 and shield 24 heaters, as well as to the
current / voltage meters of the reference heater 26 and the zero node 25. All these elements are
included in the power unit 2.

To perform the measurement algorithm, a control unit 3 is used, containing a 4-channel
precision ADC 20 and an electronic load 18, as well as control systems for the electronic load and a
cooling thermostat. The electronic load control system includes a control unit 22 and a current/voltage
converter of the electronic load 21. The thermostat control system includes power supplies 23 for
thermostat elements and circuits of the control unit itself. The central processor 29 controls all
elements of the control unit and also provides the output of the received information to the digital
indicator 28. The control unit contains a power key 30 for the reference heater 15.
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Fig. 3. Block-diagram of automation system for measuring parameters of thermoelectric modules by
the absolute method: 1 — thermoelectric module holder; 2 — power unit; 3 — control unit;
4 — personal computer; 5, 17 —fans; 6, 16 — air heat exchangers; 7 — water heat exchanger;
8 —tap; 9 —thermostat electric heater; 10 — heat meter; 11, 14 — heat equalizing plates with
embedded temperature sensors; 12 — thermoelectric module under study; 13 —dynamometer;
15 —module heater; 18 — electronic load; 19 — heater connection block;
20 — 4 — channel precision ADC; 21 — electronic load current / voltage converter;
22 — electronic load control unit; 23 — thermostat power supply; 24 —shield heater power unit;
25 — zero node; 26 — reference heater current/voltage meter; 27 — reference heater power unit;
28 — digital indicator; 29 — control processor; 30 — triac heater control key

The thermostat of the device contains a base-radiator 6 with a fan 5, a water heat exchanger 7
with a control water tap 8 and an additional heater 9. A heat meter 10 is placed above the thermostat to
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determine the heat flux. The thermoelectric module 12 under study is placed between the heat meter
and the heater. The thermostat elements 7-11 can also be changeable, depending on the type of the
module under study and different measurement conditions. Fans 5 and 7, as well as heater 9, are
auxiliary and are used if necessary. The heating heat exchanger, the module and the thermostat in the
holder are pressed against each other during measurement by the clamping unit, the force of which is
controlled and determined by the dynamometer 13.

The measuring unit via the USB channel is connected to the personal computer 4, where the
cyclograms of measurements are set, the necessary calculations are performed, the corresponding
graphs are built, measurement protocols are formed.

To measure the parameters of the thermoelectric module, the required temperature is set on the
thermostat, which is maintained on the heat equalizing plate 11. The temperature is maintained at a
given level by regulating water consumption in the heat exchanger 7 and adjusting it with an
additional heater 8 using a PID-PWM controller. The temperature is also set on the hot side of the
thermoelectric module, which will be determined by the readings of the sensor in the plate 14 of the
heating heat exchanger. The reference heater 15, through the key 30, is energized to heat the hot side
of the module to the required temperature. By monitoring the zero-thermocouple signal, the shield
heater automatically heats up to the temperature of the hot side of the module, thus compensating as
much as possible for heat losses from the reference heater. The error in maintaining temperatures is
not more than + 0.1 °C. The heat flux passing through the module also passes through the heat meter,
the signal of which is measured by the ADC. Moreover, the ADC measures the current and voltage of
the reference heater through unit 26.

Depending on the chosen measurement algorithm, the heat flux can be determined both by the
heat meter and by the power of the reference heater, provided that heat losses are compensated by the
shield heater. This makes it possible to implement various algorithms for measuring the parameters of
both generator modules and cooling modules. For example, when determining the parameters of
generator modules, the thermal power from an electric heater passing through the module generates an
electrical voltage at its wires. Until the temperature on the heat equalizing plates reaches the set levels,
the electronic load is switched off and the thermoEMF of the module is measured with the help of an
ADC. After the specified temperature difference is reached, the processor turns on the electronic load
and measures the module current. In so doing, the temperature controllers of the thermostat and the
heating heat exchanger automatically compensate for the thermal disturbance caused by the Peltier
effect due to the action of the module current. All measured signals are fed to the controller, where
they are normalized to specific physical quantities. The values of electrical voltages, currents and
temperatures are displayed on a digital indicator 28, and are also sent to a personal computer 4 for
calculations and plotting in a given temperature range. The sequence of measurements and the time
between them are set in the cyclogram, which is formed by the operator before the start of
measurements.

The appearance of measurement automation system is given in Fig. 4.

The developed system is universal. The number and characteristics of control and measuring
channels allows it to be applied to other measurement methods, such as the Harman method.
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Fig. 4. Appearance of automation system for measuring parameters
of thermoelectric modules.

Based on the developed control system, automation of equipment was carried out for measuring
the parameters of thermoelectric generator modules with dimensions from 10x10 to 72x72 mm in the
temperature range from 30 to 600 °C and cooling modules of similar sizes — from -50 to 100 °C, as

well as determining the properties of thermoelectric materials within these modules.

Conclusions

1. A universal electronic control system has been developed that makes it possible to measure the
parameters of thermoelectric generator and cooling modules by the absolute method, as well as to
determine the properties of thermoelectric materials forming part of these modules. Automated
measuring equipment based on such a system allows measurements in a wide range of operating
temperatures: from -50 to 100 °C — for cooling modules and from 30 to 600 °C — for generator
modules.

2. The computerization of the measurement process has been carried out. The equipment created on
the basis of the developed control system makes it possible to perform real time measurements,
process their results, display the measurement results in the form of graphs and tables, save them
in a computer, and print out the passport of the studied module.
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METHOD FOR DETERMINING THE THERMOELECTRIC
PARAMETERS OF MATERIALS FORMING
PART OF THERMOELECTRIC COOLING MODULES

A method for determining the thermoelectric parameters of materials forming part of
thermoelectric cooling modules is proposed. A detailed physical model of this method is
considered and the results of estimation of possible error values are given. The efficiency of
application of various methods of error reduction is investigated. Bibl. 6, Figs. 2, Table 1.

Key words: measurement, electrical conductivity, thermoEMF, thermal conductivity, figure of
merit, thermoelectric module.

Introduction

When developing thermoelectric power converters, including thermoelectric cooling modules,
and when creating thermoelectric devices on their basis, module metrology plays an important role. At
the same time, the accuracy of determining the parameters must be high in order to reliably record the
impact of new technologies and designs on the quality of modules.

Among the existing methods for determining the parameters of thermoelectric cooling modules,
the most common is the Harman method [1 — 3]. However, in this method, the parameters of the
cooling module under study (cooling capacity, coefficient of performance, maximum temperature
difference) are not measured, but calculated from the obtained figure of merit of the module. In this
case, the temperature dependences of the material parameters are not taken into account. And since the
requirement of the method is a small temperature difference on the module, the obtained figure of
merit values will differ from those that will actually be in the operating mode, especially in the mode
close to ATmax. The total influence of factors leading to errors in the Harman method for measuring
micromodules can reach 60-70 %. Even taking them into account by introducing corrections makes it
possible to reduce the errors only to 10-15 %. In so doing, it is necessary to know a lot of additional
information about the properties of thermoelectric material, interconnect material, current and
potential wires, ceramics, etc.
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The absolute method has no such shortcomings [5]. Measurement errors by the absolute method,
as well as by the Harman method, can also be high (up to 25 %). However, the peculiarity and
advantage of the absolute method is that these errors can be instrumentally minimized and taken into
account in the form of corrections [6].

However, such equipment is designed to determine the parameters of finished products - cooling
capacity, coefficient of performance and temperature difference on the module. It can be improved to
obtain information about the properties of the material in the module - thermoelectric power, electrical
conductivity and thermal conductivity of a pair of thermoelectric legs. This information is useful both
for optimizing the thermoelectric material for specific applications and for improving the design of the
modules.

The purpose of this work is to develop a method for determining the thermoelectric parameters
of materials forming part of thermoelectric cooling modules, to evaluate possible errors of this method
and to determine the conditions for their minimization.

Description of method for determining the o, a, Kk, Z of legs material when measuring the
parameters of thermoelectric cooling module

When using the absolute method to determine the parameters of a thermoelectric cooling module, the
module under study is placed between a thermostatically controlled base and a heat source - an electric
heater (Fig. 1). It is assumed that the side and top surfaces of the heat source, as well as the side surface of
the module, are adiabatically insulated.

Fig. 1. Absolute method for measuring the parameters of thermoelectric cooling modules:
1 — thermoelectric module, 2 — reference heater, 3 — thermostat,
4 — clamping mechanism, 5, 6 — thermocouples.
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The values of cooling capacity Qo, temperature difference AT and coefficient of performance ¢ are
determined by the formulae

Q =15-Uy, (1)

AT =T, -T,, 3]
_ %

S—Wl (3)

where lp and Ug is current through the heater and voltage drop thereupon, 7t is “cold” side temperature of
module, 7h is “hot” side temperature of module, W is electric power consumed by the module,
F is clamp.
The method for determining the average values o, a, k, Z of the material of legs forming part of the
module is as follows:
— determination of electrical conductivity ¢ by the measured value of the AC resistance of the
module and the known design of the module;
— creation on the module of temperature difference by means of electrical heater (with the current
switched off through the module);
— determination of the Seebeck coefficient o by the measured values of module EMF and
temperature difference on the module;
— determination of thermal conductivity k by the measured values of heat flux through the module
(electric heater power) and temperature difference on the module.
The average values of electrical conductivity, thermoEMF, thermal conductivity and figure of merit
of the material of thermoelectric module legs are determined by the formulae

o= (4)
%Nal-bl
E
a:@, (5)
AT
:%L 6
K : (6)
AT a -b
Z:Oic’ @)

where Rv is module resistance measured on alternating current; a; x by is the cross-section of legs; hy is the
height of legs; N is the number of pairs; £ is the EMF of module; AT is temperature difference between
thermocouples arranged on the heat equalizing plates between which a module under study is located; 7¢o
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is the temperature on heat meter located on the cold side of module; Q is heat flow through the module
which is considered equal to the power of electric heater.

However, the values of 6, a, k, Z obtained by formulae (4 — 7) will be inaccurate, since these formulae
do not take into account temperature differences between the heater (cooler) and the module, temperature
differences on ceramic plates and interconnect, contact and interconnect electrical resistances, heat exchange
with the environment by convection, radiation through thermocouple wires and module wires.

Estimation of possible errors of the proposed method

To estimate possible values of errors, it is necessary to consider a detailed physical model of measurement,
shown in Fig. 2. It contains the thermoelectric module under study, on both sides of which copper heat equalizing
plates are located. On the "cold" side of the module, above the heat equalizing plate, there is an electric heater.
The module, heater and plates are pressed to the base of the thermostat by means of a clamping mechanism
consisting of a screw and a bar, the ends of which are fixed to the wall of the thermostat. The clamping screw has
a pointed end to reduce heat leakage. The entire system is placed under the hood of a vacuum unit that provides a
vacuum of 10* Pa.

Current to electrical heater is supplied through the wires, voltage drop on it is measured by additional
potential wires. To determine the properties of thermoelectric material of which the module is made, by means of
electrical heater a small temperature difference, about 10K, is created on the module.

12
13

14

15
16

|17

-

[0 BaKyyMm.
Hacoca to

vacuum pump
Fig. 2. Schematic of absolute method for measuring the parameters of thermoelectric cooling modules:

1 —thermostat; 2 — isothermal shield; 3, 6 — heat equalizing plates; 4, 15 —wires of module under study; 5 —module
under study; 7, 13 — current heater wires; 8, 12 — potential heater wires; 9 — heater; 10 — clamping bar; 11 — clamping

screw; 14, 16 —thermocouples; 17 — bell jar.
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In Fig. 2: Q1 is heat transferred from electric heater 9 to module under study 5 through heat
equalizing plate 6; Q2 is heat transferred from module 5 to heat equalizing plate 3; Qs is heat transferred
from electric heater 9 to clamping bar 10; Q4 is heat transferred from heater 9 to the inner surface of
isothermal shield 2 by radiation; Qs is heat transferred from heater 9 to the inner surface of isothermal shield
2 by convection; Qs is heat transferred from heat equalizing plate 6 to the inner surface of isothermal shield
2 by radiation; Q- is heat transferred from heat equalizing plate 6 to the inner surface of isothermal shield 2
by convection; Qs — Qiz is heat transferred from heater 9 to isothermal shield 2 through current
(7 and13) and potential (8 and 12) heater wires; Qua, Q20 s heat transferred from heat equalizing plate 6 to
isothermal shield 2 through thermocouple wires (14 and 16); Qs is heat transferred from the lateral surface
of module 5 to the inner surface of isothermal shield 2 by radiation; Qs is heat transferred from the lateral
surface of module 5 to the inner surface of isothermal shield 2 by convection; Qi7, Qis, Q9 Is heat
transferred from module 5 to isothermal shield 2 through module wires (4 i 15); Q21 is heat transferred from
heat equalizing plate 3 to the inner surface of isothermal shield 2 by radiation; Q2. is heat transferred from
heat equalizing plate 3 to the inner surface of isothermal shield 2 by convection; Q23 is heat transferred from
heater 9 to isothermal shield 2 through clamping bar 10, Qo is heat flow through module legs.

Errors in determining electrical conductivity

When determining the average value of the electrical conductivity of thermoelectric module
legs, determined by formula (1), the total AC resistance of the module Ru is used, which, in addition
to the resistance of the legs Ry, also includes the interconnect resistance R., the contact resistance R3
and the resistance of the wires R4

Ry =R +R,+R; +R,. (11)

To estimate possible errors, the parameters of the thermoelectric cooling module of the type
Altec-CM-1-S-SQ-27-1.8x1.8-2.0 were used as an example:

— number of pairs — N = 127;

— height of legs hy =2 mm;

— cross-section of legs a; x by = 1.8 mm x 1.8 mm;

— ceramics thickness h, = 0.65 mm;

— ceramics area a2 X b, =40 mm x 40 mm;

— interconnect thickness hz = 0.5 mm;

— electrical conductivity of legs material c = 1000 Ohm™*-cm™.

For the above values of module geometry and material properties: R1 = 1.568 Ohm;
R, = 0.011 Ohm; Rz = 0.078 Ohm (with the value of specific electrical contact resistance 5-10°
Ohm-cm?); Rq = 0.008 Ohm (for two wires of diameter 1 mm and length15 cm); Ry =~ 1.665 Ohm.

Therefore, the error in determining the electrical conductivity due to disregard for contact
resistance will be ~ 4.7%; interconnect resistance ~ 0.7%; wires resistance ~ 0.5%. The errors
associated with the accuracy of information about the geometric dimensions of the legs will be
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determined by the manufacturing technology of the legs and methods for their geometry control. These
errors can be reduced by introducing appropriate corrections calculated for a given module design or
determined experimentally.

Errors in determining thermoEMF

The errors in determining the Seebeck coefficient of the material of thermoelectric module legs
will arise due to the fact that formula (5) should include not the temperature difference (71 — T10) on
the plates in contact with the module, but the temperature difference (Ts — 7s) directly on the legs

E2N
=2 (12)

Temperature difference on the legs (75 — Ts) can be found as

(Ts—Te) =(Tv—Tw)—(T1—T2) — (T2 — T3) — (T3 — T4) — (Ta — T5) — (Ts — T7) —

—(T7 — Ts) — (T — To) — (T9 — To). (13)

where (71— T2) and (7y— T1o) are temperature differences on the parts of heat equalizing plates
between thermocouple and the surfaces of plates in contact with the “hot” and “cold” module sides;
(T2 — T3) and (Ts — To) are temperature differences on the thermal contact resistances of the “hot” and
“cold” module sides; (75— T4) and (77 — Tg) are temperature differences on the ceramic plates of the
“hot” and “cold” module sides; (74 — T5) and (7s — 77) are temperature differences on the interconnects
of the “hot” and “cold” module sides.

To estimate the values of these differences, the value of the heat flux Qi passing through the
module was initially estimated. Without taking into account heat losses from the module and when a
temperature difference of 10 K is created on the legs, the heat flux through one leg will be 0.00324 W,
and through the entire module - 0.823 W (with the thermal conductivity of the legs material x« = 2
W/(m-K). Then the temperature differences on each of the elements can be estimated as:

— (Tl_TZ)=%=O'0026K (with the distance between the thermocouple and the

surface in contact with the module hcy =2 mm);

- (T,-Ty) = Q__ 0.0412K (with the value of contact thermal resistance Kcont. = 20 W/K);

KOHM.

T T\ Q _ :
(T, T4)_K o b =0.0223K ;
Al,Oq h2
_ (T“_TS):Zﬁ—l'ai'bl:O'OOlBK (on the assumption that heat flux g1 is uniformly
KCU -« - = @@=
h

3

distributed between 2N interconnect areas with the cross-section equal to leg cross-section
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and the height equal to interconnect thickness);
~ (T,-T,)=(T,-T,)=0.0013K ;
~ (T,-T,)=(T,~T,)=0.0223K ;
— (T,—T,)=(T,-T,)=0.0412K ;
— (T,=Ty)=(T, ~T,)=0.0026K .

Thus, the temperature difference measured by thermocouples will be (Tho — Tco) = 10.135 K,
which is 9.1 % more than the difference on the legs. In this case, the greatest contribution to the error
is made by contact thermal resistance (0.82 %) and thermal resistance of ceramic plates (0.45 %).
These errors can be significantly reduced by introducing corrections determined experimentally.

Errors in determining thermal conductivity

The error in determining the thermal conductivity of the material according to formula (3) will
consist of errors in determining the temperature difference on the legs (without introducing corrections
~ 1.35%, according to the calculations given in clause 2.2), errors in measuring the geometric
dimensions of the legs and errors in determining the heat flux passed through the legs.

Heat fluxes from the module and the heat equalizing late (Qi7 — Q22) can be ignored, since they
have no impact on determining the thermal conductivity of legs material by formula (6).

To reduce heat losses, all the wires and clamping mechanism must have the so-called thermal
switches, which are elements of electrically insulating material, the temperature of which is
maintained close to the temperature of the heater.

Transfer of heat in the gap between the legs by radiation (Q24)

Qu = €,05S (T44 _T74) , (14)
where ¢ is the emissivity of the inner ceramic surface; oz = 5.67-10° W/(m?-K?) is Stephan-

Boltzmann constant; S = (a1-b1 — 2N-a2-b) is the total area of gap between the legs.
Loss of heat Q4 from the heater by convection

Q, =Hey (h,)(22, +20,)(T,, - T,,, ), (13)

where Heony IS coefficient of convective heat exchange, ha is the height of the heater.
Loss of heat Qs from the heater by radiation

Qs =¢,05(n,) (28, + 2b2)(T141 - T;ip) ' (14)

where &4 is the emissivity of the lateral surface of the heater.
Loss of heat Qs from the heat equalizing plate by convection
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Qs = Hoon (hs) (28, + 2b2)(T1 - Exp) : (13)

where hs is the height of the heat equalizing plate.
Loss of heat Q7 from the heat equalizing plate by radiation

Q; =&505(h)(2a, + 2b2)(T14 - Tip ) ' (14)

where g5 is the emissivity of the lateral surface of the heat equalizing plate.
Loss of heat from the module through potential heater wires (Qgs and Q12)

Q=0Q, =K %(Tn ~Teoua ) ) (11)

where: Sg is cross-section of potential wire; Lg is the length of potential wire; xs is thermal
conductivity of the potential wire material; Tswiten iS thermal switch temperature.
Loss of heat from the module through heater wires (Qg and Q13)

Qy =Qp3 =K, %(Tn _Tmma) ) (11)

where: Sg is cross-section of potential wire; Ly is the length of potential wire; xo is thermal
conductivity of the potential wire material.
Loss of heat Q14 from thermocouple wires

S S
Qu =Ky ﬁO(Tl =Ty ) + Ky ﬁ(Tl =T roua ) , (12)

0 1

where Sio and Si1 are cross-sections of thermocouple wires; Lio and Li1 are lengths of thermocouple
wires; k10 and k11 are thermal conductivities of thermocouple wires.
Loss of heat Q15 from the module lateral surface by convection

T.+7T, =
QlS ~ Hconv (hl + 2h2 + 2h3)(2a2 + 2b2)( 2 2 : _Texp.Ji (9)
where Hcony is coefficient of convective heat exchange, T_p is the average temperature of shield

surface which opposite to the surface of module.
Loss of heat Q16 from the lateral surface of module by radiation

T,+T, ) =
Qs ~ £,05 (N, +2h, +2h,)(2a, + 2b2)£(%j —Te;‘p,J , (10)
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where & is the emissivity of the lateral surface of module.

The following parameters were used to calculate possible values of these heat losses: emissivity
— 0.7; diameter of wires and potential heater wires — 0.2 mm; their length (before contact with the
thermal switch) — 10 cm; diameter of thermocouple wires — 0.2 mm; their length (before contact with
the thermal switch) — 10 cm; number of pairs — 127; legs height — 2 mm; legs cross section — 1.8
mmx1.8 mm; ceramics thickness — 0.65 mm; ceramics area — 40 mmx=40 mm; interconnect thickness —
0.5 mm; heater height — 5 mm; heat equalizing plate height — 5 mm.

The results of estimating possible errors in determining the heat flux through the legs of the
material, caused by heat losses through the wires of the heater and thermocouples, clamp, as well as
heat losses by radiation from the surface of the heater, heat equalizing plate and module are given in
Table 1. The results are obtained for the case when the temperature of the thermal switch is equal to
the temperature of the heat equalizing plate Tio, and the temperature difference between the hot and
cold plates (71 — T1o) is 10 K. The case of using a protective shield with a temperature that differs from
the heater temperature by no more than 1K is also considered.

Table 1.

Results of estimating possible errors when determining heat flux through material legs.

0Q, %
(the ratio of heat losses to heat
Ne flux through the legs)
Name of losses -
) With a
Without a .
) . protective
protective shield ]
shield
1 | Losses by radiation in the gap between the legs 3.85 3.85
2 | Losses by radiation from the heater surface 11.9 1.25
3 | Losses by radiation from the plate surface 3.96 0.42
4 | Losses by radiation from the module surface 1.56 0.16
5 | Losses in the clamp 2.77 0.28
6 | Losses in heater wires 0.04 <0.01
7 | Losses in thermocouple wires <0.01 <0.01
Total: 24.08 5.96

Thus, the greatest losses are caused by radiation from the surface of the heater, module and heat
plate, as well as radiation in the gap between the legs inside the thermoelectric module. In general,
radiation losses account for almost 90 % of all heat losses. However, they can be drastically reduced
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when using a protective shield. For the case when the shield temperature differs from the heater
temperature by no more than 1K, the total heat loss, hence the error in determining the heat flux
through the legs of the module will not exceed 6 %. Taking into account the errors in determining the
temperature difference on the legs (without introducing corrections ~ 1.35 %), the error in determining
the thermal conductivity of the thermoelectric material from which the module legs are made will be
up to 7.4 %.

The obtained results are the basis for the modernization of equipment for measuring the
parameters of thermoelectric cooling modules.

Conclusions

1. A method is proposed for determining the thermoelectric parameters of the legs material of
thermoelectric cooling module when measuring its parameters by the absolute method. A detailed
physical model of this method is considered and the results of estimating possible values of errors
are given Dby the example of a thermoelectric module of the type
Altec-CM-1-S-SQ-127-1.8x1.8-2.0.

2. It is shown that, in determining the electrical conductivity, the decisive factor leading to errors of ~
4.7 %, is failure to take into account the electrical contact resistance. The impact of the interconnect
resistance will be ~ 0.7 %, the resistance of wires ~ 0.5 %. To reduce the value of these errors,
appropriate corrections should be made, calculated for a given module design or determined
experimentally.

3. In determining the thermoEMF, the largest contribution to the error is made by errors in
determining the temperature difference on the legs caused by contact thermal resistance (0.82 %)
and thermal resistance of ceramic plates (0.45 %). These errors can be also significantly reduced by
making appropriate corrections.

4. When determining the thermal conductivity, apart from the errors in determining the temperature
difference on the legs, an additional factor is the presence of heat losses, the total value of which,
when using thermal switches and a protective shield, will be up to 7.4 %. The largest component
here (up to 4 %) is heat loss by radiation in the gap between the legs. However, these losses for a
known module design can be determined and taken into account in the form of corrections.
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The results of the development of a bench for calibrating heat meters to determine the heat flux through
the generator thermoelectric module when measuring its parameters by the absolute method are
presented. The bench allows one to study the metrological characteristics of heat meters in the required
temperature range and transfer the measurement results to a personal computer in real time.
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Introduction

General characterization of the problem

Improving the quality and reducing the cost of thermoelectric generator modules requires their
use in the development and manufacture of advanced technologies and high-performance materials. At
the same time, increasing the accuracy in determining the thermal and electrical parameters of the
modules makes it possible to more predictably adjust the module production technology, as well as to
optimally approach the direct creation of final devices based on these generator modules. The accuracy
of determining the parameters of modules should be such as to reliably record the impact of new
technologies and designs on the quality of modules. No less important is the metrological support in the
creation of thermoelectric generators. The identity and reliability of measurements of module
parameters from suppliers and consumers of modules that use them in thermoelectric products,
eliminates the problems that arise.

The most reliable and accurate among the existing methods of determining the parameters of
thermoelectric generator modules is the absolute method [1 — 3], which allows measuring parameters of
modules in real conditions of their operation and allows instrumental minimization of major sources of
measurement errors [4]. In addition, the absolute method makes it possible to additionally obtain
information about the properties of the material in the composition of the module — thermoEMF,
electrical conductivity and thermal conductivity of a pair of thermoelectric legs [5, 6]. This information
is useful both for optimizing thermoelectric material for its specific applications and for improving the
design of modules. When using the absolute method, one of the main sources of errors is the inaccuracy
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in determining the heat flux passing through the module, associated with the presence of heat losses due
to convection and radiation from the surface of the reference heater and the module, as well as heat
losses through conductors and structural elements of the measuring equipment. An effective method of
reducing these errors is the use of heat meters to determine the heat flow from the cold side of the
module to the thermostat [3]. It is obvious that the accuracy of calibration of the heat meter will play a
crucial role.

The purpose of this work is to create a bench for calibrating heat meters for high-precision
determination of the heat flux through the investigated generator thermoelectric module when
measuring its parameters by the absolute method.

Description of the absolute method of measuring the parameters of thermoelectric
generator modules

To measure the parameters of the generator thermoelectric modules by the absolute method, a
measuring cell is used, which includes hot and cold heat exchangers, between which the investigated
module is placed. An electric heating resistive element is usually used as a hot heat exchanger. Cold
heat exchanger can be liquid or air cooled. Heat exchangers have built-in temperature sensors, which
are placed in heat-equalizing plates to reduce measurement errors. The heat exchangers and the
module are pressed together with a given force. The thermal model of such a measuring cell is shown
inFig. 1

P‘l/———-—— 7

NN NS

‘ N —
\ S

Q3

9
4
Q2
5
— —> 11
6

Fig. 1. The thermal model of a measuring cell to determine parameters of generator thermoelectric
modules by the absolute method: 1 — hot heat exchanger; 2 — reference heater; 3 — “hot”
heat-equalizing plate; 4 — generator thermoelectric module; 5 — “cold” heat-equalizing plate;

6 — cold liquid heat exchanger; 7 — clamping unit; 8 — electric wires of reference heater; 9 — thermocouple of
“hot” heat exchanger; 10 — thermocouple of “cold” heat exchanger; 11 — heat carrier (liquid)
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In Fig. 1, the arrows show the paths of heat generated in the reference heater. It passes through
the module and is dissipated by the heat carrier in the cold heat exchanger. Schematically, the size of
the arrows is proportional to the heat fluxes.

Under ideal conditions, all the heat output of the reference heater must pass through the module.
But in real conditions, part of the heat capacity is dissipated into the environment. Thus, in Fig. 1: Q is
heat released by the reference heater; Q: is heat losses on the structural elements of the hot heat
exchanger housing; Q2 is heat losses from the surface of module and heat-equalizing plates due to
convection and radiation; Q 3 is heat losses in the electrical wires of the heater; Qa is heat losses in the
electrical wires of the module and temperature sensors; Qm is useful thermal power that passed through
the module and created operating temperature difference thereupon.

Obviously,

Qm=Q - Q1—Q2—- Q3 - Qa.

The magnitude of heat loss depends on many factors and is usually difficult to take into account,
S0 it is necessary to use special methods to accurately determine heat fluxes.

!
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NP Q3
Q2
1 2
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Fig. 2. Schematic of the measuring cell with a heat meter:
1 — heat meter; 2 — potential heat meter wires

The use of heat meters greatly simplifies the measurement process and increases the accuracy of
determining the parameters of generator modules. The real thermal model of the measuring cell with a
heat meter is shown in Fig. 2. Since the heat meter is sequentially added to the thermal circuit of the
measuring cell, a temperature difference is also created on it, and heat (Qs and Qs) will also be lost
from the side surface of the heat meter and through the electrical wires, however, these heat losses will
not be large, since the temperature the heat meter is close to the ambient temperature.
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Description of the bench for calibrating heat meters

When used in equipment for determining the parameters of generator modules, a separate heat
meter is produced for each of the standard sizes of modules that can be measured on this equipment.
The appearance of heat meters of different sizes is shown in Fig. 3.

Fig. 3. Heat meters of different sizes for equipment for determining the parameters
of thermoelectric generator modules by the absolute method

The heat meter consists of a monolithic body made of a material with high thermal conductivity,
in which a thermopile is placed on the side surface (Fig. 4). The end surfaces of the body of the heat
meter are its working surfaces, parallel to each other and made with high surface finish for high-
quality thermal contact with the module and the cold heat exchanger. Junctions of thermopile
thermocouples are placed on the side surface in two rows in height, each row being on its common
plane, parallel to the base. The junctions are located on special pins that have good thermal contact
with the body of the heat meter, but are electrically isolated from it.

Fig. 4. Heat meter design:
1 — heat meter work area; 2 — heat meter body; 3 — heat meter electrical wires;

4 — opening for measuring thermocouple; 5 — junctions of differential thermocouples;
6 — n-legs of thermocouples; 7 — p-legs of thermocouples

General requirements for heat meters: the dimensions of the working area of the heat meter
should be close to the dimensions of the working surfaces of the generator module; the height of the
heat meter should be optimal to create a minimum temperature difference in the heat meter, but
sufficient to ensure its high sensitivity. The conversion factor of the heat meter, its volt-watt
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sensitivity, must be stable over the operating temperature range.

To optimize the heat meter along the passage of the heat flux in the body, technological
selections can be made (for example, in Fig. 4 it can be seen that holes are made in the body of the
heat meter).

Differential thermocouples are combined into a thermopile to increase the sensitivity of the heat
meter, which depends on the material of the thermocouples, the thermal conductivity of the heat meter
body material and its design, the distance between the junctions, as well as the accuracy in
determining the distance and quality of thermal contact between the thermocouple junction and the
body. Obviously, such errors are difficult to take into account, so heat meters need to be calibrated.

The heat meter is calibrated by direct measurement of the thermopile signal from the action of
the temperature difference caused by the heat flux created by the electric heater. At the same time, the
electric power of this heater is determined. The voltage-watt sensitivity of the heat meter will be
determined by the ratio:

sz as Q=W =1Ih-Uh, then k=L
Q Ih-Uh
where k is heat meter volt-watt sensitivity, £ is heat meter signal; Q is heat flux that passed through
the heat meter, W is electrical power of the main heater; lh is current of the main heater, Uh is voltage
on the main heater.
The heat flux is directed only through the heat meter, and heat loss from the heater to the
environment is eliminated with the help of protective and radiation shields.

The appearance of the developed bench is given in Fig. 5.
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Fig. 5. Appearance of a bench for calibrating heat meters:
1 —measuring unit; 2 — control unit; 3 — high-precision digital multimeter

The bench consists of a measuring unit, a control unit and a measuring device (high-precision
digital multimeter). In turn, the measuring block contains an aluminum platform on which liquid heat
exchangers, a clamping device and a switching block are placed. The heat meter under study is placed
between the hot and cold heat exchangers. The layout of the bench is shown in Fig. 6.
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Fig. 6 — Heat meter calibration layout:
1 — protective heater; 2 — thermal insulation; 3 — main heater;
4 — heat meter; 5 — thermal locks; 6 — protective shield;
7 — heat removal unit

On the lower base of the aluminum platform and on the suspension of the upper base of the
measuring unit, two identical heat exchange units are fixed, which are designed to remove heat,
namely cold heat exchangers. These heat exchangers are reversible, since they are based on
thermoelectric coolers (TEC) with liquid waste heat removal and can operate both in cooling and
heating modes, depending on the direction of electric current flux. On the working side of the TEC,
copper heat-equalizing plates with built-in temperature sensors — platinum resistance thermometers —
are fixed. These plates in the central part have a flat surface polished with a high class of cleanliness —
a working platform. The heat meter under study is placed on this area. The other side of the heat meter
is in contact with a hot heat exchanger — a flat heater with two (upper and lower) polished working
surfaces. The flat heater is made thin enough so that its side surface is as small as possible and it
warms up well throughout its entire volume. A temperature sensor is also mounted in the body of this
heater — a platinum resistance thermometer. The use of platinum temperature sensors makes it possible
to measure and maintain the temperatures of the working areas of heat exchangers using thermostats
with an accuracy of at least 0.1 ° C. During calibration, the heater is powered by a separate stabilized
DC source. Measurement of the voltage on the heater is carried out by precision voltmeters with an
error of 0.05 %. The current through the heater is also determined by the voltage drop across the
reference resistance in the heater power circuit. The error in determining the current is about 0.1 %. In
addition, there will be heat loss to the environment through electrical conductors. Therefore, measures
should be taken to minimize these losses, in particular, the use of thermal locks. Thermal locks are
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insulators made of beryllium ceramics with high thermal conductivity, which provide local heating of
the conductor section at the exit point from the heater's protective housing to the heater temperature.
Thus, heat losses through underwater conductors are eliminated as much as possible. The measuring
thermocouples are mounted in the same way.

Since a temperature difference is created on the heat meter along its height, the heat meter body
material (usually metal — copper, aluminum, brass, etc.) has a temperature dependence of the thermal
conductivity coefficient, and the thermocouple material has a temperature dependence of the Seebeck
coefficient, then the heat meter must be calibrated over the entire range of operating cold temperatures
of the investigated thermoelectric module.

In the developed bench, the process of thermostating all heat exchangers is controlled by a
specially designed electronic unit containing adjustable power supplies for the TEC and heaters, two
two-channel microprocessor-based temperature controllers RE-202, interconnect elements and
measurement control terminals. All terminals of electrical components from the measuring unit
converge on the terminal block and are connected to the control unit by means of a cable. A measuring
device is also connected to the control unit - a high-precision digital multimeter M3500 with the
ability to transfer measurement results to a personal computer in real time. Thus, the developed bench
makes it possible to calibrate heat meters and study their metrological characteristics in dynamics.

An example of the temperature dependence of the volt-voltage sensitivity of a heat meter with
dimensions of 40x40 mm is shown in Fig. 6.
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Fig. 6. The temperature dependence of the volt-watt sensitivity of
heat meter with dimensions of 40x40

Conclusions

1. A bench for calibrating heat meters for determining heat flux through generator thermoelectric
module when measuring its parameters by the absolute method has been developed and
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manufactured. The bench allows one to study the metrological characteristics of heat meters and
transfer the measurement results to a personal computer in real time.

An improved method for calibrating heat meters with the use of auxiliary highly sensitive heat
flux converter has been implemented, which makes it possible to improve the accuracy of
experimental determination of the volt-watt sensitivity of heat meters.
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