
B[lRO

Bo rg -Wa rn e r Thermoelectrics
BORG-WARN ER CORPORATION

WOLF AND ALGONQUIN ROADS,  DES PLAINES,  ILL INOIS 5OOI8
(3 | 2) 827 -313 |

WARNER



: -

P9TIM
Borg -Wa rn er Thermoelectrics Thermoelectr ic Cool ing

without refr igerant.

ELEMENTS OF THERMOELECTRIC COOLERS
The components of a thermoelectr ic cooler can be shown best by way of a
cross section of a typical unit ,  as shown in Fig. 1. Thermoelectr ic coolers such
as th is  are actua l l i  smal l  heat  pumps which operate  on phys ica l  pr inc ip les
establ ished over a century ago. In a thermoelectr ic cooler, semicondutor
mater ia ls  wi th  d iss imi lar  character is t ics  are connected e lect r ica l ly  in  ser ies
and thermally in paral lel so that two junctions are created.

The semiconductor materials are N- and P-type. Heat absorbed at the cold
junction is pumped to the hot junction at a rate proport ional to carr ier current
bassing through the circuit  and the number of couples. Good thermoelectr ic
bemico-nductoi materials, such as bismuth tel lur idd, greatly impede conven-
t ional heat conduction from hot to cold areas yet provide an easy f low for
the carr iers. In addit ion these materials have carr iers with a capacity for
carrying more heat. Only since ref inement of semiconductor materials in the
early 1950s has thermoelectr ic refr igeration been considered practical for
many appl icat ions.

GHARACTERIST ICS AND OPERATIVE  RANGES

current.

Modules normal ly  conta in  f  rom 2 to  71 couples wi th  ceramic-meta l  laminate
plates (Fig. 31 at both the hot and cold junctions to provide good thermal
conduct ion and good e lect r ica l  insu la t ion.  A module has a s ing le  pa i r  o f
connecting leads.

l f  modules are to be used in cool ing chambers or large components, a total
sur face area of  v i r tua l ly  any s ize can be made by p lac ing the appropr ia te
number  o f  modules s ide by s ide.  The in ter faces of  the-co ld  junct ion and the

requi red.

EXTRANEOUS HEAT SOURCES
The load to be cooled should be isolated from other sources of
heat to obtain maximum efficiency. Other than the load, there
are three losses to consider when applying thermoelectric cool-
ers: (1) conduction losses, (2) convection losses, and (3)
radiation losses.

Condution loss is directlv Droportional to the temperature
ait-eleiii-ieiiien tru-h;i ;;;i;did iuncti6ir! 5nf,iJ-itri ot +27'c
thermal conductivity of the malerials 

-in 
between. Thus, at When devices operate in an evacuated enclosure, convqction

laree delta T's. condlction losses increase in importance. Con- losses are virtually eliminated, lf shielding is used, radiation
veition iosseiire ereatlv reduced when the cold plate is Dro- losses are also reduced. To keep convection losses at a low
ieCted trom the gasEous 6nviroment by some form df insulation. level, a vacuum better than 10t torr is required,
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INTRODUCTION TO THERMOELECTRIC PRODUCTS
Thermoelectric cooling units have many unique advantages
over other types of coolers in their application area.

stzE
They can be tai lored to f i t  the application by easy addit ion or
subtraction of modules to f i l l  the need accurately and avoid
waste.

POWER INPUT
Due to tai lored modular construction, power requirements can
be reduced to a minimum. Power is provided through a single
pair of leads.

RELIABILITY
There are no parts that wear or clog, and no del icate moving
parts. Gases, corrosive l iquids or chemicals that wi l l  leak
or dissipate with age are also el iminated. These features
result in greatly reduced maintenance requirements.

L0GrsTrcs
There are no requirements at the load for pumping refrigerant
or for a source of coolant such as l iquid nitrogen to be added
during operation of the system.

REMOTE CONTROL
The uni t  and heat s ink are required in the cool ing area; the
power supply and most other control equipment can be
mounted and operated remotely.

COOLING RANGE
Thermoelectr ic coolers are capable of operating from any
heat-sink temperature from +100oC to -L00oC.

TEMPERATURE CONTROL
Simple electronic control schemes allow control within afrac-
tion of a degree of desired load temperatures above or below
ambient.

HEAT SINKS
The design of the heat sink or heat exchanger is a very important as-
pect of a good thermoelectr ic system.
The f igure below i l lustrates the steady-state temperature profi le across
a typ ica l  thermoe lec t r i c  dev ice  f rom the  load s ide  to  the  ambien t .
The total steady-state heat which must be rejected by the heat sink to
the ambient may be expressed as fol lows:

heat rejected (Q,) :  heat absorbed from load (Q") *
power input (V.l)  * heat leakage (Qt)

l f  the heat sink is not capable of reject ing the required Q, from a
given system, the temperature of the entire system wil l  r ise and the
load temDera ture  w i l l  inc rease.  l f  the  thermoe lec t r i c  cur ren t  i s  in -
creased to maintain the load temperature, the COP tends to decrease.
Thus, a good heat sink contr ibutes to improved COP.
Energy may be transferred to or from the thermoelectr ic system by
three  bas ic  modes:  conduct ion .  convec t ion .  and rad ia t ion .  The va lues
Qe and Q1 may eas i l y  be  es t imated ;  the i r  to ta l  a long w i th  the  power
input gives Q,, the energy the hot- junction must dissipate.

ELECTRICAL
INSULATION

ELECTRICAL
INSULATION

LOAD TO BE COOLED

T  AcRoss  ELEMENTS

T nuBr rnr

Typ ica l  Tempera ture  Re la t ionsh ip  in  a  Thermoe lec t r i c  Coo ler .
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TIME TO COOL OR HEAT VARIOUS MATERIALS
The f igure below shows the heat transfer required to cool or heat a given
weight of known material in one hour without a change of state. When
a change o f  s ta te  occurs  ( f reez ing ,  me l t ing  or  vapor iz ing)  the  add i -
t iona l  heat ing  or  coo l ing  capac i ty  requ i red  can be  es t imated by
mul t ip ly ing  the  we igh t  o f  the  g iven mater ia l  by  the  appropr ia te  la ten t
heat. The equation plotted in the Figure at the r ight is:

The t ime provided by this graph is based on a constant heat transfer
dur ing  the  one hour  per iod .  Ac tua l l y ,  a  thermoe lec t r i c  coo le r  wou ld
not  pump heat  a t  a  cons tan t  leve l  due to  change in  AT and th is  shou ld
be taken into account in a design. An effect ive heat pumping capacity
of a thermoelectr ic cooler can be estimated as the heat pumping
capacity at a temperature dif ference equal to one-half of the f inal
opera t ing  AT (usua l ly ,  in i t ia l  AT:  0 ) .  Borg-Warner  can prov ide  ass is t -
ance in  more  accura te  t rans ien t  des ign .

50 r00 150 2@ 250 300
REQUIRED TEMPERATURE CHANGE = T,n,,,", - T,,*,. "F

Energy to be Added or  Removed

Thermoelectr ical ly  in One Hour for  Var ious Mater ia ls.

Q { t = m c p A T

required temperature change (oF)

average specif ic heat (BTU/lb-oF)

weight of material ( lbs)

t ime in te rva l

heat removed or supplied (BTU/hr)

Using this formula, i t  is easy to design a photographic bath for proc-
ess ing  f i lm rap id ly .  The ba th  cons is ts  o f  2  lbs  o f  water  in  a  1  lb
stainless steel container. The bath must be cooled from 110oF to 60oF
in t hour. How much heat must be removed?

The temperature change is (110-6O) : 50oF.

Enter Figure below on the horizontal axis at 50oF. Move vert ical ly to

the stainless steel and water curves and read on the vert ical axis:

15  wat ts / lb  x  2 lbs  o f  water  :  30  wat ts
1 .6  wat ts / lb  X  1  lb  o f  s ta in less  :  1 ,6  wat ts

Thus, for t  hr, 31.6 watts are required.
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NOTE:

I IF ENERGY FOR 7A HOUR IS NEEDED, MULTIPLY WATTS/LB

2 IF ENERGY FOR 2 HOI. 'RS IS NEEOED
DIVIDE WATT/18 BY 2

3  MULT IPLY  BY  3  4 I3  TO GET
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THERM(|ELECTRIC M(IDUTES
MoDULE SPECIF|CATIoN CHART - TH 27"C rN VACUUMSINGLE STAGE

HOT SIDE

A-J

M|NI  MoDULE SPEC|FICAT|oN CHART-TH zt "C tN VACUUM

lllit
t l
t l
t lr \ ,

t
I
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___t_
I  F - A - f  I
F- c -*i

110oC. Special coolers are
temperatures of 160oC. For

Standard coolers wil l withstand ambient temperatures of
avai lable at  premium pr ices that wi l l  wi thstand ambient
high temperature applications consult the factory.
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I8 GAGE ]NSULATE
wrRE c uot'tc

lcouo sroe

MODUTE
NUMBER

MAX AT
0 c = 0
A T . O C

MAX Qc
A f = 0

0c - WATIS

MAX
CURRENT

AMPS

MAX
VOTTAGE
vorTs

DIM.
A

DIM.
B

DIM.
c

920-3
924-7
920.1 I
920.15
920-31

65
66
66
66
66

1.8
4.3
6.7
9.2

19.0

8.5
8.5
8.5
8.5
8.5

0.34
0.80
r.24
1.70
3.50

0.29
0.57
0.57
0.57
r.20

0.57
0.57
0.85
t.20
1.20

0.22
0.22
0.22
0.22
0.22

930-3
930-7
930-1 I
930-17
930.35
930-71

66
66
66
66
66
66

0.8
r .8
2.9
4.5
9.4

19.0

3.7
3.7
3.7
3.7
3.7
3.7

0.36
0.84
1.30
2.00
4.20
8.50

0.20
0.38
0.38
0.57
0.57
r.20

0.38
0.38
0.57
0.57
1.20
1.20

0.2r
0.21
0.2r
0.21
0.2r
0.2t

940-3
940-7
940-11
940-15
940-31

66
66
66
66
66

2.9
6.8

10.6
14.5
30.0

14.0
14.0
14.0
14.0
14.0

0.34
0.80
1.24
r.70
3.50

0.29
0.57
0.57
0.57
r.20

0.57
0.57
0.85
t '20
1.20

0.18
0.18
0.18
0.18
0.18

950-3
950-7
950-1 1
950-17
950-35
950-71

66
66
66
66
66
66

1.3
3.0
4.6
7.2

14.8
30.0

6.0
6.0
6.0
6.0
6.0
6.0

0.36
0.84
1.30
2.00
4.20
8.50

0.20
0.38
0.38
0.57
0.57
1.20

0.38
0.38
0.57
0.57
t.20
t.20

0.17
0.17
0.17
0.17
0.17
0.17

Model Number 920-31
Single Stage Module

GAGI  INSULAIED
l^ l lRE 4"  LOl ic

C O L D  S I D E

M I N I
MODULE
NUMBER

MAX AT
0 c = 0
A T .  O C

MAX Qc
A T = 0

0c - WATTS

MAX
CURRENT

AMPS

MAX
VOLTAGE
v0rls

D I M .
A

D I M .
B

DIM
c

DIM.
D

110-4
110-8
tt0-12
110-18
I 10-32

64
64
64
64
54

0.24
0.49
0.73
1.10
1.95

1 " 1
1.1
1 .1
1 .1
1 .1

0.5
1 .0
1.5
2.2
4.0

0.08
0.16
0.16
0.24
0.32

0.16
0.16
4.24
0.24
0.32

0,14
0.22
0.22
0.30
0.38

0.13
0.13
0.13
0.13
0.13

1204
120-8
r20-12
120-18
r20-32

64
64
64
64
64

0.30
0.61
0.92
1.35
2.40

t.4
r.4
1.4
r.4
r.4

0.5
1.0
1.5
2.2
4.0

0.08
0.16
0.16
0.24
0.32

0.16
0.16
0.24
0.24
0.32

0.14
0.22
0.22
0.30
0.38

0.r2
0.r2
0.12
0.12
0.t2

130-4
130-8
130-12
130-18
130-32

64
64
64
64
64

0.42
0.84
1.25
1.90
3.35

1.9
1.9
1 .9
1 .9
1 .9

0.5
1 .0
1 .5
2.2
4.0

0.09
0.18
0.18
0.27
0.36

0.18
0.18
0.27
0.27
0.36

0.15
0.24
0.24
0.33
0.42

0.12
0.12
0. r2
0 .12
0.t2
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CASCADED THERM(|ETECTRIG C(|(ITERS
STAN DARD

2 - 5 Stages
From Tn 27oC
To Tc 180oK

Over 70_00 Optimized Cascade Designs
U s i n g  P a r t i a l  S t a n d a r d  B o r g - W a r h e r
Thermoelectric Modules.

- Customer Design at Standard
Cooler Prices

- Lowest Price Per Watt of Heat
Pumped

-Quick Del ivery,  Usual ly one
Week ARO

Model Number
95+7G16-+1 Standard
Four Stage Cascade

Model Number 932-70-17
Standard Two Stage Cascade

High Performance
Ten Watt 170oK Cascaded Cooler

with  var ious combinat ions o f  inputwt th  vaf lous combinat ions o f  input  power  and cost .  Genera l ly ,  the lowest ' in
devices ar.e o! higher cost, and vice versa. Thus, cost/pe?iormance trad

Cascaded Thermoelectr ic Coolers are avai lable at premium prices that wi l l  withstand
ambients or bake-out temperatures of 150oC.

CUSTOM DESIGN
Engineering back-up is avai lable for designs to meet customer specif icat ions.

FOR RAPID SUOTATIONS CALL THE FACTORY
Specify: Qc-Active Heat Load to be Pumped

TH - Ambient or Hot Side Temperature
Tc - Cold Side Temperature Required
V - Operating Voltage Desired
P -  Maximum Power Avai lab le
Envi ronment  -  Vacuum or  Dry Ai r
Size Requirements

CASCADI N G
The single-stage module is capable of pu.mping heatwhere the dif ference in tempera-
ly i . , ,o f . the co ld  junct ion and the hot  junct ion is  70oC or  less;  however ,  in  lhose
appl tcat ions which requi re  h igher  de l ta .T 's ,  the.modules can be c 'ascaded.  bascading
is  a  mechanica l  s ta .ck ing of  the .modules 'so that  t t re  coLd iunct ion o i  one module
becomes the heat  s ink  for  a  smal ler  module p laced on iop.

ln addit ion to the,heat pumped. by any given slage, the next lower stage must also
pump the heat resulting,from the input fiower to thal irpper stage. Conseqi-rlntiy, eicn
succeeding stage must be larger- ' frorir  the top of the'cascad-e oownwaro.

To determine the best standard cascade for a given application the desired hot side
tgmperature,  co ld  s ide temperature,  and therm5l  load ' i re  entered in to  a  computer .
The resu l t  is  a  l is t ing.o f  numerous s tandard coo lers  which meet  these spec i i id tons

H I G H  P E R F O R M A N C E

2 - 14 Stages
From Ta 27"C
To Tc 130oK

Individual Computer Aided Cascade De-
sign Using Standard or High Perform-
ance Thermoelectronic Materials.

-  H igest  Heat  Pumping Capabi l i ty
- Lowest Temperatures
- Lowest Power Input

High Performance
Two Watt 193oK cascaded Cooler immed iately d iscein i  ble.

ieneral ly,,  the lowest input power
cost/performance trade-offs are
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HEAT pUMp SpECtFtCATtoN CHART TH 77"F tN DRY AIR - AIR CooLED HEAT SINK

THERM(IELECTRIC HEAT PUMPS

I
5.5

HEAT PUMP NUMBER 930AHP-l 920AHP-2 920AHP.4 930AHP-6 93OAHF9

MAX HEAT PUMPING WITH
COLD PLATE SUPPRESSED
TO 77"F AMBIENT (WATTS))

15 30 50 80 r20

MIN. COLD PLATE TEMPERA.
TURE OPERATING IN 77OF
AMBIENT ( 'F)

- 1 0 - 1 0 - 1 0 - 1 0 - 1 0

INPUT POWER AMPS 3.6 8.3 7.3 6.4 9.7

INPUT POWER VOLTS 9 7 14 24 24

DIMENSION A 1.5 1 .5 3.8 3.8 6.0

DIMENSION B 2.0 3.8 3.8 6.0 6.0

DIMENSION C 4.r 4.1 4.1 4.1 6.6

DIMENSION D 4.r 4.1 4.1 6.6 6.6

POWER SUPPLY REQUIRED PS.101 PS-102 PS-103 PS-104 PS-l04

HEAI PUMP NUMBER 950LHP-1 9401HP.2 94{ttHP-4 9flttHP-6 950LHP-9

MAX HEAT PUMPING WITH
COLD PLATE SUPPRESSED
TO 77OF AMBIENT WATTS))

20 50 90 125 190

MIN. COLD PLATE TEMPERA-
TURE OPERATING IN 77"F
AMBI€NT ('F)

-20 -20 -20 -20 -20

INPUT POWER AMPS 6 t4 T2 10 15

INPUT POWER VOLTS 9 7 t4 24 24

DIMENSION A 1.5 1.5 3.8 3.8 6.0

DIMENSION B 2.0 3.8 3.8 6.0 6.0

DIMENSION C 4.1 4.1 4.1 4.1 6.6

DIMENSION D 4.1 4.1 4.1 6.6 6.6

POWER SUPPLY REOUIRED PS.101 PS-102 PS-103 PS.104 PS-104

TEMPERATURE CONTROLLERS FOR POWER SUPPLIES

TC-101 Set Point Relay Control led Accuracy -f3oC Heat and Cool

HEAT pUMp SPECIF|CATIoN CHART TH 77'F lN DRY AtR -LtSUtD CooIED HEAT SINK

[- 
o -i

POWER SUPPLIES

MODEL VAC VDC MAXAMPS
PS 101 115 L2.5 7.0
PS 102 115 9.0 20.0
PS 103 115 16 ,5  t2 .5
PS 104 115 24.6 24.6

Other Borg-Warner Thermoelectric Heat Pumps are available that will operate with larger or smaller heat pumping capacities,
current, and voltage. Power supplies, on/off temperature controllers with set point, and proportional reverse controllers are available
to fit these pumps. Please contact factory for turther information.

6
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TC-102 Set Point Proport ional Accuracy -t- 1oC

TC-104 Set Point Proport ional Accuracy -+- loc

Cool  on ly

Heat and Cool
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HEAT PUMPS
A heat pump is the most complete form
of thermoelectr ic device avai lable, and i f
the form is practical for the application,
i t  is the most convenient one to use
s ince ins ta l la t ion is  s imple.  As shown
on the preceding F?g€, a typical Borg-
Warner heat pump consists of: the ther-
moelectr ic modules, a ground f lat cold
plate common to al l  the modules absorb-
ing heat from the load, and a common
forced-air cooled f in-fan assembly for
removing heat from the module hot side
to  the ambient  a i r  used as a  heat  s ink .
Free convection air-cooled f ins or a
l iqu id-cooled s ink may be used as a l ter -
natives. Heat pumps of the form shown
are general ly used to cool loads in the
10 to 200 watt range with typical tem-
perature dif ferentials of 30oC.

POWER SU PPLY
The largest component in a thermoelec-
tr ic cool ing system usually is the power
supply. l ts function is to convert the
avai lab le  ac (normal ly  120v,60 cyc le)  to
the dc required by the module. Design
currents for a system may run from 1 to
100 amperes and voltages from 0.1 to
100 vo l ts .  Maximum cool ing capac i ty  o f
the module is  a t ta ined when the r ipp le
in  the dc is  less than 10%.

The fol lowing graph i l lustrates the effect
of dc r ipple on the temperature dif fer-
ence a single-stage module may attain.
The vert ical axis is a rat io of the temper-
ature dif ference attained with r ipple (and
Q. : 0) to the maximum lT which occurs
for Q. :  0 and zero r ipple.

o ro 
n. *'lurrrnr *i$.. 

40 so

Cunent Ripple Effect on Temperature
Differential.

The cost of a thermoelectric power sup-
ply wi l l  depend pr imari ly on the amount
of output power it must produce because
transformers, chokes, rectif iers, and ca-
pacitors must be sized accordingly. Borg-
Warner engineers can recommend a
powBr supply to provide a most efficient
thermoelectric system.

TEMPERATURE CONTROL
After the thermoelectr ic device and
power supply have been selected, the
quest ion o f  cont ro l l ing the dev ice per-
formance wi l l  p robably  ar ise.  Methods
of  cont ro l  are  bas ica l ly  d iv ided in to  two

main categories: manual and automatic.
These are sometimes referred to as open-
loop control and closed-loop control re-
spectively. ln either method, the device
parameter which is easiest to detect and
measure is the temperature (or i ts volt-
age equivalent).  Thus, the cold-junction
temperature (or hot- junction temperature
for a heater) is used as the basis for con-
trol.  A reference temperature is estab-
l ished in  e i ther  bas ic  method.  The co ld-
junction temperature is compared to the
reference temperature, the dif ference
being referred to as the error.

In the open-loop method, an operator
manual ly  ad justs  the power  supply  to
reduce the error to zero, while in the
c losed- loop method,  var ious e lect r ica l
circuits are connected to the power sup-
p ly  so the er ror  is  automat ica l ly  reduced
to zero.

The various types of control circuits
are too numerous to discuss here. Basic
elements range from a simple thermo-
couple and potentiometer or thermo-
stat ic switches to sophist icated thermis-
tor  br idge cont ro l  c i rcu i ts  u t i l i z ing t ran-
sistors and a dif ferential ampli f ier.

Thus, the degree of control and con-
sequent cost wi l l  vary considerably with
the appl icat ion,  For  ins tance,  the cont ro l
circuit  needed for a thermoelectr ic re-
f r igerator  is  re la t ive ly  s imple whi le  the
precise temperature control necessary
for a thermoelectr ic dew-point hygrom-
eter requires a very sophist icated control
c i rcu i t .

Borg-Warner engineers wil l  assist you in
selecting the most eff icient and econom-
ical control system for your appl icat ion.

APPLICATION ASSISTANCE
A knowledge of several engineering areas
may be necessary to design some ther-
moelectr ic systems. Borg-Warner engi-
neers can provide expert appl icat ion
ass is tance i f  the prob lem is  proper ly
defined. Borg-Warner engineers wil l  f i rst
be in terested in  knowing as much about
the system operat ion as poss ib le ,  inc lud-
ing spec i f ica t ions such as:

a. load temperature

b. heat-sink temperature

c.  ambient  condi t ions

d. type of heat load

e. heat-sink configuration and type
of heat transfer

f.  coeff icient of performance desired
g.  spec ia l  requ i rements  on t rans ients ,

temperature stabi l i ty, power sup-
ply, space and weight.

With this information Borg-Warner en-
g ineers  can rap id ly  f i l l  your  needs and
provide the most eff icient standard or
customized un i t  ta i lo red to  your  appl i -
cat ion.

TRY US!

CUSTOM DESIGNS

Ring type coo le r  to  s tab i l i ze  the  iner t ia l
navigation system at 4OoC and pump 280
watts with an input power of 338 watts.

E lec t ron ic  cab ine t  coo le r  pumps 120 wat ts  a t
0o  AT in  27oC ambien t  d rawing  230 wat ts
input  power .

Th is  sys tem coo ls  one ga l lon  o f  chemica l
so lu t ion  to  40oF be low ambien t  w i th  85O
wat ts  o f  inpu t  power .  Load capab i l i t y  450
watts at 0o AT.

7

Remote  s igh t  coo le r .  Pumps 160 wat ts  a t  0o  AT
in  27oC ambien t  d rawing  300 wat ts  input  power .



PHYSICAL AND THERMAL PROPERTIES FOR VARIOUS
soLtDs, LtQUtDs, ANo GASES AT 70.F AND 1 ATM

The properties l isted in the following table are to be considered l isted may vary considerably from the indicated values with
as representative. lt should be kept in mind that the properties composition, pressure and temperature.

Material

Specific
Heat,

BTU,/Ib-OF

Thermal
Conductivity,
BTU,/hr-ft-oF

Goefficient of
Thermal

Expansion,
oR-r x 105

Density
lb/lt3

Electrical
Resistivity,

ohm-cm

Modulus of
Elasticity,
psi x 10-6

Yield
Point,

osi

SOLIDS:
Alumel
Aluminum:
Commercial ly pure (1060-H-12)
Wrought Alloy (6061-T6)

Bery l l ium:
Commercial ly pure
27o Be, .4% Ni, 97% Cu

Bismuth Tel luride
Ceramics:
A lumina,  96%
Bery l l i a , 99%
Fused Quartz
Pyrex

Chrome lA
Chromel P
Constantan
Copper:
Electrolytic-hard drawn
Admiralty netalQS% Zn-l% Sn)
Brass (65% Cu,35% Zn)
Cupro-nickel Q0% Cu,30% Ni)
Aluminum Bronze (10% Al)

Gold (annealed)

Insu lators:
Glass Wool
Rock Wool
Rubber
Polyether urethane foam

ABS Plastics (Heat Resistant)
Bakeli te
Fiber insulat ing board
Sil ica Aerogel
Nylon (type 6/6)

l ron:
Grey cast iron
Kovar
Low Carbon steel
Stainless steel (type 304)

Lead (commercial ly pure):
Magnesium wrought al loy GZ61A-P)
Molybdenum (0.5% Ti, 0.1% Zr)
N icke l :
Commercial ly pure

Monel (67% Ni ,  30% Cu)
Si lver  (annealed)
T i tan ium

0.125

0.21
0.22

0.098
0.031

rjt

0.13

0.20
4.26
0.19
0.20
0.11
0.11
0.098

0.092
0.092
0.082

0.16

0.48

0.38

0,40

0.1 08
0 . 1 1
0 . 1 1
0.11
0.031
0.24
0.06

0.107
0.r27
0.056
0 . 1 1

92.0
54.0

t7.r

134.0
90.0

0.87

20.4
133.0

0.62
0.66
7.75

1 1 . 1
13.1

225.0
70.0
60.0
18.0
45.0

179.0

0.023
0.017
0.087

0.01-0.02

0.17
0.134
0.028
0.013
0.14

31,0
9.55

28.0
10.0
20.0
35.0
85.0

35.0
14.5

244.0
12.0

3.6
3.3
0.3
1 .9
7.3
7.6
9.4

9.5
Ir.2
10.0
9.0
9.2
7.9

6.7

12.7
12.5

6.9
9.2
7.2

37.0

33.33
12.2

45.0

5.8
2.8
6.4
9.5

16.3
14.4
2.7

7.2
7.8

10,5
4.8

537.0

170.0
173.0

114.0
515.0
500.0

223.0
180.0
137.0
138.0
525.0
545.0
524.0

556.0
530.0
530.0
560.0
475.0

1206.0

12.5
8.0

58.0
1.t-2.3

66.14
79.5
14.8
8.5

71.14

480.0
522.0
490.0
500.0
700.0
113.0
637.0

555.0
550.0
655.0
273.0

30.1 x 10-6

2.83 x 10-o

X 10-65.0

1.0 x 10-3

) 10tr
)  lot+
) lot t
)  loto

111.0  x  10-6
72.3 x 10-6
49.0 x 10-6

1.77 x 10'6

15.0 x 10-6
2.44 x Il-c

1.6 x 10t6

1.0 x 10tr

20.0 x 10'6
49.0 x 10-6

73.0 x 10-6
22.0 x 10-6
4 . 4  x  1 0 6
7.0 x 10-o

7 . 5  x  i 0 6
43.0 x 10-6
1.59 x 10-6

56.0 x 10 6

10.0
10.6

37.0
18.0

10.4
9 .1

25.0

17.0
15.0
15.0
22.0
18.0
12.0

0.42

0.42

13.2
19.5
29.5
28.0
2.6
6,5

50.0

30.0
26.0
1 1 . 0
15.5

20,000
90,000
1,500

13,000
38,000

200,000
100,000
160,000
100,000

45,000
20,000
60,000
70,000
25,000

2045
(Compress ion)

T*
11,800

15,000
59,500
39,000
34,000

800
31,000

130,000

50,000
35,000

80,000

Material

Specific
H eat,

BTU/Ib.OF

Thermal
Conductivity,
BTU/hr.ft-oF

Coeff icient of
Volume

Expans ion ,
oR- r  x  103

Density
lblft3

Kinematic
Viscosity,
ft2lsec
X 1OF

Prandtl
Number

Latent
Heat of
Fusion,
BIU/Ib

LIQUIDS:
Water
Nitrogen (- 210"F)
Ethylene Glycol

GASES:
Ai r
Nitrogen
0xygen
Carbon Dioxide
Argon
Hydrogen

1.0
0.50
0.57

0.24
0.25
0.22
0.2r
0.124
3.42

0.35
0.041
0.14

0.015
0.015
0.016
0,01
0.0092
0 . 1 1

0.10

0.36

1.89
1.89
1.89
1.89
1.89
1.89

62.5
34.5
69.7

0.074
0.071
0.081
0.1r2
0.104
0.0051

1.08
0.13

20.64

16.88
16.82
17.07
8.96

141.0
r 17.9

7.02
1.98

204.00

0.7r
0.713
0.7i
0.77
0.714
0.7r

143.0
1 1 . 0
78.0

11.4
1 1 . 0
5.95

81.5
12.t
25.2

-
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