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NIABUIIEHHA E@OEKTUBHOCTI TEHEPATOPHUX MOJAYJIIB HA OCHOBI CoSh
IJIIXOM BUKOPUCTAHHSI CEKIIMHUX 1 KACKA/THUX CTPYKTYP

Tooano pesynmomamu KoM IOMEPHO20 MOOETIOBANHS MEPMOENIEKMPUYHUX 2CHEPAMOPHUX MOOYIIG 3
OOHOPIOHUX, CeKYiuHUX ma @yHKYioHanbHO-epadichmuux mamepianie (@IM) wua ocnosi CoSb.
THoxaszano, wo KK/ modynis 3 0onopionux mamepianie docsieae ~8%, osocexyitinux — ~10 %, mooynis 3
@DI'M — ~11 %. Jlocniosicenns xapakmepucmuk 0B0KACKAOHUX MOOYII6 NOKA3AU, WO GUKOPUCAHHS 6
XONIOOHOMY KACKAOL MAMepIianie Ha OCHOBL Merypudy 6iCMymy, a 6 2apsiHoMy — CKYmMepyoumie nioguugye
eghekmueHicmb mepMoeneKmpusHUX nepemeoprosayis 0o 12 %.

KurodoBi ciioBa: reHepaTopHi MOAyJIi, peKymepariis Teruia, TePMOCIICKTPUYHI IEPETBOPIOBAYI SHEprii,
OI'M.

Results of computer simulation of thermoelectric generator modules of homogeneous, segmented
and functionally-graded materials (FGM) based on CoSb are presented. It is shown that the
efficiency of modules made of homogeneous materials reaches ~8%, two-segmented materials -
~10 %, FGM — ~11 %. Studies on characteristics of two-stage modules have shown that bismuth
telluride materials as the cold stage, and skutterudites as the hot stage improve the efficiency of
thermoelectric converters to 12 %.

Key words: generator modules, heat recovery, thermoelectric energy converters, FGM.

Bectyn

TemnyoBi BigXoAW MPOMHCIOBOrO BHPOOHMIITBA Ta ABWIYHIB BHYTPIIIHBOTO 3TOPAHHS € OJHHUM i3
(haKTOpIB €KOJIOTIYHOTO 3a0pY/AHEHHS HABKOJIMIIIHLOIO CEpEOBHINA. PeKymepallis X BiIXOIiB HLIIIXOM
TIPSIMOTO TICPETBOPEHHS TEIUIOBOI €HEprii B €JCKTPUYHY Ta TOBEPHEHHS il B po0OYl IUKIA CYTTEBO
MIOKPAIUTh EKOJIOTIUHY cuTyalifo. ToMmy cTBOpeHHS e(eKTMBHHX pEKyIlepaTopiB BIIXOIIB Ternia —
aKTyaJIbHE eKOHOMIYHE Ta €KOJIOTiUHE 3aBIAHHS.

TepMmoenekTpraHUI CrociO MPsSMOro MEPETBOPEHHS TEIUIOBOI SHEprii B €NEKTPHYHY € JIOCTaTHBO
TIPUBAOIMBHN U YTIUTI3aIii TEIUTOBUX BiIXOMIB PI3HOMAHITHUX MPOMHCIOBHX TEIUIOBHX YCTAHOBOK Ta
JBUTYHIB. BifCyTHICTP PyXOMHX YacTWH 1 MOXIIMBICTH (DYHKIIIOHYBaHHS B EKCTPEMAabHUX YMOBax
3a0€3MeuyIoTh TEPMOCIEKTPUYHAM TeHepaTopaM eHeprii BUCOKY HaiiHICTh. ['0OJIOBHUM UYMHHHKOM, IO
O0OMEeXye IIMPOKE BHUKOPUCTAHHS TEPMOTEHEPAaTOpPIB Yy pEKyleparopax € HU3bka eQeKTHBHICTh
TIEPETBOPEHHSI TEIIOBOI €HEPTii B SICKTPHUYHY, 3yMOBJICHA HU3bKAM 3HAYCHHIM 0€3p03MipHOI JOOPOTHOCTI
TepMOENeKTpHUHIX MatepianiB ZT = oo T/ (ne o — koedimienr tepmoEPC, T — Temmeparypa, ¢ —
eNIEKTPOIPOBIIHICTH, K — TEIIONPOBIAHICTD).

VY 3B’3Ky 3 IIMM BUHHKAE 1OTpeba y BUKOPUCTaHHI HOBHX €(EKTHBHHUX, JICHICBUX Ta €KOJIOTTYHO
YHCTUX MaTepiaiiB. YIIPOMOBXK OCTAHHBOTO JCCATHIITTS yBary MOCTITHHWKIB TPHUBEPTAIOTH CKyTEPYIUTH
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[1]. Le mepcnexTrBHI MaTepiany Ha ocHOBI CoSh LT MIMPOKOTO 3aCTOCYBaHHS B TEPMOTEHEpATOpax, SKi
NPaLOIOTh 3a TeMIepaTyp rapsdoi ctopoHu 1o 773 K. BoHH XapaKTepu3yroThcsi TOCTaTHHO BHCOKUMH
3HayeHHsMU KoedimieHTiB TepMOEPC 1 emextponpoBigHocTi. JIins mimBuimeHHS iX JI0OpPOTHOCTI
BUKOPHCTOBYIOTBCS JTBA OCHOBHI TEXHOJIOTIUHI crmocoOm [1]: mepmmii TPyHTYEThCS Ha 3allOBHEHHI
TIOPO’KHUH KPHUCTATIYHOI TPaTKH MaTepianiB Ha ocHOBI CoSh aToMaMu piIKO3eMeITbHUX €JIEMEHTIB IIUIIXOM
JIeryBaHHs;, ApYrHi croci0 MOB'A3aHMI 3 BUKOPUCTAHHSAM JICTYBaHHS UL MiJBHUIICHHS PO3CIFOBAaHHS Ha
TOYKOBHUX JIe()eKTaX, a TAKOXK PEryIIIOBaHHS KOHLIEHTPALIii HOCITB 3apsiy.

AmHaniz pe3yNipTaTiB  eKCIEPUMEHTATIBHUX  JIOCHI/DKEHb TEPMOCIEKTPHYHMX — XapaKTePUCTHK
cKyTepymuTiB [1-9] mokasye, 1o U OTpAIMaHHS MaTepiajliB #-TUITY MPOBITHOCTI HAKOLTBIT ePeKTHBHIMH
nerytounmu noMitmkamu it CoShs € In, Ga, Ni, Eu, Te, Se, S [2-6], a 1y1s MatepiaiiB p-TUITy TIPOBIAHOCTI 3
MOKpaleHUMH [IapaMeTpaMH JIETYBaHHS JOLIIHHO TPOBOAUTH Biipa3y JAEKIJIbKOMa EJIEMEHTaMH, a caMe:
FeiYb; Fe, YbilLa; CaiFe; CaiMn][7-9].

Merta paHOrO JOCHIKCHHS — OINIHKA MOMJIMBOCTI ITABHITICHHS €(QEKTUBHOCTI TEHEPATOPHUX
MOyJIiB 3 OMHOPIJHMX, CEKIHHHX, (YHKIIOHAIBHO-TPAJIEHTHIX 1 KaCKaJHUX CTPYKTYp MUIIXOM
BU3HAUCHHS ONITUMAJIBHOTO PiBHS JIETYBaHHS MaTepiajliB Ha OCHOBI CKYTEpYIHTIB.

lMpoeKkTyBaHHA CEKUiMHUX TepMOoeNekKTPUYHUX MoayniB Ta moaynis 3 ®I'M

[Nomyk onTHMaNbHOTO CKIIamy MarepiaiiB Ha ocHOBI CoSh I OZHOPIMHUX Ta CEKIIIHHUX BITOK
TEPMOCIICKTPUYHNX MOJIYJIIB 3MIHCHEHO 3 BUKOPUCTAHHAM METOJIIB TEOPii OMTUMAIBLHOTO KEPYBaHHS
[10, 11].

Tabauys 1
THapamempu cenepamoprux Mooynie 3 0OHOPIOHUX Mamepianie
Ha ocnosi CoSbs npu T.,, = 773 K, Ty = 323 K
iTKa p-TUITY Yb.Fe;Co,Sb;, Yb.Laysskes :Cop38b;,
BiTka n-tui (x=0.4-0.8) [7] (x=0.17-0.42) [9]
x,=0.3 P=19 Br x,=0.3 P=22 Br
x,=0.65 7=6.8 % x,=0.25 7n=8.3 %

Tlo‘]]nxCO4Sb12
(x=0.1-0.3) [12]

x,~0.25 n=6.75 %

CoSb; s75:Gey 125Tex
(x=0.175-0.275)
[13]
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VY po3paxyHKax BHKOPHUCTAHO EKCIIEPUMEHTAITbHI 3alIeKHOCTI TEPMOCICKTPUYHUX MapaMeTpiB
TepMOEPC, enexkTponpoBigHOCTI Ta TEIUIONPOBIZHOCTI Bif TEMIEpaTypud 1 KOHLEHTpalii Jeryrodmx
JOMIIIOK 3pa3kiB n- Ta p-CoSh. Po3paxyHku 3poOJICHO MJisi MOIYNIB 3 HACTYITHHMMH IapaMeTPaMH:
KiIbKiCTh TEPMOEIEMEHTIB 32 IapH, BUCOTA BITOK 5.6 MM, IUTOIIi IONEPEUHNX MEPepi3iB BITOK 4x4 MM'.
Be/IMuMHI KOHTAKTHUX OIOpIB MpHiMamics piBHEMH 5-10°0Om-cM”,

Pesynbratu po3paxyHKIiB XapaKTEPUCTUK TEPMOCICKTPHYHUX MOJYJIB 3 OJJHOPITHUX MaTepiaiiB Ha
ocHoBi CoSb B pobouomy iHTepBam Temreparyp 323-773 K nokazano B Tabn.1. HaBeneHo onrumanbHi
KOHLIEHTpAIli1 JIEryI0YHX JIOMIILOK X, Ta X, B MaTepianax BITOK, 3a IKMX JocsAraeThest Makcumanbauid KK 7
1 BIMOBiHA TIOTYXHICTh P MomyniB Ta mpencraBneHo 3anexxHocti KK Bim KoHIEHTpaIli JOMIIIOK y
BITKaX.

AmHaji3 qaHux, HaBeieHX y Tabi1. 1, mokasye, 1o 3anexHocti KKJI MomyiB Bi po3Moiay TOMIIIKH
iTepbit0 y Marepiajiax UIA BITOK p-TUIy TIPOBIMHOCTI, a came LaggsFer7Co135b1; T1a Fe,CoyShys,
XapaKTepH3yIOThCsl TUTABHOK 3MIHOK, IO BKa3ye HA HE3HAYHMI BIUIMB KOHICHTpAINi JIETryro4oi
KOMIIOHEHTH BITKH p-THUITy Ha XapaKTepUCTHKU MoxyniB. CTOCOBHO n-BiTKH, To 3aexHocTi KK/ MomyniB
Bin konueHtpauii iHmist B 7ly;Co,.Sh;; XapakTepH3yIOThCS CYTTEBUM 3POCTAHHSIM 13 30LIBIICHHAIM
KOHIICHTpAIIii JIETYF0u0i KOMIIOHEHTH, B TOW dac SIK JIeTYBaHHA TeIypoM n-CoSb, g75Geg 125 TIPU3BOIANUTE JI0
TMOSIBH TBOX EKCTPEMYMIB.

Makcumaneunii KK #=8.3 % y momyns 3 marepianiB n-Tly11ny3C0o4Sby, / p-YboasLaosF'ex7Co1 35b1s.
ToMmy came Ii CHONYKM [OIUIGHO BHUKOPHCTOBYBAaTH [UISi CTBOPEHHS (DYHKIIOHAJIBHO-TPAIiEHTHUX
TEPMOCIEKTPUIHIX MaTepialliB MUITXOM (JOpMYBaHHS HEOTHOPITHOTO PO3IMOILUTY JOMIIIOK.

Ha pric.1 HaBenieHO B3HAYEH! KOMIT FOTEPHUME METO/IaMH OTITUMAITBHI PO3TTOILUTH KOHIISHTPAITiT 1HIIO X,
Y3IOBJK BITKH #-THITY TIpoBifHOCTI 13 11y 1/nCo0,4Sb ;> Ta KOHIEHTpALLii ITepOi0 X, y3/I0BK BITKH p-THITY i3
Yb,LaygsFe,7Co135by,.

X Xp
0307 "~ T T _—="1026
0.29 -0.24
0.28 -0.22

| 020
0.271 _
-0.18
0.264————

00 02 04 06 08 10

Puc. 1. Po3nooin konyenmpayii 1e2yrouux 0oMilox y3008x4c
sucomu 6imox 0Jisi 2eHepamopHux mooyiie 3 OI'M
Ha ocnosi n-Tly In,Co,Sh;, / p-Yb.Lay gs..Fe; 7Co; 3Sb ).
X/L=0 8ionogioae xon00Hiil cMopoHi 8imKu.

Maxkcumanbanit KKJ[ mMomynst 3 onTHManbHAM PO3MOIUIOM JIETYIOUHMX JIOMIIIOK Yy BiTKax
(puc.1) 3 nepenanom temneparyp 323-773 K nocsirae 10.6 %, a reHepoBaHa eJIeKTpHYHA TOTYXHICTh
—29.7 Br.

Pe3ynbrati po3paxyHKIB MOIYJNIB 3 NIBOCEKIIMHMX BITOK HaBeAeHO B TalOi.2. Bu3HadueHO
ONTUMAJbHI MaTepiajy KOXHOI CeKUii #- Ta p-BITOK, a TaKOX IX BHCOTH, 32 SIKUX AOCSTA€THCS
makcumanbHui KK/ # MomymiB.

Sk s MomyJiB 3 OJHOPIMHMX MaTepiaiiB, Tak 1 JJIs JBOCEKIIHHUX BiTOK HaiBumuii KK]
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JIOCATAETHCS 3 BUKOPUCTaHHAM MatepialiB Tly1/n,CosShi, n-tuny ta YbiLaygsFey7Coy38b, p-Tamy
npoBinHocTi (Tabmn.2).

Tabauys 2
Hapamempu 2enepamoprux MoOyi6 3 080CEKYIHUX SIMOK
na ocnoéi CoSbs npu T.., = 773 K, Ty, = 323 K
Bitka Pp-TUILY YbXF €2C02Sb12 beLa().gs_xF €2}7C01.3Sb12
Birka n-tu (x=0.4-0.8) [7] (x=0.17-0.42) [9]
X, =03 £,°7=2.8 MM X, %=0.295 £,°7=2.9 MM
Tly1In,Co4Shi X, =027 £, "=2.8 MM X, =0.27 £, "=2.7 Mm
(=0.1-0.3) [12] x,7=0.68 £, "=2.8 Mm x,7=0.25 £, 7=2.7 Mm
x,"=0.62 £,'=2.8 Mm x,'=0.218 £,"=2.9 Mmm
P=27Br  #79.1 % P=288Br 7=103%
x,7=0.25 £,°7=2.8 MM x,7=0.25 £,°7=2.9 Mm
CoShysr5xGeo1osTe, x,"=0.238 £.=2.8 MM x,"=0.24 ;=27 Mmm
(x: 0. 175_0275) xpzap=0.7 f;“p=2.8 MM xp2“p=0.234 fpeap:2.7 MM
[13] x,"=0.632 £,'=2.8 Mm x,7=0.202 £,"=2.9 Mmm
P=226Br #=7.35% P=246Br #=8.5%

JocnigxeHHA KackagHUX reHepaTOpHUX MmoAayniB

3 BUKOPHCTaHHSIM ONTHMANBHUX MaTepialiB, BHOIp SKUX U KOXKHOTO Kackaay TPOBOIMBCS 32
JIOIIOMOTOI0 METOJIB Teopii ONTHMAJIBHOTO KEPYBaHHSA TaKUM YHMHOM, LIO XOJOAHI 1 rapsdi KacKaau
xapakrepmzyBamcss MakcumaneHumu KKJ[ B TemmeparypHomy iHTepBami 323-523 K 1 523-773 K
Bi/IMTOBIZHO, PO3PAXOBAHO KOHCTPYKIIii JBOKACKAJHUX MOMIYB po3mipom 40x40 Mm* (Tabi.3) 3a yMOBH
HOCTIZOBHOTO 3'€JHAHHSI XOJIOAHOTO 1 rapsA40ro KacKamiB, a TAKOXK TEIJIOBOI Ta eNEKTPHYHOI y3rOKEHOCT]
KacKaJiB.

Y po3paxyHKax BHKOPHCTAHO CKCIIEPUMEHTAIBHI KOHIECHTPAIHHO-TEMIIEPaTypHI 3aJIeKHOCTI
TEPMOCJIEKTPUIHIX TTapaMeTpiB MaTepiaitiB Ha ocHOBI Bile [14]. Y momyimi Nel myst 000X KackaiB BHOpaHO
Marepiali Ha OCHOBI cKyTepyauTiB. Y Momymsx Ne2 i No3 s HH3BKOTEMITEpaTypHOTO KacKamy
BUKOpHCTaHO BiTe. Y Tabin. 3 MoAaHO ONTUMAIBHI ISl KOYKHOTO 3 KacKa/liB 3HaYeHHS eJIeKTPONPOBIAHOCTI
o 3a 300 K matepianiB Ha ocHOBI BiTe Ta onTUMaITbHI KOHIIEHTPAIil TOMIIIOK Y CKyTEepyIUTaxX, a TAKOK
po3paxoBaHi 3Ha4eHHs noTyx)HOcTer 1 KKJ[ MomymiB.

3 HaBezieHMX y Tabn.3 manux BuaHoO, mo KKJI remepatopHOro Momysis, B ssIkoMy [ist 000X KacKajiB
BHOpaHo Matepiamu Ha ocHOBI CoSh, nocsrae ~10.2 % (Momysib Nel), 110 € HUPKYUM TTOKa3HUKOM, HIXK ITPU
BHOOp] I XONOJHOTO KacKamy matepianmiB Ha ocHOBiI BiTe (n=11.2 %, momyns Ne2). Enexrpudna
Y3TO/KEHICTh KAacKaiB MPH LOMY 3a0€3MeUyeThCs ONTUMAIBHUMHU 3HAYCHHSIMH BHUCOT TEPMOEJIEMEHTIB
KOYKHOTO Kackaly. BHKOpHCTaHHS TOCTIZOBHO-TIAPAIENIBHOTO 3’ €HAHHS TEPMOCIEMEHTIB XOJIOJHOTO
Kackaxy (Moxyib Ne3) nae MOKITMBICTB TTIBUIIUTH €EKTUBHICTH MOAYJIS Maike 10 12 %.
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Tabnruys 3
Iapamempu 080KACKAOHUX 2eHepamMOpHUX MOOYI6 3 Mamepianie
na ocnoei CoSbs 3a T.op = 773 K, Ty, = 323 K
Ne /m [Tapamerp 3HavyeHHs mapaMeTpa
Monynb Nel Monynb Ne2 Monyns Ne3
Marepianu Bi y
BITOK i (BirTe3)0.00(SbaTes)o.05(SbaSes)o.os,
L TlyIng 27 CosSbra 5 1 o =1365 Onlonr!
XOJIOZTHOTO Birka p-THmy neroBanuii I, o) = M CM
KackKay
Marepiamy Birka n-trmy (BixTe3)o25(ShaTes)o72(ShaSes)oos,
2. BITOK Ybo.seLaossiler - neropanmii Ph, o =1570 Om™ em’
rapsra0ro Bitka p-tumy Co135b1» 1
KackKajty
3 [Tnomma nepepi3y BiTOK XOJIOIHOTO
’ 1 rapsIoro KackasiB, MM 1.8x4.3
4 Bucora BITKH XOJIOTHOTO KacKaty, 79 57 3
MM
5 Brucora BiTKH Tapsiaoro 3 33 3
KacKajy, MM
6 KinpkicTh map BiTOK XOJIOIHOTO i
' rapsoro KacKais 48
7. Enextpudna niotyxHicts P, Bt 14.1 13.8 16
8. Hampyra U, B 4.1 44 3.6
Crpym [, A 35 32 4.4
10. KKIT #, % 10.2 11.2 11.9

3anexxnocti KK/ Ta reHepoBaHOi eNEKTPUYHOI MOTY)KHOCTI JBOKAaCKaJIHMX MOIYJIB Ha OCHOBI
Bi,Te;/CoShs; Bin TeMnepatypu iX rapsidoi HOBEpXHI HABEJICHO Ha pUC.2.
n, % P, Bt

12 —~—MOyJb No2 5 A —~— Momynb Ne2© :
—©—MOAYJb NQ3/A 154 —o— momynb Ne3 / |
101 » b /

y /‘/ |

500 600 7 700 800 500 600 7. & 700 800

@) 6)
Puc. 2. 3anexcrnocmi KK/ 1 (a) ma enexmpuunoi nomyacrocmi P (6) deoxackaonux mooynie Ha ocHogi Bi,Tey/CoSb;
6i0 memnepamypu ix 2apauoi noeepxi T.,, 3a ymoeu xonoonoi memnepamypu Ty,,=323 K.

3a ymoBH Temrieparypu Tapsaoi moBepxHi 773 K edexruBHicTs Momyns Ne3 (7=11.9 %) Buma, HiK
moxynst Ne2 (7=11.16 %). I3 3menmennam temneparypu 7.,, KK/ cnamae i 3a T,,~623 K KK o6ox
MOAYJIB OAHAKOBWH, @ 3 TONAJBLIMM 3HIDKEHHSAM TEMIIEPaTypH Taps4yoi CTOPOHM Jemio OuTbIIy
e(EeKTUBHICTH Ma€ MOMTYIb Ne2.

3 HaBeICHUX JaHUX BHJIHO, IO 3 BUKOPHCTAHHSAM JIUIS KacKajiB i CEKIliii aHAIOTIYHUX MaTepiaiiB
KK/ nBokackamaix MoyniB (haktraHo He riepeuiiye KKJ| Momy:tiB 3 TBOCEKIIHIX BITOK.

ISSN 1726-7714 Tepmoenexmpuxa Ne3, 2013 75



binuncoxuii-Cnomuno B.P., Buxop JI.M., Muxaiinoscvxuii B.A., Mouepuiox P.M., Cemizopog O.D.
Iiosuwenns ecpexmusnocmi cenepamopHux mooyie na ocnogi CoSh wnsaxom GUKOPUCTHANHS. ..

BucHoBKkK

Metonamu KOMIT FOTEPHOTO MOJICITIOBAHHS BHU3HAYCHO ONTHUMAJIBHI IMapaMeTpH MaTepialiB Uit
CeKIiil Ta onTuMaibHi QyHKIiT HeoqHopinHocTei PI'M, 3a SIKHX JOCSTaeThCs MaKCHMalTbHA e€(DEKTHBHICTh
TEPMOCJIEKTPUYHMX TeHEPATOPHUX MOAYJIB 3 MaTepialiB Ha OCHOBI CKyTEpPYAUTIB.

KK/ monyniB B iHTepBani podounx temmeparyp 323 — 773 K 3HaxoauTbcst B Mexax 5-8 % mis
MOZIYJIiB 3 OJHOpiMHIX MarepiamiB, 7-10 % mis MomymiB 3 ABOCEKIIHHUX BITOK 1 HaOmmwkaeTsest 10 11 %
st mMoxynie 3 OI'M. BukopucranHs y Momynsx Ha ocHOBI CoSbh 3aMiCTh OIHOPITHHX MaTepiaiiB
JIBOXCEKIIHNX BITOK poOHTH MOIHBUM 30utbmTH iX KK/ B 1.2 — 1.4 pasza.

JlocmimkeHHsT KacKafHUX CTPYKTYpP TIOKa3ajH, 10 BUKOPUCTAHHS B XOJIOJJHOMY KacKajli MaTepialiB
Ha OCHOBI BiTe, a B rapsuoMy CKyTePYAUTIB Ja€ MOxJMBICTh 3a0e3neuntn KK]I TepmoenekrpudHOro
TIepeTBOPEHHS TEIIOBOI eHeprii Ha piBHi 11-12 %.
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