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INDUSTRIAL THERMOELECTRIC COOLING IN THE KILOWATT RANGE
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ABSTRACT

A new technology using the experience
obtained in the field of much larger
cystems, with pieces of thermoelectric
material integrated into the heat
exchangers, has been developed. [t is based
on polarised modules of type N and type F
that are substitutes for the pieces of
thermoelectric material 'of 1.5 cm®., The
principle of the polarised module is
described, with its interfacing. Measuwred
characteristics are given. A prototype unit
with pieces of thermcelectric material and
arm analogous prototype containing polarised.
modules are tested and compared.
Thermoelactric cooling for electronic
cabinets and for air conditioning with heat
rejection to water are described and
performances are given.

Thermoelactric cooling in the kilowatt range
for operaticon at 110 or 220 volts AC rectified
to DC reguires that the electrical current
goes through small pieces of thermoelectric
material with an arsa of a few mm=,
Thermoelectric modules containing many such
couples of thermoelectric material are ’
available commercially. The technologies used
to assemble several of these large modules are
not suited when more than about 4 modules are
requicred.

Two types of thermoelectric air cooling units,
one for electronic cooling, the other for air
conditioning with heat rejection to water are
described and performances are given. The case
of water cooling for electronics with heat
rejection to air is also examined.-

{. THERMOELECTRIC CODOLING TECHNOLAOGIES

Thermoelectric cooling can be divided into 3

ranges
- small below several hundred watts

- medium from several hundred watts to
saveral kilowatts

- large .: above several kilowatts.

1.1, Emall range
The great majority of applications are in

the small range. Modules consist of many
thermoelectric couples, "that are in series
electrically and parallel thermally, are
plac2d between two slectrical insulators,the
most common being alumina. A photograph of
module CRS.31.06L manufactured by Melcor of
Trenton N.J. 1s shown.
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Figl Photograph of Melcor Module CFP.5.31.060

There are many types of modules available
commercially from very small ones of frac-
tion of a watt.for cooling laser diodes, to
mocdules with an area of SSx35 mm or more
used for many cooling applications in the 30
W to 300 W range. They are used in many
scientific apparatus, in air cooling units
for electronic cabinets and in water coolers
installed in train and picnic type coolers
The technology consists of compressing the
ceramic modules between flat surfaces that
are part of the heat exchangers.

This technology is ideal for small units
because of its simplicity. Difficulties
arise when one needs to assemble more than 4
modules between 2 plates because the modules
must have parallel surfaces and they must be
of the same height, otherwise the ceramic
and the module will be deteriorated during
the tightening. It is difficult with this
technique to reach pressures of 1MFa (10
atmospheres, 150 psi). Many papers have been
presented on equipments using this
technology*~*+=,

1.2, Large range
Over the past 20 years three companies have

studied technologies for large cooling
systems with cooling pawers in the range of
ten kilowatts.

~York Corporation built several units for
military applications, several patents were
obtained but no papers wera published. This
activity stopped in the early 19707s.



-Westinghouse Corporation filed and

obtained many patents, prototypes were built
and several have been in operation for many
years in the US Navy. Several papers were
published on these equipments® -S4,

-Air Industrie in 1973 started up an
important research and development program
for the specific application of air
conditioning passenger rallway

coaches?+®+7 for units in the 3§ to 30 kw
range. A techrnology was developed that has
been proven by a thermoelectric air
conditioning unit on a passenger railway
coach in daily operation since 1978. Since
1980 a technology for water cooling with
heat rejection to water has been developed.
A prototype unit with a cooling power of 13
LW (4 tons of refrigeration) has been under
industrial testing since the begining of
1985*°©,12, Air conditioning with heat
rejection to water is being developed®®.

The technology consists of integrating large
pisces of thermoelectric material’ into the
heat sxchangers. The water circuits consist
of 700 mm long tubes that are insulated from
tha electrical circuit and are grounded.
This technology based on thermoelectric
material of 1,5 cm® cross section operates
around 1S0A. So it is well suited for
cooling powers in excess of 135 kW, with COP
(Comfficient fo Ferformances = cooling in
W/electrical power in W) of the order of 1;
The electrical power is of 15 kW and the
voltage is of 100 V. This technology is not
suited at all for the medium range requiring
= kW because the voltages would be of the
order of 20 V.To obtain such voltages from
mains at 110 V or much more requires
voluminous and heavy transformers which
would have a non negligible volume compared
to that of the thermoelectric unit.

1.3, Medium range

This range untill recently has not been
developed for lack of a technology because
neither of the 2 above technologies are
suited. Air Industrie since 1981 has been
developing for this range a new technology;
the objective is tbo use -small pieces of
thermoelectric material of a few millimeters
0f cross section so that the electrical
current is of several amperes (the average
current density through thermoelectric
matarial is of 1 A/mm®). The classical way
of assembling several modules betwasen 2 flat
plates is not well suited when many modul es
are necessary. The main problem is that it
is very difficult to put sufficient prassure
on the ceramic so as to have a highly
reliable thermal conductance between the
caramic and the flat plat. A second problem
is that of the electrical lead wires that
must withstand shock and vibration tests
which are a prereqguisite for reliable
material. In the next paragraph, a naw
technology will be described that solves
these 7 problems. We have called it high
compression module technology.

2. HIGH COMPRESSION MODULE

2.1. High Compression_of ceramic
thermoelectric modules

The commercially available thermoelectric
modules constitute a remarkable structure.
An ocutstanding study done at the Draper
Laboratories in Cambhridge Mass, was the
objet of a paper by Leong and Martorana*,
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I+ showed how a module would tend to warp
under a temperature gradient if no pressure
was applied to the upper face. Experimental
compression tests weére done in our
laboratory on thermoelectric material and on
ceramic modules, where-the compression force
was wall centered by using a spherical
interface as shown below.

[] Load

Pressure
equalizing
plate

]

Spherical

k\__/lﬁ’___,_—-——“’ interface
Tl L L A4 Thermoelectric

YA e P A VA A YA module

"Fig. 2 Schematic of compression nodule

The compression results are given in Fig.Z

as a function of the area of the individual
pieces of thermoelectric material used in the
modules. There are also other parametsrs that
affect the maximum pressure such as

~ratio of total thermoelectric material area
to ceramic area, in general about 0.3 to

0.5. .

~height of the pieces of thermoelectric
material in general 1.5 mm

~structure of the module

.copper connectors between the couples
.ceramic

Maximum MELCOR MATERIAL
Compression
150 | ;gaTE material | g material height
e 1.27 mm
+ 1.52 mm
A 2.54 mm
&
100 )
- ey
Y
+ +
A
+ p =289+ 1.09 In (x)
50 | P S PV
Individual TE pellet area
mm2
0305 1 150

55570 A0 50

Fig.3 Maximum compression on MELCOR
thermoelectric material

These tests correspond to the degradation
valuss so a safety factor of 2 must be
included which would reduce the maximum
recommanded pressure on the themoelectric
material to about 30 MFa. This would
correspond to about 10 MPa on the ceramic
external surface of the module. In practice
when thightening one or more modules between
flat surfaces, one only obtains pressures on
the ceramics of 0.3 to 1 MPa (I to 10
atmospheres, 45 to 130 psi).
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2.2. Thermal interface resistance as a
function of pressure

The thermal resistance at a-flat interfacs
between 2 materials with a thermal grease
Dow Corning 40 or in the case of an

electrically and thermally conducting silver
basz=d agresass such as Elecolit 493 varies as
a function of pressure.

Below 1 MFa there is considerable dispersion
as shown by the striped area.Therefore
pressures on the ceramic in excess of I MFa
are necessary to have a stable thermal
interface resistance and for structural
reasons as indicated below.

résistance

K .m2

Thermal

xlO4

Interfaces with grease
Dow-Corning G 340

! 2 Pressure 3 MPa
Fig.4 Thermal resistance of interface
2.%. Module structure reliability

A mcdule under & compression of § to 10 MFa
on the ceramic withstands well to shock and
vibration tests. Frolonged thermal cycling

Fests are underway at the moment, to check
this.

Z. FOLARISED MDDULE
We have just shown the advantages of using

modules under high compression.

have already developed a proven techno-
with pieces of thermoelectric material
inta the heat exchan-

Wa
logy

that

ares integrated
gers. Along the electrical circuit the pie-
ce2s of thermeelectric material are alterna-—
tely of type M and type F. A N or F type
mocdule is obtained by having an extra piesce
N or P in the modul=.
Water
- O O O
exchanger
AN NS Sg— copper
electrical (Z b Solder
insulator ! NI j}___TE material
SRR
AN connector
Air i
heat
exchanger
Fig.5 Schematic of a polarised module of
typ=2 N contaiming 2lements
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.1. Description

The idea is to replace about 1.5 cm® of
thermoelectric material either N or F by
odd number of pieces of themoelectric
material that are electrically in series.
For a N type module the electrical current
genters through a N and exits through a N.
The N and P type pieces of material which
are between the entrance and exit N type
pieces are electrically insulated from the
thermally and electrically conductive caps.
A polarised thermoelectric module is a sub—
stitute for a single piece of thermoelectric
material of the same type. The reasoning is
analogous for a P type module. A drawing of
a disc shape module is shown in Fig. &.

an

Copper

Copper.

Connectors TE material

Electrical insulation not shown

Fig. &6 Disc shaped polarised module
3.2. Mechanical assembly
The machanical assembly is the samz as that

usad in the compressicn module technology.
The polarized madule suppresses the l=ad
wires which are a source of problem in sh
and vibration tests and wszes the bases of
heat exchangers as electrical conductaors.

— e
ook
thez
.3, Thermoeleciric characteristics
Thermoelectric cooling systems that
a55

sociate to each hodule, two heat

(one on each side), reguire
precise mathematical modelling.. Models have
been presented*®.%2.*% that have one piece
of thermoelectric material per heat
exchanger. The piece is of type N or type F
and has 3 overall characteristics.

~ 8 seebeck coafficient V/E
- R electrical resistance ohm
- C thermal conductance W/

-

These 3 characteristics are measured
directly using the technigue developed by A.
Goudot et al.**.This procedure requires a
thermal conductivity standard. An
experimental method not reqguiring a thermal
conductivity standard is presentesd by
Heyvlen®”. The measured values are used in
the mathematical model of the thermoelectiric
unit.

For exemple a module with 25 pieces of
thermoeleactric material of 4.38 mm= sach:

S = 4.75 mV/K
R=921.3 m @
C = 0.108 W/k.



4, TECHNOLOGY COMPARISONS OF MEDIUM SIZE
UNITS

5. PERFORMANCE COMFARISONS BETWEERD
INTEGRATED T.E. MATERIAL AND FOLARIZED

rn medium size systems the prejudice of not N

szgmenting was schown by Buist*®. A MODULE

typical technology using larage modules is i ) ) , .
shown schematically in Fig. 7 and the S.1. Air_copling experimental resulis

technology we have developped using small

; . . - 1 - i K { + sat rejactin
modules is given in Fig. 8. An air cooling subunit with heat ._ng_*,n

to water was built and eqguiped with 240
of 1

pieces of thermoszlectric material of S
AT cm= of cross section.
heat A photograph of a subunit showing the air
exdmng&” inlet area is given below in Fig. 9.

Thermoelectric
aodule —_

Water

iater T DT CFCTOCAte
exthonger | == | TR

Fig. 7 Schematic exploded view of large
modules assembly.

Air heat
exchanger ™\ small
thermoelectric
module
or

Fig. 9 Thermo=lectric subunit
water—to-air or air—to-water

The basic building block consiskis of an air
Fig. B Schematic exploded view of small heat ewchanger and watsr heat exchanger, 2s
modules or integrated pellets assembly. shown in Fig. 8 (which shows 4 building

! blocks). The areas in contact with the

. . . fluids per piece of TE material ars
The use of large modules (Fig 7) is very - air side : 178 cm®
tempting but when one examines in details - water side : &.4 cm®
the tightening techniques when many modules The thermoelectric material esither used as
are used, one encountes great difficulties single element or in polarized module has
to aobtain a uniform pressure on the surface the following characteristics : N '
of the large modules, variations in pressuwre ~ elactrical resistivity: P =10.14 pi.m
can crack the ceramic. . - Seebeck cosfficient :S = 189.8 pV/K
Large modules must have very flat surfaces — thermal conductivity : k = 1.57 W/(m.k)
preferably parallel. The coefficient of merit is Z = 2.27x107w™"

The most important parameter which can vary
between the two technologies is the tharmal
resistance between the interfaces of the
heat

nangers suwfaces in contact with the

5, thermal resistance calculations

ugh the solid and overall performancs
lations have shown that both ftechno-

which confirms that these values are very
conssrvative.

The subunit was thourcughly tested and the
results are given further along. A subunit
with the same heat exchangers was eqguilp=sd
with 240 polarised modules. For module
availability reasons the polarised modules
LT PO only contain 1.145 cm® of thermoelectric
give very similar parformances. material composed of Z5 pieces of 4.55 &7
Eoturns ouk that the technology . :
‘wi to obtain satisfactory robustness ;Wtiriﬁ' .
iability always preveils. Our expe- ' € sams
confirme that both these factors are
ied bwv the usa of small modules.

=nd 1
inlet conditions (aiy Z0° O -
50 % RH, water inlet temperature Z0° C) ¢
erformances are give below :
g
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Units ;lntengEed cFolarised:

: TE materiel: modules :

:Current A/mm2 = 0.8 H 0.8 :
:density : : : H
:Vaoltage v H 4.1 1 946.4 H
:Electrical: W 437 353 :
L power : : : :
coling : W, 77 H 742 :
ipower : ' . : :
: CaF : - H 1.80 ; 2.1 :

Tihe unit with polarized module has a smaller
caoling power it has less
thermoelectric material. Cbviowsly
voltags of the polarized module is
considerably higher (946.4 volts) instead of

zCaluse

the

3.1 volts with single thermoslements.
Savaral sets of measurements similar to the
on2s above have enabled us to check our
thermal model.

=

5.2. Air cooling
The calculations
as above.
Calculations are based on the fact that we
have characterized in the same way the

performance comparison
are done on the same unit

pieces of TE material and the polarized
module using the procedure indicated in 3.3.
Having measured the overall values

electrical resistance R, Seebeck $§ and
thermal conductance C and knowing the number
of, and the dimensions of the pieces of
thermoelectric material, one calculate the

Air
Cooling power cop
W A
1300, L
Module 33 pie%es Te
A\ of 4.58 mm ’ L
\
[N 1 Te 150 mn’ ]
1000. 21
: module 33 Te r
\Q\ of 4.58 mm5
) N
AN *
1 Te 150 mm® SN, o
N
500+ \Qw.\» 11
N

J NN L
O
~
] Current density A/mm I
200 , . . . 0.4
0.6 0.8 1.0 1.2 1.4 1.6

Air inlet conditions @ 30° C SO % RH

flow rate = 0.48 kg/s
Water inlet conditions : 30° C
flow rate = 0.5 kg/s.

Fig. 10 Subunit performances as function of
current density faor single TE pellet and for
I3 OTE module.
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material properties : electrical

resistivity , Seebeck per couple s and
thermal conductivity k. In the case of
modules, these calculated values integrate
the thermal resistance of the ceramic and
the electrical connections inside the module
The results of the calculations using the
same values of , 5 and k for a unit with
single elements and for one with polarized
modules, each containing 33 elements are
given in Fig. 10, where the cooling power Fc
and the COP are plotted versus current
density.

The curves show that the polarized modules
give slighty better results. The only
explanation comes from the reduction of
Joule heating due to parasite electrical
resistances because the electrical current
through peolarized module has been divided by
a factor of
At a COP = 1.5 the polarized module give 3 7%
more cooling power than the single
thermoelements.

In practice units with polarized module can
have parisite resistances which are higher
than with single elements because the
electrical current is much less.

(SN

&. INDUSTRIAL AIR COOLING UNIT

Using a mathematical model already written
by J. BUFFET and experimental measurements
done on : air and water exchangers,
polarized modules and thermoelectric pieces
of 1.5 cm® has enabled us to design a
thermoelectric subunit.

The subunit corresponds to the unit
previously described. It contains 240
polarized module with IZ elements of
4.58 mm=. The air goes through two rows
heat exchangers (each one associated to a
polarized module).

This subunit can be assembled either in
serie or in parallel on the air circuit.
the following applications the water
circuits are in series.

For

Calculations for very different applications
using the same subunits give certain results
which show that the units are not optimized
for the applications. Nevertheless, the
results are used as basis for comparison.

6.1. Electronic air cooling with heat
rejection to water

The overall unit dimensions are

480 x 510 % 170 mm

This unit consists of a single subunit.

The operating voltage is 110 V.DC obtained
directly from AC grid without a transformer.
The performances are given in Figure 11
(next page) as a function of inlet water
temperature.

The coaling power can be increased in two

ways :

One method is to increase the number of rows
of air heat exchangers along the air
circuit. This method is limited if one
excludes any condensation because the dew
point can be reached by the base of the
fins. The other method is to put several
units in parallel on the air circuit, the
water circuit can be either is serie or in
parallel.

This technolegy leads to a range of
equipments from S00 W to several kilowatts
of cooling.



1500 AATT coaling pawer copP A

1000 | Inlet air 30°C 50 % Eﬁ‘\\ 1

flow rate : 0.48 kg/s
{  Water flow rate : 0.50 kg/s ‘\.\\ L
\\
) ELECTRONIC COOLING UNIT 1
Constant voltage : 110 v DC
1 Polarized module 25 TE IR
co0 | 10 20 3d

L : L " . N 2 It 1 —

Inlet water temperature

Fig. 11 Performances of electronic air
cooling subunit.

4.7, Water rooling for electronics with heat

rejection to air

Flectronic cabinets generally have a water
to air heat exchanger which cools the air
with a chilled water circuit. In some cases
it is intereszting to replace a centralized
chilled water loop with a thermoelectric
water chiller (with heat rejection to air)
per cabinet or per graoup of cabinets.

We have calculated the perforimances of a
unit consisting of I subunits in series on
the air circuit.

Water COPA
Cooling

1500 POYEr  yodule 9 TE of 16 mm
W Operating voltage 117 VOC.

1000+

Inlet air conditions
30°C 50 % RH

Flowrate 0.48 kg/s

Ff\o < -
7 Water flowrate : 0.5 kg/s  9-2
Qutlet water temperature °C
10 15 20
Fig.12 Electronic water cooling unit.
(with T zubunits)

The overall dimensions are

— length along the air circuit : 240 mm
comprising & heat exchangers instead of 2
far the previous unit used for cooling air

~ the *wo other dimensions are unchanged 420
x 910 mm.

This unit has not been coptimized for water
cooling with heat rejection to air,
nevertheless it gives a general indication
of the performances which are obviously
below those of the optimized unit. The
cooling power Fc and COF are givern as a
function of outlet water temperatur= in Fig.
12,

The plot shows how the coaling power and COF
vary tremendously with the outlet water.
temperature.

4.7, Air conditioning with heat rejection to
water

Four of the subunits presented in paragraph
5.1 are assembled in series on the air
circuit and in series on the water circuit.
The overall dimensions are

air inlet section : 480 x S10 mm

depth along the air circuit : 450 mm

The unit is equipped with 9&0 polarized
modules, sach one containing 15 elements of
10 mm=.

The unit has been calculated for the
following operating conditions

air inlet conditions : 26°C SO %4 RH

air flow rate (.48 kg/s

water flow rate 0.30 kg/s

constant voltage 220 V.

T
it
2

Should ons wish to operate at 110V,
two of the subunits should be connect
series electrically and likewise for thz
other two, this constituss a series—p rallel
plectrical assembly that will operate a
110 V. The cooling powzr and COF as &
function of the inlet water temperature are
given below.

3 1N

Dot il ot
A il

(4

Air
) Cooling cor |
power Pckw
+ 2.
Constant voltage : 220VDC
Module 15 TE 10 mm? I
Air inlet :
26°C 50 % RH L
Air flowrate
Cop 0.48 kg/s
15 L2
S~
Water flowrate
0.5 kg/s
-
10 . 20 , 30NY .5

T
Inlet water temperature

Fig.1Z Ferformances of air conditioning unit
with heat rejecticn to water (4 subunits)



Faor an inlet water temperature range between

10 an 30° C, the cooling power varies from
4.4 to 2.3 kW, while the COP drops from 2.45
to 1.55. 1t is interesting to note that the

electrical current density is in the order
of 0.8 A/mm=.

Like all thermoelectric heat pumps, the
cooling power can be increased by increasing
the electrical current density, but to the
detriment of the COP which will drop
considerably.

There are several ways to increase the
current density to values of 1 to 1.4.
A/mm=, the first is to increase the

voltags on the system , the second is to
decrease the number of the pieces of thermo-
electric material in the module, but on the
condition that the amount (area) of thermo-
electric material per module remains
constant.

7. CONCLUSIONS

A new technology has been developed for
thermoelectric cooling systems in the kilo-—
watt range, that operates at 110 V or 220 V.
Experimental results on an air-water subunit
have been used to adjust a mathematical
model. Units that are made of one or more
subunits have been calculated for air or
water electronic cooling and for air
conditioning of small enclosures.

This design uses praven technologies derived
from the integration of thermoelectric
materials into the heat exchangers. The
robustness is outstanding.

This iz the first time that industrial
thermoelectric cooling powers in the
kilowatt range can operate directly from the
electrical grid with a rectifier.

CONVERSION OF UNITS

Cooling power :

- 1 kW = 2417 Btu/h
— 1 kW = 0.224 ton of refrigeration
Flow rates
- for water : 1 kg/s = 15.8352 gpm
— for air at 2Z0¢ C SO % RH =

i kg/s = 1832 cfm.
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