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DEVELOPMENT OF HIGH PERFORMANCE THERMOELECTRIC MODULES
WITH SUBSTRATES MADE BY VAPOR CHAMBER TECHNOLOGY

Thermoelectric systems are widely used in different industrial applications. The main factor limiting
rise of application range is relatively low Coefficient of Performance. Improvement performance of
Thermoelectric modules (TEM) is a goal of multiple research projects during few decades. Main
efforts are applied to development of new efficient materials but significant progress in performance
of materials suitable for industrial use has not reached yet. Another way of performance
improvement is optimization of modules structure elements, particularly substrates. It is known that
performances of TEM are improved with increase of substrates thermal conductivity. The best
candidate for highly conductive substrates is Vapor Chamber having effective thermal conductivity
of more than 5.000 W/m/K which is about 30 times higher than the best ceramic substrates made
from ALN. Optimized Vapor Chambers including copper envelope with sintered wick and aluminum
with grooved wick were developed, manufactured and tested. Two different working fluids were used
for the hot and cold copper Vapor Chamber substrates: water and methanol. Effective thermal
conductivity of copper Vapor Chamber substrates was about 2.500 W/m/K. Computer simulations
showed that Thermoelectric Modules with Vapor Chamber Substrates (TEVC) provides more even
temperature distribution over the heat sink surface and reduces hot spot temperature on each leg.
As a result, effective thermal resistance of heat sink for TEVC is lower than for regular TEM at the
same module size, structure, power dissipation and heat sink parameters. For the studied example,
thermoelectric system including TEVC assembled with heat sinks provides rise of COP relatively to
regular TEM on about 40% at the same conditions. When used as power generator TEVC improves
efficiency on more than 18%. Experimental samples of TEVC were manufactured and tested. Good
correlation between theoretical and test data was proved. Bibl. 9, Fig. 12.
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Introduction

Thermoelectric systems are used in many applications including military, medical, food
transportations, avionics and others [1-3]. The main factor limiting further widening the application
range is relatively low Coefficient of Performance. Despite substantial research efforts applied to the
development of thermoelectric materials with higher Figure of Merit, the high performance
thermoelectric modules are still not available for industrial applications.

A prospective approach for design of high performance thermoelectric systems including regular
Thermoelectric Modules (TEM) is combination with other thermal technologies like Vapor Chambers [4-8].
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Solution

An ovel approach for improvement efficiency of Thermoelectric Modules (TEM) is optimization of
thermal structure elements - substrates [9]. It is known that performances of TEM are improved with
increase of substrates thermal conductivity. Effect of substrates thermal conductivity on TEM

performance is shown in the Fig. 1.
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Fig. 1. Dependences of module cooling power and COP on thermoelement length
for TEMs with various substrate thermal conductivity

A solution for substrates with extremely high thermal conductivity close to the “ideal material” is
use of Vapor Chamber Technology. Vapor Chamber is a heat transfer device operating by fluid
evaporation-condensation cycle similar to heat pipes and characterized by effective thermal conductivity
of more than 5000 W/(mK). General scheme of Vapor Chamber operation is shown in the Fig. 2.
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Fig. 2. Schematic of Vapor Chamber operation

As a solution for Thermoelectric Modules performance improvement, we developed patented
Thermoelectric Modules with Substrates made by Vapor Chamber Technology (TEVC). Scheme of

TEVC structure is shown in the Fig. 3.
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Fig. 3. Schematic of of TEVC structure

Substrates of TEVC is multilayer and consists of the following layers: Vapor Chamber,
electrically insulating layer and a pattern of copper conductors.

Technical approach

Vapor Chambers

Two optional materials for Vapor Chamber case were used for TEVC: copper and aluminum. These
materials have high thermal conductivities and are widely used for manufacturing of Vapor Chambers.

For copper Vapor Chambers two types of working fluid were used: water for the hot side of TEVC
and methanol — for the cold side.

Working fluid for aluminum Vapor Chambers — freon.

Electrical insulating layers

We are evaluating several technological solutions for the insulating layers: DBC/AMB ceramic
substrates, thin film ceramics, coatings.

At the present stage DBC A/N substrates was used.

Other options will be evaluated during the next stage of development.

Assembly

Special technology including several steps of soldering was developed for assembly of TEVC.

Copper Vapor Chambers have sintered powder wick. Working fluids are water for the hot side
substrate and methanol for the cold side substrates. Pictures of the copper Vapor Chamber are shown in
the Fig. 4.

Fig. 4. Pictures of copper Vapor Chamber

Effective thermal conductivity of the Vapor Chamber substrates was measured using special
procedure based on comparison between experimental data and results of computer simulations. Results
of the evaluations are shown in the Fig. 5.
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Fig. 5. Results of effective thermal conductivity evaluation.
a) copper-water Vapor Chamber, b) copper- methanol Vapor Chamber.

As we can see from the Fig. 5a effective thermal conductivity of copper-water Vapor Chamber
is equal to 2450 W/m/K. Effective thermal conductivity of copper- methanol Vapor Chamber is 1800
W/m/K (Fig. 5b).

Theoretical background

Computer simulations was performed to study performance improvement mechanism for TEVC
relatively to regular TEM.

Simulations were made for the TEM/TEVC with dimensions 62x62 mm assembled on aluminium
extruded heat sink with fan.

Module parameters: Heat sink parameters:
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Lnax=T75A Base plate dimensions: 200 x 130 mm
Vmax=15.4V  Base plate thickness: 5 mm
R=11Q Fins height: 19 mm

ATwax =70 °C  Air flow rate: 0.9 CMM

Temperature distributions over the heat sink surface for TEVC and regular TEM with alumina
substrates were estimated at the same power dissipation of 100 Won the substrate. The results are shown
in the Fig.6a (TEVC) and Fig. 65 (TEM). The maximum heat sink temperature for TEVC is 48.0 °C,
and for regular TEM - 53.3 °C.

a) b)

Fig. 6. Temperature distributions over the heat sink surface for TEVC (a)
and regular TEM (b) with alumina substrates.

So, TEVC reduces the maximum heat sink temperature on 5.3 °C relatively to regular TEM at the
same operating conditions.

Results of simulations temperatures near the thermoelectric leg are shown in the Fig.7(a - TEVC,
b - regular TEM):

a) b)
Fig. 7. Temperature distribution near the thermoelectric leg for TEVC (a)
and regular TEM (b) with alumina substrates.

The maximum temperature on the leg is 49.7°C for TEVC and 56.7°C for regular TEM showing
the total temperature reduction of 7.0°C. Additional reduction of 1.7°C caused by Vapor Chamber ability
to spread efficiently hot spot near the thermoelectric leg.

So, for the analyzed case the temperature of thermoelectric leg for TEVC is lower on 7°C
relatively to regular TEM. This temperature reduction is caused by two thermal effects:
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e More even temperature distribution over the heat sink surface.
e Spreading of the hot spot near each thermoelectric leg.

For thermal design of thermoelectric cooling/heating systems the mentioned temperature
reduction can be translated to reduction in effective thermal resistance of heat sink. In other words,
TEVC operates like regular TEM with the same structure but assembled with the heat sink having lower
thermal resistance. In the present case reduction of effective thermal resistance for TEVC is 0.07 °C/W.
It is important to note that this value is not constant and dependent on heat sink characteristics and TEVC
dimensions.

Comparison of COP for the thermoelectric cooling systems including regular TEM and TEVC
assembled with the heat sinks having thermal resistances RA=0.2°C/W (hot heat sink) and Rc= 0.3°C/W
(cold heat sink) and ambient air temperatures: 25°C (hot side), 2°C (cold side)is shown in the Fig. &:
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Fig.8. Dependences of COP on voltage for thermoelectric cooling systems

As we can see TEVC provides improvement in COP relatively to regular TEM of about 40% at
the same conditions.

Another prospective application of TEVC technology is power generation. The results of power
generation assembly simulations are shown in Fig.9.
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Fig.9. Dependences of efficiency on hot ambient temperature for thermoelectric generating systems
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As we can see for the tested case TEVC provides rise in power generation efficiency on more
than 18% at the same conditions.

Manufacturing and testing of TEVC samples.

Experimental samples of TEVC with copper and aluminum Vapor Chamber substrates were
manufactured and evaluated. Pictures of TEVC are shown in the Fig.10a (copper) and Fig.10b
(aluminum):

a) b)
Fig.10. Pictures of copper (a) and aluminium (b) TEVC

Performance tests were made to compare simulations result with experimental data.
Special jig was designed for this purpose(Fig.11):

Thermocouple T;
Cold plate
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Thermocouple T,
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Fan

Fig. 11. Schematic of special jig designed for TEVC testing

Comparison of experimental data and theoretical estimations made using “effective thermal
resistance”, are shown in the Fig.12.
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Fig.12. Dependences of temperature drop on working voltage for thermoelectric cooling systems

Good correlation between theoretical and experimental data is found. The maximum relative
deviation is 2.6%.

Conclusions

1. A new generation of patented high performance Thermoelectric Modules with Substrates made by
Vapor Chamber Technology was developed.

2. Computer simulations show that TEVC provides more even temperature distribution over the heat
sink surface and reduces hot spot temperature on each leg. As a result, effective thermal resistance
of heat sink for TEVC is reduced relatively to regular TEM at the same module dimensions, internal
structure, power dissipation and heat sink parameters.

3. For the studied example, thermoelectric system including TEVC assembled with heat sinks provides
improvement of about 40% in COP relatively to regular TEM at the same conditions.

4. Power generation is another prospective application for TEVC because of its ability to provide higher
effective temperature difference on the leg relatively to regular TEM at the same conditions of
operation. For the tested case TEVC shows rise in power generation efficiency on more than 18% at
the same conditions.

5. Prototype of TEVC modules including optimized Vapor Chambers were fabricated and tested using
special jig. Good correlation between data calculated based on the effective thermal conductivity and
result of experiments was proved.
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PO3POBKA BUCOKOE®EKTUBHUX TEPMOEJIEKTPUYHUX
MOAYJIB 3 NIAKJIAAKAMHU, BUTOTOBJIEHUMHU
3A TEXHOJIOT'IEIO BUITAPHOI KAMEPH

Tepmoenexmpuuri cucmemu WUPOKO 8UKOPUCHOBYIOMbCSA 8 PI3HUX 2ay3sX npomuciosocmi. OCHOGHUM
Gaxmopom, wo obmedncye posuupentsi JlanasoHy 3acmocy8ants, € 6IOHOCHO HUSLKULL XOIOOUTbHULL
xoegiyienm (COP). Ioxpawernns npooykmusHocmi mepmoenekmpuunux mooyiie (TEM) € memoro
b6azamvox 00CHOHUYBKUX NPOEKMI6 NPOMSAZOM KIIbKOX Oecsmuimb. OCHOGHI 3YCULISL CHPIMOBAHI HA
DO3DOOKY HOBUX eheKMUBHUX MAMepianie, ale 3HAYHO20 NpoSpecy 8 XApaKmepucmukax mamepiaiis,
npudamuux Onsi NPOMUCTOB020 BUKOPUCHAHHA, we He 00csiehymo. Inwum cnocobom niosuuyenms
NPOOYKMUBHOCI € ONMuMI3ayis eiemMeHmie CmpyKkmypu Mooy, 30Kkpema nioknadok. Bioomo, wo
xapaxmepucmuxu TEM nokpawyromecs 30 30i1bMeHHIM MenIonposioHocmi nioknaook. Hatikpawum
KAHOUOAmMoM Ha BUCOKONPOGIOHI NIOKNAOKU € SUNAPHA Kamepa 3 eeKmueHoN MmenionposioHicmio
nonao 5000 Bm/m/K, wo npubnuszno ¢ 30 paszie euwe, HidC y HAUKPAWUX KEPAMIYHUX NIOKIAOOK,
sucomogienux 3 ALN. Byno po3pobnero, 8ueomoeiero ma unpobysaHo OnmuMiz08aHi BUNApHi Kamepu,
BKIIOHAIOYU MIOHY OOOJIOHKY 3 CNEHeHUM THOMOM [ aNOMIHIE8y 3 puaenum tHomom. /s nioknadok
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2apa4oi ma Xon00Hoi MIOHOT 8UNAPHOI Kamepy BUKOPUCTNOBYBANUCA 08I Pi3Hi poboyi piouHu: eoda ma
memaron. E¢pexmusna menionposionicms MiOHUX NIOKIAOOK 8UNAPHOL Kamepu cmarnosuna 6uzeko 2500
Bm/m/K. Komn tomeprne mooeniosanisi nokazano, wjo TEM 3 niokiaokamu 3a mexHON02IE0 UNAPHOT
kamepu  (TEMBK) 3abesneuyiomv Oinbut pIGHOMIpHULL PO3NOOIL memnepamypu Hno NOBepXHI
Mennosiogo0y ma 3HUNCYIOMb MEeMRepamypy 2apadux MOYOK HA KOJCHIll 2inyi. AK Hacniook,
ehexmusnuil mepmiuHull onip meniogiosooy onsi TEMBK nuowcuuti, Higic 0ns 36uuatinoeo TEM npu momy
JHC po3MIpi MOOYIA, CMPYKMYPI, PO3CItO8AHIL NOMYIHCHOCMI ma napamempax meniogiosody. s
00CTi0JHCYBaAHO20 NpUKIAdy mepmoenekmpuuna cucmema, wjo exmodyac TEMBK y 300pi 3
mennosioeodamu, sapesneuye niosuwernss COP sionocho 0o seuuatinoeo TEM npubnusno na 40% 3a mux
arce ymos. Tpu suxopucmanni 6 axocmi eenepamopa enexkmpoerepeii TEMBK niosuwye KKJ/] 0invuu Hidie
Ha 18%. Bucomoeneno ma eunpodyeano docnioni spasku TEMBK. Jlosedeno xopouwty kopensyiio mixc
meopemudHuMU ma mecmosumu oanumu. bion. 9, puc. 12.

KarouoBi ciioBa: TepMOENEKTpUYHI MOJYJI, TEIUIONPOBIAHICTh, TEPMOEIEKTPUYHI CHUCTEMH
OXOJIOKEHHS.
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