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INTRODUCTION

This manual presents the salient features of thermoelectric
generator design and analysis from the viewpoint of heat and charge
transport. To this end, it contains a busic description of the thermo-
¢lectric phenomenon as well as the properties of important materials
used for energy conversion. Chapters I, I, and III illustrate the
fundamentals of thermoelectric effects, the characteristics of materials
yielding these effects and their pertinerice to practical generator design,
The properties of materials used in current space and terrestrial
generators and parametric performance characteristic of these
materials working as thermoelectric couples are given in Chapters IV
and V. Finally, use of the parametric characteristics is expla.ned by
means of conceptual design calculaiions given in Chapter VI,

At this point it is appropriate to mention that the scope of this
manual does not include chemical and structural characteristics of
materials and interfaces vital to generator design., Indeed, these sub-
jects represent formidable <'iallenge to the designer and even at present
much is left to the art of fabrication rathes than to quantitative formu-

lation of procedure by theoretical means.
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CHAPTER I

The Thermodynamics of Thermoelectricity

Many texts begin the discussion of thermoelectricity from the
historical viewpoint of discovery by Seebeck, Peltier, and Thomson
continuing through the Kelvin relationships., A second approach is to
discuss thermoelectricity through direct particle flow and thermo-
dynamic considerations., Since these approaches are weil-treated
in the literature, this report will present a modified explanation, one
that is believed of more immediate appreciation by the designer of
practical devices.

The fundamental property of thermoelectriciiy is the Seebeck
coefficient, popularly labeled "a", which characterizes the voltage .
produced across a ma.terié.l expériencing a temperuture gradient and
no electrical current flow. Specifically, the open-circuit voltage, Eo
is given by:

Ty

E°T T = Sl‘ a(T) dT (Eq. I-1)
1’72 1

where the integral is evaluated over the temperature range experienced.
Note that the temperature distribution through the material has no effect
on E o’ only the temperatures at'the two points between which the potential
difference is defined affect the value of Eo’ In general, a is a strong function
of temperature, so that precise integration of a(T) is necessary,

The other important fact of thermoelectric phenomena is that the
heat transport by normal conduction and the energy transport by electric
current flow may be considered independent, Thus, the thermal and

. electric processes may be added simply with no interaction other than that

INSD-~7089-1
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caused by temperature distribution alteration, 'This enables separation

of the electric phenomena as:

e -
Pog = Bl- IR, (Eq. I-2)

where Pout is the electric power availitle, EO is the generated voltage
(open-circuit or Seebeck), Ri is the gencratlor internal resistance and I,

the elcctric current,

Now let us’lsaxamine the first term on the right,TEoI. As stated,
above, 2 2
E0 = g a(T) dT and therefore EOI = IS a(T) dT. If
T1 Tl

the integral is evaluated by parts,

Ty

EoI =1 { a(Tz) T, - a(Tl) T, - y T da] (Eq. I-3)
T

Equation (I-3) is more than simply a mathematical expression. The
terms on the right hand side have a definite physical significant and
correspond to real thermal effects. The first term, I a(Tz) T2’
represents the total electrical induced energy flux into the material

at posi‘tion 2 corresponding to T,. The second term, I “(Tl) Tys
represents the total electrical induced energy flux leaving the material
at position 1 corresponding to Tl' These terms are identified in the

literature as the Pelti%r heat terms in honor of their discoverer. The

2
remaining term, IL T da , is likewise readily related to the
1

effect discovered thermodynamaically and verified experimentally, the

Thomson heat, It may be added that it is more common to see this term

as IS 7 dT where 7 = T da [/dT (Thomson coefficient). It is apparent

INSD-7080~1
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that ""Thomson heating'" occurs whenever the Sceheck coefficient varics
with temperature. In practice, this is the cuiie in all thermoelectric
materiuls,

As stated above, linear superposition applics to the thermal and
electric processes so that in order to obtain the total heat supplied, the
conduction heat, q = kA dT/dX, at the surface (hot junction) is added to

the Peltier heat.

Iaﬂ&)T1+kAEZ (Eq. I-4)

Qr /i
T/E dx

at T1 position

Of course, to evaluate the conduction heat, the temperature gradient must
be known, and this must be calculated by considering all heat transport
effects (i.e., conduction, Joule heating, and Thompson heating). Thus,
all thermoelectric design and analysis is based upon evaluation of the

differential equation for temperature distribution:

d kA dT + 12 £ + 71 dT = 0 (Eq. I-5)
dX dX A dx
= length variable

= thermal conductivity

cross-sectional area

L I -
1}

= absolute temperature

-t
[}

current
P = resistivity

T = Thomson coefficient

Methods of evaluating this equation, and the significance of the terms will

be presented in detail in Chapter IIL
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The preceding discussion implic:s that the sipnificant propertlices
affecting conversion efficiency are the Seebecel coefficient, thermal
conductivity, and electrical resistivity, I'roin the electrical energy
balance (I2q. 1-2), it is apparent that a large Sceebeck coefficient and
small electrical resistance yield hign power output. Inclusion of the
conductior heat in the total heat input suggests that low thermal conduc-
tivity yields the highest efficiency. These quantities are combined in
the figure of merit definedas: Z = azlpk. Jood thermoelectric materials
have large o and low p and low k values throughout the operating tempera-
ture range, and hence exhibit high values of Z,

A quantitative measure of the significance of Z is commonly demon-
strated by a simplified thermoelectric design process. The details will
be presented in Chapter III, and it will be stated simmply here that an ap-

proximation of conversion efficiency is:

Nl = = ' m 5 (Eq. 1-6)
T. (1+m) - AT + (1 +m)

=)

temperature difference across thermoelectric material

where:

>
-
"

TH = hot junction temperature (absolute)

m = optimum load ratio = RL opt.
R
Z = figure of merit evaluated assuming ¢,p, and k are

independent of temperature

Since the optimum load ratio is nearly unity (that is, less than 2), sub-

stituting m = 1 yields:

ZT
AT H
n = = (qu 1-7)
TH (27 TH - A’IZ‘Z + 4)

INSD-7089-1
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Now if we are interested in demonstrating the lower limit
performance, that is where ZTII is small compared to unity, this

expression may be simplified to:

n = AT [ZTH:‘ (Eq. I-8)

TH 4

The quantity AT/TH referred to as the Carnot efficiency, may be
considered of order unity (at least betwecen 0.25 and 0, 75 for practical
materials consideration), Thus, ZTH/4 represenis the order of
thermoelectric efficiency, and it is apparent that if efficiency is to be
of order 10%, ZTH must be at least of order 0.5, Considering prac-
tical temperatures, TH may be between 700 and 1400°K and thus Z
must have a magnitude of order 10-3/ °K to yield significant conversion
efficiency, The next chapter will present the t; e of materials having
such figure of merits as to be worthwhile producers of electrical
power, .
One final introductory note is appropriate here, and, that is,
both negative and positive polarity thermoelectric materials exist.
That is, some materials yield a voltage gradient in the direction of the
tempetature gradient (p material) while others exhibit the negative

effect (n material). The advantage of such characteristics is obvious

when circuit completion in a practical device is considered,

INSD-7089-1
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CHAPTER II

Thermoelectric Materials

Until quite recently the lead tellurides were used almost
exclusively for thermoelectric power generalti(»r~ particularly in
Radioisotope Thermoelectric Generators (RTG's). This was so
for two reasons; 1) there was no suitable substitute for the lead
tellurides, p or n, and 2) the unavailability of a radioisotopic heat
source that could safely increase the hot junction temperature over
the optimum requirement for lead tellurides, about 600°C, For
these reasons the lead tellurides will be discussed first.

Lead telluride has a face centered cubic crystalline struc-
ture with a melting point of 922°C, The stoichiometric compound
contains 38,113 weight percent tellurium. Stoichiometric excesses
of Pb or Te in the order of a few hundredths of one percent induce
n-type or p-type electrical properties, respectively, and also im-
prove some of the mechanical properties. The carrier concentrations
induced by the slight excesses of Pb or Te are about 3 x 107 /ee. An
analysis of the parameters which make up the figure of merit shows that
the optimum n-type and p-type charge carrier concentration is in the
range of 1018/cc. Small additions of certair foreign compounds which
have specific cationic or anionic species can be used to adjust the charge
carrier concentration to at least one magnitude beyond the desired level.
Thus Pbl, in minute concentrations is used to adjust the charge carrier
concentrations in n-type Pbl 2 thermoelectric materials and NazTe in
minute concentrations is used to adjust the charge carrier concentration
in p-type PbTe thermoelectric materials. The materials PbI2 and

INSD-7089~1
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NazTe, and other materials that produce analogous effects, are
commonly referred to as dopants. The figurce of merit maxima
can be varied with temperature as a function of the dopant con-
centration.

A typicual composition for an n-type PbTe thermoelectric
material is 37,95 weight percent tellurium, 62,05 weight percent
lead and about 0. 1 mol percent PbIz. A typical composition for
a p-type PbTe contains 38.3 weight percent tellurium, 61.70
weight percent lead and about 1.0 atoniic percent sodium. Most
of the lead telluride thermoelectric materials used for power
generation are compositions patented by 3M Company, including
those just discussed.

Most thermoelectric materials are extre iely sensitive to
environmental impurities. This is true particularly of the lead
tellurides. Careful attention must be given to the extra:ieous materials
which are permitted to contact lead tellurides at almost any tempera-
ture above ambient. Subtle or in extremne cases gross effects can
occur rapidly.

, Alternate patented and/or proprietary lead telluride compositions
are available from 3M Company. One is an n-type material which is
more heavily doped with iodine which is applicable to somewhat higher
hot junction temperatures. A sodium doped p-type lead telluride con-
tamning a significant tin concentration along with some manganese is simi-
larly applicable at higher hot junction temperatures.

Other alternative materials both n-iype and p-type are available.
Among these are iodine or sodinm-doped stoichiometric lead telluride,

INSD-7089-1
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also lodine-doped n-type lead telluride-germanium telluride alloys,
and sodium doped p-type lead telluride-lead selenide alloys., Materials
discussed in this paragraph are just becoming available for use,

Within the last few years a new p-type material has become
available. This material is a pseudo-binary alloy containing germanium,
tellurium, silver and antimony., It has a mixed face-centered-cubic and
rhombohedral siructure with a liquidus of 686°C, The thermoelectric
properties arise from its defact structure. This material, known by
the acronym TAGS cannot he doped by comimon thermoelectric dopants,
even at extreme relative concentrations.

Undoped stoichiometric tin telluride is used ir. conjunction with
TAGS as a thermal barrier, In order to take full advantage of the
somewhat higher temperature capability of n elements of lead telluride,

a compatible p-type material must be provided between the hot junction
and the TAGS element, SnTe serves this purpose, It is not a particularly
good thermoelectric material when compared with TAGS or the lead
tellurides. but it does orovide a thermal barrier and compatible physical
properties. |

A safe radioisotopic heat source of much higher temperature
capability will enable the thermoelectric conversion industry to make
use of the n and p-type silicon germanium alloys. These alloys possess
extreme stability in both air and v>cuum even at their very high operating
temperatures, as high as 1000°C. The basic alloy is generally composed

of about 70 atomic percent silicon and 30 atomic percent germanium, but

INSD-7089-1
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may be varied somewhat. This is the basic composition for both p

and n type SiGe alloys and was choscn becuuse it is the alloy of lowest
thermal conductivity, The alloy possesses about 1014 charge carriers
per cubic centimeter at room temperature, and therefore dopants must

be added to obtain peak figures of merit, Groups III-A and V-A elements,
which closely resemble silicon und germanium, Group IV-A elements,

in both size and electronic structure, are used as dopants. The elements
of Group III-A possess one fewer valence clccetron than silicon and
germanium, whereas the elements of Group V-A possess one more
valence electron, The difference in the number of valence electrons

of the dopant elements cause their electrical activity in SiGe alloys.
Doping with Group III-A elements (electron-ucceptors) yield p-type alloys,
whereas Group V-A dopants (electron donors) yield n-type alloys. Because
of favorable solid solubilities in the range of service temperature, boron
is the commonly used p-type dopant and phosphorus is the commonly used
n-type dopant. The dopant concentrations are again quite low but are
somewhat higher than the concentrations of PbTe dopants,

Of importance equal to the ther moelectric materials themselves is
the technology of contacting. The requirement for material compatibility
is obvious. Generally, the best electrical and thermal conductors are not
useable because of incompatibility for various reasons. Iron is suitable
for contacting all but one of the lead tclluride formulations., The lead
tellurides are always bonded to the cold end contact and may or may not be
bonded to the hot end contact. Generally, the thermoelectric elements and
contacts are statically loaded longitudinally to the elements to provide or
maintain good electrical and thermal contact, Refractory metals, for example
tungsten, are commonly used as contacting materials for Si-Ge. Si-Ge
thermoelectrics are generally bonded. The materials and processes for

bonding are classified, therefore will not be discussed.
INSD-0nn-1
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CHADPTER III

Thermoelectric Design Theory

The design of thermoelectric conversion devices entails the
combination of suitable materials to create efficient thermal and
electrical transport characteristics. Although the treatment in
Chapter I only indicated the existence of voltage polarity and thc use
of n and p materials, it will be shown below that the proper geometric
pairing of n and p "legs" is essential to efiicient conversion,

The basic design process is iterative solution of Eqs, I-2
through I-5 with length, area, current, output voltage and boundary
conditions (temperature and/or heat flux) as parameters. In addition,
thermal and electrical contact resistance at material interfaces are
considered. The figures presented in Chapter V typify iteration results
of such analyses. In practice, sophisticated computer programs, such
as that described in Ref. 5, are used to select design points consistent
with the establishment of ground rules such as element length (a struc-
tural/electrical constraint), output vo:tage (a power conditioning _on-
straint), and boundary condition (heat source and heat sink constraints).
However in order to provide a quantitative ''feel" of the important design
quantities, an approximate manual procedure is given below. It is im-
portant to note however, that the use of this simplified approach to the
"gizing" of thermoelectric elements and calculation of efficiency is not
recommended since this manual enables more precise evaluation by means
of the parametric results of Chapter V.

Constant temperature boundary conditions are used at the hot and
cold junctions because the analytica) results are simple, This is a set
of valid boundary conditions for an RTG which has a thermal control

INSD-7089-1
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mechanism which maintains C(mstant‘jum-ti(m temperatures, llowever,
most RTG's are closer to a constant heat flu device rather than a
constant temperature device. Tor a typical TG, the hot junction tempera-
ture increases as the external load resistance is increased., The increas-
ing hot junction temperature causes a shift in the optimum load resistance
to higher load resistance than the constant temperature device as will be
discussed later.

The accompanying sketch shows n and p clement legs forming the
basic thermoelectric couple., For the purpose of simplified treatment,
no contact resistances v'ill be used and thermoelectric properties will be
assumed constant, independent of temperature. Also, the areas of each

element will be constar! throughout the elements which are of equal length.

er/E
l Hot junction TH
L p n
_L - + cold junction T

C

la

out

Since the Seebeck coefficient is independent of temperature (by assumption),
Thomson heating is absent and Eq. I-5 becomes for each element,
2

2
ka &L 4+ Ie - (Eq. 1I-1)
d A
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The solution of this simple linear differential equilion is:

(T,; ~ TA) 2
n- Ic I o
T(X) = T,, -~ —————— X + _2_7_ N (1,-X)
h L 2KA

for the boundary conditions:

T T,,at X =0

H

T T .atX=1L

C

Thus the heat flux into each element given by Eq. I-4 is:

KA(T,, - T.) 2
QT/E - H C . IpL + IaTn
' L 2A

(lq. 111-2)

(Eq. III-3)

By defining an overall conductance and resistance of the couple as:

&
)

and ar = lag +iqp=

the heat input becomes:
= a -
QT/E I TTH + K (TH TC

From Eq. I-2 the output power is:

. 12 = . _ 12

where RL is the load resistance.

INSD-7089-1
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Hence the efficiency is:

o AT - IR
n = L - (Eq. TI1-85)
r/E ap Ty + KaT - IR
1 2 '
Now the current is defined in Eq, III-7 as:
a AT
I = ———— (Eq. III-9)
R + RL
and by insertion into Eq. III-8 with m = RL /R
n = AT m 5 (Eq. III-10) i
TH 1+m-~- AT + (1 +m) RK -
2 .
2Ty a7 Ty

Note that this is (Eq. I-6) with Z = a®/RK.

Since maximum thermoelectric efficiency is normally a design
goal, the parameters which yield maximum efficiency are of interest.
This is most easily done by the following steps. First, maximize with
respect to m with all other 1uriables constant, This will indicate the load
resistance ( or m) which yields maximum thermoelcctric efficiency. The
partial differential of thermoelectric efficiency with respect to m is given
below:

(Eq. II-11)

, 2
an- AT [ 1., . AT , (1+m)RK _m[1+2(1+m)RK

2 T
a a
H ) ZTH H T H

Denominator

Setting the numerator equal to zero for a maximum 1 and solving for optimum

m yields: — - 1/2
o2 2
T @ AT
T “H T .
m_, =1+ - ' (Eq. III-12)
opt RK 2RK | a .
INSD-7089-1
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This expression is then substituted into Eq. I11-10 to obtuin thermo-
electric efficiency. For practical materials, the optimum m for
maximum efficiency is approximately 1,2 for the assimed constant
hot and cold junction temperatures. This comparcs to the peak power
output at m = 1 (matched load and intefnal resistance).

As discussed earlier, most RTG' s are nearer constant heat
flux devices which result in higher m's for peak efficiency and hence
peak power. Typical values of optimum m for constant heat flux
devices are 1.5-1,6. In a practical RTG the parasitic heat losses
increase (hence heat flux to the thermoelectric materials decreases)
as the load resistance is increased. Therefore typical constant thermal
inventory RTG's predictably have lower value of optimum m (1.41.5)
than theoretical constant heat flux devices.

Further maximizing of the thermoelectric efficiency (Eq. III-10)

for constant hot and cold junction temperature can be accomplished by

minimizing the denominator of that expression. [For constant temperatures,

the only variable in the denominator is the RK product and hence this term

must be minimized. R and K are defined in (Eq. III-4) and (Eq. III-5)
as functions of material properties and the shape factor (L /A) of each
element. If the shape factor ratio is defined as:

(L/A)n

S = —_— (Eq. IIT-13)
(L/A)p

The RK product becoines:

K p
= Ol -
RK Knpn + S + Kpan + Kppp (Eq. III-14)
INSD-7089-1
III-5



Minimizing RK with respect to S, one obluins:

K p (L/A)
S = /-—‘l—lﬁ- = n (Eq. 11I- 15)
opt K p (L/A)
V p'n P opt

Now when the length of both elements was asssuined the same, the

area ratio of n and p elements for maximum couple efficiency is:

A Knp
. = | P (Eq. III-16)
An opt KPPP

To complete the design, the number of couples and the diameter
of the couples are obtained from output voliuge and power requirements.
The voltage output per couple is obtained by multipiying the load resistance
times the current expressed in Eq. III-9., Substituting m into that equation
yields the following expression for the volluge per couple:

maTAT

vcouple = IRL = 1+m (Eq. II-17)

The number of couples in a straight series electrical circuit can be deter-
mined by dividing the specified RTG voltage by Eqg, III-17, The total
number of couples in the RTG is then obtained by multiplying the number
of parallel circuits times the number of series couples, The RTG power
output is obtained by multiplying the power produced per couple times the

number of couples in the RTG as shown in Eq. III-17,

NImaTAT
P = NIV = ——— (Eq. III-18)
RTG couple 1+m
where: P = specified RTG power watts(e)

number of couples in RTG.

INSD-7089-1
ITI-6



‘. ¥ ' m i '\ '

prE——

'fhe simultaneous solution of Eqs., III-18, III-9, II1-12 and III-14 yields
the internal resistance which will satisfy the power and voltage require-
ments., By substituting the optimum shape factor from Eq, III~15 and
the internal resistance into Eq. III-5, the shape factors for each element
are obtained. Selection of an element length leands directly to element
cross sections which completes the thermoelectric design.

Similar approximations with averaged proparties have been devised
for elements of varying area or segmented by layering of materials with
different properties. However, as stated above, modern computational
techniques obviate the necessity for such approximations and inexpensive,
accurate results may be readily obtained through the use of large digital

computers.

INSD-7069-1
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CHAPTER IV

Thermoelectric Matcrial Property Data

As established earlier in this manual the naterial propesties
which are significant to thermoelectric design are the Seebeck
coefficient (a), the electrical resistivity (p), and the thermal con-
ductivity («)., Also of interest for an indication of performance is
the figure of merit (z) of the material. The significance and definition
of this performance parameter was discussed in Chapter I. Table IV-1
lists the most common thermoelectric materials which are of importance
to RTG designers. Also included in Table IV-1 is the Isotopes identi-
fication code and the manufacturer of each material., As shown in
Table IV-1, several sets of property data exist for a numLcr of the
materials, Multiple sets of property data are presented where available
because an RTG designer may encounter thermoelectric studies utilizing
any one or all of the sets of property data. In reviewing the literature
or previous programs, each set of data may prove useful. Tables IV-3
through IV-16 present English units of Seebeck coefficient, electrical
resistivity, thermal conductivity, and figure of merit as a function of
temperature for the materials listed in Table IV-1, Tables IV-17
through IV-31 present the same data in metric units,

Figure Iv-1 and IV-2 present the figure of merit of each set of

material property data as a function of temperature.

INSD-7089-~1
Iv-1



TABLE IV-1

List of Importart Thermoelectric Materials

Table Number
Isotopes' Type for
Element Identification Manufacturer Element Property Data Remarks

2N TEDN-00-30 3IM N IV-2 & IV-17 Data supplied by 3M in 1964.
PbTe This data correlated the Phase 11
SNAP 19 generator performance.

TEDN-00-34 3IM N IV-3 & IV-18 Isotopes based data supplied by
3M in 1965 fora and p. k is the
same as TEDN-00-30 data.

TEDN-00-35 3IM N IV-4 & IV-19 Isotopes based data supplied by
3M in 1965 for a«. p and k are the
same as TEDN-00-30 data. This
data correlated the SNAP 22 and
the 2N TAGS/SnTe SNAP 19
generators.

Z-Al
1-680L-ASNI

3N TEDN-00-51 3IM N IV-5 & IV-20 Data supplied by 3M in 1865.
PbTe

TEDN-00-52 3IM N IV-6 & IV-21 Data obtained from Sandia
personnel and forwarded to
Isotopes personnel in 1968,

2P TEDP-00-46 3IM P IV-7 & 1V-22 Data supplied by 3M in 1964. This
PbTe data correlated the Phase II
SNAP 19 generator performance.

TEDP-00-44 3M P IV-8 & IV-23 Isotopes based data supplied by
3M in 1965 for aand p. k is the
same as TEDP-00-40 data.

3P TEDP-00-59 3M P IV-9 & IV-24 a data supplied by 3M in 1966; p
PbSnTe and k data supplied by 3M in 1964.
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1-680L-GSNI
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TABLE IV-1 (Continued)

Table Number

Isotopes' Type for
Element Identification Manufacturer Element Property Data Remarks
K)o TEDP-00-60 M P IV-10 & IV-25 a and p data is equal to the
PbSnTe - TEDP-00-59 data. k data was
(Cont.) measured on SNAP 11 elements
(1966) and correlated SNAP 19
S/N 20,
TEDP-00-63 M P IV-11 & IV-26 Data obtained from Sandia
personnel and forwarded to
Isotopes personnel in 1968.
TAGS-85 TEDP-00-10A Isotopes P IV-12 & IV-27 Average Isotopes research data.
This data correlated the 2N-TAGS/
SnTe SNAP 19 generator.
SnTe TEDP-00-27 Isotopes P IV-13 & IV-28 Isotopes measured in 1966. This
data used in correlating the 2X\-
TAGS/SnTe SNAP 19 generator.
SiGen TEDN-00-23 RCA N IV-14 & IV-29 Data supplied by RCA in 1965.
TEDN-00-23B RCA N IV-15 & IV-30 Same as TEDN-00-23 data, but a
and p are increased to correspond
to expected change after 5 years.
SiGe TEDP-00-24 RCA r IV-16 & IV-31 Data supplied by RCA in 1965.



THERMUELECTRIC

Table IV-2

MATERLAL PHTE

PROPERTMW

DATA F

ISOTOPES LOENTIFICAVICN TEDN-00-30

N TYPE MATERIAL WANUEACTUREQ 8Y 3M; MFR. CODE NO. 2N.
OLD PRESSED AND SINTERED.
PROPERTY OATA MEASURED Y 3Py SCETEMBER 1964e

ENGL ISH UNITS

TEMPERATURE COSEE?E?ENI
NEG F VOLT/DEG F
50, -+80116E-04
100. -+85750€-04
150. -+91878c~06
200. -+98500E-04
250. ~«10469E-03
3V0. ~«11075€-03
350. -«11669€E-03
400. -+«12250€E-03
450. -.12809E-03
500. -+13350€E-03
550, -.1381l6E-03
600, ~¢14225t-03
650, -+14527€-03
700. -+ 14740E-03
750, - +14830E-03
800. -«14790E-03
890 -+«14605E-03
900. ~+14275€-03
950, -«13850E-03
1000. -+13325E-03
NOTE:

0.18160€E-03
0.22500E~03
0. 27113E-013
Ce32000€E-013
0.38063t-013
0.45000E~03
0.$3562t~03
0.63500E-03
0. 14625E-03
0.87000€E-03
0. 10044t-02
0. F1500E-02
Ce.13031E-02
0.14650£-02
0.162005-02
0.17700€-02
0.19067&-02
0.20300E~-02
0.21200E-02
0.21700E-02

CONDUET TV iTY
FT—ER-SEG F
0.16439€ 01
0.15100€ 01
0.13854E 01
0.12700€ 01
0.11669E 01
0.10750€ 01
0.99250E 00
0.92000€& 00
0.85937€ 00
0.81000€ 00
0.76813E Q0
0.73500E 00
0.71062€ 00
0.69501€ 00
0.69001€ 00
0.70000E 00
0.73000E€ 00
0.77999€ 00
0.83501€ 00
0.90000E 00

The data is presented in ebbreviated exponential form,

i.e., 1.0E- 03

- 1.0 x 1073

INSD-T7089-1

Iv-L

1 LE

oF 1585,
1/0EG F
0.87982€-03
0.88561t-03
0.91962€E-03
0.97691€~03
0.10097€-02
0.10375€E-02
0.10481E-02
0.10511€-02
0.10469E-02
0.10349€-02
0.10124E-02
0.927961€E-03 .
0.93259E-03
0.87319E-03
0.80511E-03
0.72244€E-03
0.62711E-03
0.52662E-03
0e44342E-03
0.37202€-03
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THERMOELECTRIC

TEMPERATURE
DEG

G F

50.
100.
150.
200.
250.
300.
350.
400.
450.
500.
950.
600.
650.
700.
150.
800.
850.
300.
950,

1000.

UEACTURED 3Y 3N
"AND ST

colFFICTENT

OLT/DEG F
-+80809E~-04
-+855008~-04
-+90430E-04
+«95600E-04
«10123E-03
«+10725E-03

«11319E-03
«11920E—03
»12919€-03
«131.20€-03
+13645€-03
+14120€-03
«14450E-03
«14700E-03
«L4800E-03
«14800€E-03
«14625E-03
»14390E-03
«13975€-03
«13425E~-03

Table IV-3
PR OPERTY DAT A
MATERI AL PBTE
ISUTOPES TUENTRFICATIUN TEDN-03-34
o MFR. CODt NUs 2N. COLD PRE
VITY REASURED BY 3M, OCTOBER 19
PTEMBER 1964.
THERMAL
Sy o
HHM-EN FT— HR-DEb F
0.19828E-03 0.16439E 01
0. 24000€-03 0.15100E 01
0.29391€E-03 0.13854E 0Ol
0.356000E-03 0,12700E 01
0.43500E-03 0.11669E 01
0. %2000E-03 0.10750€ 01l
0.82062E-03 0.99250€ 00
0.E3500E-03 0.92000E 00
0.86875t-03 0.85937€ 00
0.10200E-02 0.81000E 00
O0.Lk1888E-02 0.T6813E 00
V. E3750€-02 0.73501E 00
0.15500E-02 0. T1500E 00
0. k7250E-02 0.69501€ 00
0. kB900E-02 0.69001E 00
0.20400€-02 0. 70000€ 00
0.21700E-02 0.73500E 00
0.22599E-02 0.77998E 00
0.23250E-02 0.83501€ 00
0.23600£-02 0.90000E 00

INSD-T089-1
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o

F L LE

oE 155,
L/DEG F
0.81982E-03
0.82543E~03
0.82184€-03
0.81799€E~-03
0.82614E~-03
0.84201€E-03
0.85109€-03
0.85983E-03
0.85906E-03
0.85255€6-03
0.83437€-03
0.80726£-03
0.77096E-03
0.73756E-03
0.68730E£~-03
0.62767E-03
0.54876E~03
0.48068E-33
0.¢1165E-03
0.34722€-03



Table IV-4

THERMOELECTRIC PROPERTY DAT A FILE
MATERIAL PBTE
ISOTOPES IDENTEFICATICN TEDN-00-35

TYPE MATERIAL MANUFACTURED BY 3M. 2N PROPERTY DATA RECOMMENDED B8y [SOTOPES,

GUST 1969, COLD PRESSED AND SINTERED. SEEBECK COEFFICIENT MEASURED BY 3M,

TOBER 1965« RESISTIVITY AND THERMAR CUNDUCTIVITY MEASURED BY 3M, SEPT. 1964,

ENGL ISH UNITS

THERMAL

e cofffliita il conidiin e

DEG F VOLT/DEG F GHM-EN FT—HR-DEG F L/0EG F
50. -+B80809€E-04 0.18160€E-03 0« 16439E 01 0.89513€E-03

100. - «85500E~-04 0.22500E-03 0.15100E 01 0.88046£-03
150. ~e90430E~04 0.27113E-03 0.13854E Ol 0.89086E-03
200, - +95600E-04 0.82000€-03 0.12700€ 01 0.92023E-03
250. ~«10123E-03 0.38063E-0) 0.11669E 01 0.94416E-03
300. -.10725€-023 0.45000€E~-03 0.10750E 01 0.97299E-03
350.  ~e11319€-03 0.53562€~-03 0.99250€ 00 0.98615€E~03
400. -«11920E-03 0.63500€6-03 0.92000E 00 0.99524E-03
450. ~+12519€-03 0.74625€E-03 0.85937€ 00 0.10001€-02
500. ~+13120€~-03 0.87000E-03 0.81000E 00 0.99954E-03
550. -« 13645E-03 0. X004 4E-02 0.76812E Q0 0.98754E-03
600. ~e14120€~-0) 0.11500€~-02 0.73500€& 00 096520€-03
650. ~e14462E-03 0. k3031E-02 0.71062€ 00 0.92426E~03
700. ~«14700E-03 Oe k6650E-02 0.69501€ 00 0.868456-03
750. -«14800€E-03 0. k6200€E-02 0.69001E 00 0.60185€E-03
800, ~+14800E~03 0.17700E~02 0.70000E 00 0.72341€E-03
850. ~+14663£~03 0.190675-02 0.73000€ 00 0.63212€E-03
900. -<«14390E-03 0.20300E-02 0.77999€ 00 0.53514E-03
950. -+139715E~-03 0.21200€-02 0.83501€ 00 0.45146E-03
1000. - +13425€-03 0.21700E-02 0.90000E 00 0.87763E-03

INSD-7089-1
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THERIMDI2ELECTRIC PROPERTY DAT A
MATERIAL PBTF
ISOTOPES IDOENTIFICATION TEDN-20-51
N TYPE MATERIAL MANUFACTURED BY 3M, MFR. CUDE NO.
PRIPERTY DATA MEASURED 24 SEP*EMBER 1965
ENGL ISH UNITS
. THERMAL

escaarune B EEIGN oV
DEG F VOLT/DEG F OHM~IN FT-HR-DNEG F
100. - +57500E-04 0.13000€E-03 0.18550€ 01
150. - «62250E-04 0.15750€-03 0.17185€E J1
200. -«6T000E-04 0.19000€E-03 0.15950E 01
250. ~«TLT50F~04 0.22750£-03 O.14845€ 01
300. -.,16500E-04 0.27000E-03 0.13870F 01
350. -.8153iE~04 0.31750€-03 0.12980€ D1
400. ~«86750E-04 0.37000E-03 0.12190€ 01
450, -«920625-04 0.43125E-03 0.11504E 21
500. -+.97500E-04 0.50000€-03 0.10920€ 01
550, - «10334E-03 0.57813€~03 0.10394€ J1
600. -+10950€-03 0. 5650LE-03 0.99401E 22
650. -.11450E-03 0.76000€-03 0.95200€ 03
700, -+11800E-03 0.86001€E-03 0.91301€ 00
150. -«12100E-03 0.87501E--03 0.88801E D)
800. -.12350€-03 0.!0850€E-02 0.86700E 07
850. - «12480E-03 0.12100€~02 0.85100€ 22
900. ~+12500E-03 C.13400€E-02 0.848938€ 20
950. -+«12420€-03 0.14750€E-02 0.85801E 037
1000. -+12249E-03 0.15749€-02 0.87194E 22
1050. ~«11976E-03 0.16633E~02 0.89598€ 2D
1100. ~«11600€-03 0. 17400€E-02 0.93000E 00
1150. -«11069E-03 0.18037E-02 0.96537E JJ
1200. -+10400E-03 0.18550€-02 0.10050€ 01

Table [V-5

INSD-7089-1
V-7

FILE
IN.
FIGURE
OF MERIT
1/DEG F

J.56103€E-03
J.58585€£-03
0.60614E-03
3.62376€E-~-03
0.03947€-013
0.56003E-03
0.58276€~-03
0.69909€~03
0.71245C-03
0.72729€-03
0.74226E-03
D.T414TE-03
0.72565€E-03
D.69197E-03
D.66347E~-03
J.b1894£-03
J.56201E-903
0.49877€-03
O.ee711E-03
J.39384E-03
0.34027€-01
0.,28791E-03
0.23741€E-03



THERMOELECTRIC

ENGLISH UNIYS

TEMP ERATURE
DEG F

100.
150.
200.
250.
300.
350.
400.
450.
500.
550.
600,
650.
700.
750.
800,
850.
900.
950.
1000.
1050,
1100.
1150.
1200.

ro L 4

ov
>»um
wm
IHP L

S
T
Y
3

coffE b

VOLT/DEG F
=+54370E-04
-+ 60456504
-«65970E-04
~«71256E-04
=« 76200E=-04
-«81150E-04
-+« 85990E-04
- .90877E~04
= «95760E~-04
-«10063£-03
-«10548E-03
~«11016E-03
-«L1472E-03
-.11887E~-03
~e12270€-03
-+12580€-03
~.12832E~-03
-e12973F-03
~«13021E-02
~«12917E~-03
-+ 12680E~-03
~«12245E-03
~«11633E-03

OATA §
SURED

Table IV-6

PROPERTY

MATERIAL PBTE
OTOFES IODENTRFICATICN TEDN-00-52
ERIAL NANUFACTURED BY 3M MFRe
A

PPL!EE N
Y 3M FOR T

DAT A

CODE NO. 3No
29 JULY 1968,

Kap-33 MbEaLRS

ELECTRLCAL CONDUETIVITY
RESESTEVITY 8tu/

OHM=EN FT-HR--UEG F
0.133706-03 0« 16000€ 01
0. 15758E-03 0.14720€ 01
0.18610E-03 0. 13600€ 01
0. 21931E-03 0.12681E 01
0.25720E-03 0.11950€ 01
0e 29972E-03 0.11331€ 0l
0.34690€~03 0.1G850€ 01
0.35959E~03 0.10431€ 0:
0.45750E-03 0.10100E 01
0.%2300€-03 0.98187€ 0O
0.$95306~03 0.96000E GO
0.67781E-03 0.94437€ 00
0.16940E~03 0.935C0E 00
0.87273E-03 0.93183E 00
0. 98690E-03 0.93500F 03
0. t1111E-02 0.94700E 00
0.124542-02 0.96699E 00
e £3837E-02 0.99981€ 00
0. 15277E-02 0.10440€ 01
0. k6666E~02 0.11054E 01
0. 18016E-02 0.11820€ 01
0.29210€-02 0.12829€ 01
0.20292E~02 0. 14050E 01

INSD-T089-1
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FLlLLE

o 15881,
1/DEG F
0.56546E-03
0.64498E-03
0.70363€-03
0.T74T06E-03
0.77305€-03
0.79344E-03
0.80389€-03
0.81078€~03
0.81207€-03
0.80688€-02
0.79665E~-03
0.77576E~03"
0.74860€-03
J.71093€E-03
0.66754E-03
0.561550€-I3
0.55940€E-03
0.49777E-03
0.43502e-03
0«37082€-03
0«30899E-03
0.2648956-03
0.19423€-03
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THERMOELECTRIC

ENGL ISH UNITS

TEMPERATURE
NeG F

50.
100.
150.
200.
250.
300.
350,
400.
450,
500.
550«
600,
650,
700.
750.
800.
850.
900.
950,
10400.

Table IV-7

PROPERTY D AT A F
MATERIAL PBTE

ISO10PES IDENTHFICATICN TEDP-00-40

P TYPt MATERIAL MANUFACLTURED BY 3M, MFR, CODE NO. 2P.

NA DOPED = CULD PRESSED AND SINTEREDS
PRUPERTY DATA MEASYRED BY 3IM, SEPTEMBER 1964.

coBEE S
VOLT/DEG F
0.27000€-04
0.3700GE~04
0.47500E-04
0.58500E~-04
0.69250E-04
0.30000E-04
0.9C000E-04
0.99500E-04
0.1U8B7E-03
0.11800E-03
0.12669E-03
0.13500E-03
0.14200E-03
0.14850€E-03
0e15462E-03
0.15900E-03
0.16180€E-03
0.16300E~-03
0.16290E-03
0.16100E-03

THERMAL

S, comeiin

BHM-EN FT-HR-DEG F
0. 16000£-03 0.23100E 01
0. 19000E-03 0.21000E 01
0.22833E-03 0.18967E 01
0.27500E-03 0.17000E O1
0.32875E-03 0.15150E 01
0.39008E-03 0.13400€ 01
0.47187E-03 0.11750E 01
0.%7000€E-03 0.10200E 01
0.67875€E-03 0.90125€E 00
0.80000£-03 0.821000E 00
C.93750£-03 0.74063E 00
0. 10900E-02 0.69501E 00
0.12400E-02 0.66200E 00
0.13900E-02 0.64401€ 00
0.15584E-02 0.64013E 00
0.17350€E-02 0.652U0E 00
0. 18800E-02 0.68300E 00
0.19899€-02 0.72498€ 00
0.207COE~02 0.77501€ 00
0.21250&-02 0.83500€ 00

INSD-T7089-1
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IL E

GEISEE,
1/DEG F
0.8CT11E-04
0.14040E-03
0.21319E-03
0.29955E-03
0.39400€E-03
0.50113E-03
0.59780£-03
0.69680€E-03
0.79294E-03
0.87928E-03
0.94587€-03
0.98445E-03
0.10052E-02
0.10081€E-02
0.98073E-03
0+91450E-03
0.83428E-03
0.75356E-03
0.67687E-03
0.59778E-03



Table IV-8
THERMODELECTRIC PROPERTY
MATERIAL PBTE
ISOTOPES LDENTEFICATLON TEDP-00-44

D AT A F ILE

INSD-T089-1

Iv-10

TYPE MATERIAL MANUFACTURED BY 3M, WFR. CCDE NO. 2P, COLO PRESSED_ AND SINTERED

EBECK COEFFICIENT AND RESISTEVITY MEASURED 8Y 3M, OCTOBER 1965. THERNAL

NOUCTIVITY MEASURED BY 3M, SEPTEMBER 1964.

ENGL ISH UNITS

EEBECK ERECTRLCAL CONBSE%?c%TV FIGURE

TEMP ERATURE COEFFILICIE N RESISTEVITY BTu OF MERIY

DEG F VOLY/DEG F SHM~EN FY-HR-DEG F L/DEG F
50. 0.27000E~ 04 0.17500¢€-03 0.23100E 01 0.73793E~04

100. 0.37000E-04 0.20000£-03 0.21000€E 01 0.13338E-03
150. 0.4T766TE-04 0e23667E~03 0.18967E 01 0.20713e-03
200. 0. 59000E~ 04 0.28500E~03 0.17000€ 01 0.29400E-03
250. 0. TO1BBE~04 0. 34812€E-03 0.15150E 01 0.38222€-03
300. 0.81500E-04 0.42500€E-03 0.13400E 01 0.47726E-03
350. 0.93125E-04 0.52687E-03 0.11750E 01 0.57322€~03
400. 0.10500€-03 0.865000E-03 0.10200E Gi 0.68046E-03
450, 0.11750€-023 C.78875E-03 0.90125€E 00 0.794T74E-03
500. 0.13050€E-03 0.94500E-03 0.81000& 00 0.91042€E-03
550. 0.14119€E-03 0.11300€-02 0.74063E 00 0.97465E-03
600. 0.15050€-03 0. 13400E-~02 0.69501E 00 0.99522€E-03
650. 0.15750€~-03 0. k5600E~02 0.66200E 00 0.98291E~-03
700. 0.16350E-03 0« k7T700E-02 0.64401E 00 0.95965E-03
150. 0. 16645E-03 0.20017€-02 0.64013E 00 0.88481E-03
800. 0.16750E-03 0.22300E-02 0.65200E€ 00 0.78961€-03
850. 0.16700€-03 0. 24600E-02 0.68300€ 00 0.67922E~-03
900, 0.16560£-03 0. 264689€-02 0.72498E 00 0.58408€E-03
950. 0.16300E-03 0.28000E-~02 0.77501E 00 0.60101€E-03
1000. 0.15900€-03 0.29200€~-02 0.83500€ 00 0.42429E-03



‘ Table IV-9

THFIMOIFLEC TR I PPOPR
; MATERTAL 3P
[SOTOPES IDFUTIFICATION
PUSNTF, P TYPE MATFRIAL MANUFACTJRED
YEE3CCC COEFFICIENT MFASURED BY
RESTISTIVITY AND THERMAL COCNOUCTIVITY MrA
ENGLISH UNITS
TEMPERATURE CUEEE;E%ENI n g?%}?b v
NEG VILT/IEG F OHM=-TN
150, 0.43300E-04 Ne 468005 =03
290, N 5180NE=04 0.51800F-013
250, N.5TTATE-04 N 56800F-03
390, 0.61270F-06 0.618000-03
3150. 0.66350F-04 0.AT062E-C3
400, V. TL800F =04 0. 72500F-03
450, 0.T75506=-04 N. 78337703
500, J.83500E-04 0.845C0F-C3
550, 0.9 25F =04 0.910636-013
670, N.953015-04 C.9R0C1F-C3
650, 0.10267F-03 0.196C0E=N7
700, N,1080)E=-03 7. 11450F =02
750. Ne11289F-03 N.123005-02
£90. Dell7695-03 0.131COF-02
850, Nel2120F-03 0.13900¢-02
900, 0.12490F-03 N.14700F =02
950. N.125R0E~03% Ve 154€0F=N)
1200, Nel12660F-03 0.16100F~C
1950. 0.12614F-13 Ve 16HEIE=ND
1190, 0.12570F-03 1.169008 =072

INSD-T7089-1

Iv-11

ConDOETIViT
FT-SEBSEG
Ne12500F
0e«11520F
N 10ATHE
0eN9499F
N.?247T5F
Ce36DC0OF
0.80112F

.”.74800E
ND.T0175F
Ne6H201E
Ne53D00F
N.51001LF
0,59901F
0,5630)F
fehI3CIF
0.,627299¢F
N, £6807E
Na. T200IE
N. TR213F
D.R75NOF

TY

r
1
1
21
A
on
no
29
oo
o]
a3
AN
22
an
1
o0
an
e
a0

M

3r.
1953,
FIGJRE
JF MEANY
1/0FG F

J.13116F=03
N.18400F-03
Ne22531E-73
Na26325F-013
0.,29243E-03
N,338334F-03
T¢33213F-02
Ne5247F=-01
J.518a7¢-03
7931027 ~03
NebHaHV4E-03
D.HT36F=-07
Del0T34E-N2
D.72R34090~
N.7171
DATIZQE-NT
Deh2A12F=03

"3

5F -7

34562787 =01
N.49594E-13
N.43230F-93



Table IV-10
THERMODELECTRIC PROPERTY

MATERIAL ap

DATA FI1LE

Iv-12

ISOTOPES IODENTRIFICATLION TEOP-00~-60
PBSNTE, P TYPE MATERIAL NANUFACIURED BY 3My MFR. CODE NQO, 3P
SEEBECK COEFFICIENT MEASURED BY 3M, UANUARY 1966, REs [ STIVITY MEASURED BY 3M
DEC. 1963. THERMAL CONDUWTIVITY ME‘SURED ON SNAP 11 ELEHE NTS BY MARTIN JuUt 7Y
ENGL ISH UNITS
THERMAL
repenre  coffElET  eEliEEN  comEllin g

DEG F VOLT/DEG F OHM-EN FT-HR-DEG F DEG

150. 0+43300E~04 0.46800E-03 0.10450€ 01 0.15687E-03
200. 0.51800E-04 0. $1800E-03 0.10120€E 01 0.20945€~-03
250. 0.57767E~04 0.56800E-03 0.97966€E 00 0.24539€-03
300. 0.61200E~-04 0.61800€-03 - 0.94799E 00 0.26160E-03
350. 0.66350E~-04 0.67062E-03 0.91825¢E 00 0.29253€E-03
400, 0.71800E-04 0.12500€E-03 0.89000E 00 0.32693E-03
450, 0.775506- 04 0. 78333€E-03 0.86325E 00 0.36391€-03
500. 0.83600E~-04 0.84500€-03 0.83800E 00 0.40388E-03
550. 0.90025E-04 0.91083E-03 0.81425€ 00 0.44T726E-03
600. 0.96801€~04 C.98004€E-03 0.79201E 00 0.49401E-03
650, 0.10260E-03 0. F0600E-02 0.77800E 00 0.62233€E-03
700. 0.10800e-03 0.11450€-02 0.77001E 00 0.64136€E-03
750. 0.112806-03 0.12300€-02 0.77101€ 00 0.54903E-03
800. 0.11760E-03 0.13100E-02 0.78000E 00 0.55384E~-03
850, 0.12120€-03 0. 13900€-02 0.79500€ 00 0.54395€E-03
900. 0.12400E-03 O« 14 T00E-02 0.81799E 00 0.52325E-03
950. 0.12580&€~-03 0.15460E-02 0.84799E 00 049396E-03
1000. 0.12660€-03 0.:6180E~02 0.88500€E 00 Ne45802E-03
1050. 0.12614E-03 0.16659E-02 0.92531¢€ 00 0.42241E-03
11004 0.12500£-03 0.16900+-02 0.97500€ 00 0.38803E-03

INSD-T089-1

biowmeno



THERMUELECTRTIC

PBSNTE,

ENGLISH UNITS

TEMP ERATURE
DEG F

100.
150.
200,
250.
300,
350.
400.
450.
500.
590,
600,
650.
700.
750,
800.
850.
300.
950,
1000.
1050.
1100.
1150.
1200.

Table IV-11

MATERIAL

3P

PRCPERTY

ISUTOPES IDENTRFICATION TEDP-0Q0-63

TY
ROP

cofEEREE

VOLT/0EG F
0.26100€-04
0. 34849€-04
0.424]10E~04
0.49834E-04
0.567TVE-04
0.64010E-04
0e71290E-04
0.78801E-04
0.86480€E-04
0.94075€E-04
0.10167£-03
0.10876€-03
0.11551E~-03
0.12132€-03
0.12639E-03
0.13021£-03
0.13294E-03
0.13432€-03
0.13443€E-03
0.13344E-~03
0.13130E-03
0.12875€6-03
0.12555€~03

EE
FE
LT

0.37120€E~03
0.42218€E~-03
0.46780€E-03
0.51336€-03
0.5571C:-03
0.606623E-03
0. 55940E-03
0.72181E-03
0.79120€-03
0. 87199E-03
0.96270E-02
0. E06%2E-02
0.11763€-02
0. 12959€~02
0. 14241E~-02
0.k5530€E-02
Qe :6852E-02
C.18089€-02
Ne19281€E-02
0.20313€-02
0.21223€-02
0.21967€E-02
0.22559E-02

INSD-T089-1

IV-13

PE MATERFAL MANUFACTURED BY 3M,
ERTY ODATA SUPPLIED BY

RT , SANDIA
AS MEASURED BY 3My DECEMBER 1367,

HERMAL

D AT A

MFR. CODE NG.
JULY 1968,

TH
LONDB%TIVITY
FT-HR-DEG F

0.91400E
0.88200E
0.85800E
0.84163E
0.83300E
0.82612E
0.82300E
0.8l950€E
0.81700E
0.81588E
0.81600E
0.81812€
0.82200€E
0.82950¢E
0.84000E
0.86025E
0.88799¢E
0.92662E
0.97499E
0.1040.5°
0.11200E
0.12206E
0.13400E

00
00
00
Q0
00
00
00
00
00
00
00
00
Go
00
00
00
00
00
00
0l
gl
01
o1

FILE

3P.

I E

/BEC'F

0.82160E-04%
0e13346E-03
0.183376-03
0.23520€-03
0.28418E-03
0.23455E~-03
0.38322E-03
0.42968€~03
0.47343E-03
0.50904€-03
0e53844E-03
0.55591€-03
0.56466E-03
De56028E-03
0.54644E~-03
051929E-03
0.48326E-03
0.44043E-03
0.39337€E-03
0+34484E-03
0+29678E-03
0.25299E-03
0.21338E-03

EIGUR
OF ME
1/0¢€



ENGL 1SH UNI
TEMP ERATURE
DEG F
200.
250.
300.
350.
4Q0.
450.
500
550,
500.
650.
700.
750.
800,
8%0.
900.
350

TA
PR
L)

Table IV-12
THERMUELECTRTC

PROPERTY
MATERIAL TAGS

ISOYOPES IDENTHFICATICN TEDP-00-10A
P TYPE MATERIAL MANUFACTUREQ BY 1SOTUPES.

SEEBECK
COEFFICIENY
VOLY/DEG F

0.62200E-04
0.68637E~04
0.74500E-04
Ce79787E-04
0.84500E-04
0.89012€~-04
0.93200E-04
0.,97025E~04
0.10050£-03
0.10351E~03
0.10610E-03
0.10830E-03
0.10990€-03
0.11020E-03
0.10980E-03
0.109v0E-03

ERTY DATA MEASURED BY MARTIN,

RESTSILVITY
BHM-IN

C.31200E-03
0.32600E-03
Ce34000E-03
0.35400E-03
C.36800€E~03
0.38275E-03
0.39800€E-03
0. 41469E-03
0.43250£E-03
O« 44600E-03
0.457C0E-03
0.46701€-03
0.47500€-03
0.48200E-03
0.48649E~03
0. 49050E-03

INSD-T089-1

IV-1k

THERMAL
CONDU%TIVITY

DAT A

BTU/
FT-HR-DEG F

0.87799E
0.88199¢
0.88599€
0.89000€E
0.89400E
0.39800E
0.90200¢
0.90600¢&
0.91000E
0.91587E
0.92301E
0.93301€
0.94800E
0.97000€E
0.10060E
0.10430E

00
00
00
00
00
00
00
00
00
00
00
00
00
00
01
01

FILE

0.57792E-03
0.67046E-03
0.75394E-03
0.82682E-03
0.88810E~-03
0.94329E-03
0.99010€~03
0.10253E-02
0.10501€-02
0.10734E-02
0.10921€E-02
0.11015€E-02
0.10976E-02
0.10629€E-02
0.10080E-02
0.95031E-03

n'nmrl
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p

ENGL ISH UNITS

TEMPERATURE
DEG F

200.
250.
300.
350,
4J30.
450,
500.
550.
600.
650,
700.
7504
8300
850.
900
950.
1090.
1050.
1100.
1150,
1200.

TY
PRU

Table IV-13
RMJIELECTRIC

PR UPERTY
MATERIAL SNTE

SOTOPES LOENTRFICATICN TEDP-00-27

PE
PER
SEEBECK

CUEFFICIENT

VOLT/DEG F

0.13900€E~-04
0.15162E-04
0.16700E-04
0. 18512E=04
0.20600E-04%
0.22850E-04
0.25300E-04
0.28288E-04
0.31700E-04
Oe 35200E-04
0.38900E-04
0.42913E~-04
0e4T200E-04
0.51912E~04
0.57000E-04
0.61637E-04
0.66099E-04
0.70989€-04
0.76100E-04
0.81175€-04
0.86300E-04

ERECTRICAL
RESLISTEVITY
HM~EN

OWe

0. 98399t-04
U.10825E-03
0. 11810E-03
0.12795€-03
0.13780E~-03
0.14911E-03
0.16140t-03
0.17470E-03
0. 18900E-03
020722803
0.22840€E~-03
0.25103€-03
0.27560€-03
0.29920€E-03
0.32280E-03
0.34865E-03
0.37600t-03
0.40407€-03
0.43310£-03
0.46345E-03
0. 49500E-03

INSD-T039-1

IV-15

DECEMBER 1966,

D AT A

I
MATERIALe CAST SNTE MANUFACTURED BY ISOTOPES.
TY DATA MEASURED by MARTIN,

THERMAL
CONDUCT}VITY

BT
FT-HR-DEG F

0.43640E
0.42648E
0.41500E
0.40194k
0.38730E
0.37255¢
0.35720E
0.33915€
0.31910€E
0.29784E
0.27510€
N.25250¢E
Ve22950E
0.20970E
0.19190€
0.17831E
0.16820E
0.15984¢E
0.15380E
0.14682E
0.14000¢

0l
0l
01
0l
ol
ol
0l
01
ol
a1
ol
01
0l
0l
ol
01
ol
0l
01
01
0l

FILE

1/DEG F
0.184118-04
0.20377E-04
0.23285E~-04
0.2T269E-04
0.32537€~04
0.38460E~04
Oev3432E-04
0.55264E-04
0.68181E~04
0«82148E-04
0.98548E-04
0.11888€-013
0ele4l3E-03
0.1L75T6E~03
0.21462E-03
0.25007€E-03
0.28270&-03
031928E-03
0.35576E-03
0.39626E-03
0.43977E-03



TEMPERATURE
DEG F

Oe
50.
100.
150.
290,
250,
300.
350.
400.
450.
$00.
550.
600.
650,
700.
750,
800.
850.
900.
350,
1000.
1050,
1100,
1150.
1200.
1250.
1300.
1350.
1400.
1450.
1500.

Table IV-14
THERMOELECTRIC

PROPERT Y
MATERIAL SIGE

1SOTOPES IVDENTBFICATION TEDN-00~-23
TYPE MAJERIAL MANYFACTURED BY RCA

SEEBEC
Q6L /bee"
-« 87500E~-04
=~ «94492E~04
-+10141€E~-03
-«10824E-03
~«11500€-03
~+12168t-03
-.12828€E-03
-+«13480£-03
~e14125E-03
-«14750E-03
~e15362E-03
-+ 15962E-03
- +16550E-03
-e17130%-013
-.17700€E~-03
~+18250E-03
~+18800E-03
-+19200£~03
«19400E-03
«19441E-03
~+19299€~-03
«19115€-03
«18900E~-03
-« L8681E-03
«18450€E--03
«18188E-03
«17899:-03
«17624E~03
«17352E-03
«17058E-03
-«16750E-03

K
ENT
G F

N
PROPERTY DATA MEASURED 8Y RCA,
ENGL ISH UNITS

CIRLCAL
R STEVLITY
M=iN

%ﬁ;

0. 64006E-03
0.65469E£-03
0.687875E-03
0. T7T1219€-03
0. ¥5500£-03
0. 80719€-03
0.8687156~03
0. 93969E-03
0. E0200E-02
0. 11089€E-02
0. 120869€E-02
0.13139€~02
0. 14300E-02
0« k5554E-02
0.16900E-02
0. 18400€£-02
0.20300€E-02
0. 31400€-02
0.21650€E-02
0.21533€E-02
0.21098&-02
0. 2C4%9E-02
0« 19690E-02
O.18432E-02
0.17000E-02
0. E5850€£-02
0. k4760E-02
0.13830€~-02
0. E2951E-02
0. 22138E-02
0.11400E-02

INSD-7089-1

IV-16

NOVEMBER 1965.

oNDUCT TViTY
FT-S&EGEG F
0.30300€ 01
0.29759E 01
0.29212¢ 01
0.28659E 01l
0.28100E Gl
0.27534E 01
0.26962E 01
0.26384E 01
0.25800E 01
0.25303E 01
0.24837E O1
0.24403E 01
0.24000E 01
0.23550€ 01
0.23100€ 01
0.22750E 01
0.22400€ 01
0.22200E 01
0.22000E 01
0.21704E 01
0.21598E 01
D.21446E 01
0.21300E 01
0.21244E 01
0.21250€ 01
0.21244E 01
0.21249E 0Ol
0.21380€ 01
0.21602€ 01}
0.21908E 01
0.22300€ 01

DAT A

F I LE

of 5836
1/DEG F
0.16156E-03
0.18753E-03
0.21222€-03
0.23489€-03
0.25508E~03
0.27260E-03
0.28748E-03
0.29993E-03
0.31024E-03
0.21729E-03
0.32217€-032
0.32518E-03
0.32658E-03
0.32781E-03
0.32839E-03
0.32558E~-03
0.31806E-03
0.31752E~03
0.32334E-03
0.33092€-03
0.33444E-03
0.34094E-03
0.35013€-03
0«36460E-03
0.38559E-03
0.40200E-03
0.41689E-03
0.42983€-03
0.44036E-03
Oe44772€E-03
0.45160€E-03



T HER MG

ENGLISH UNITS

TEMPERATURE
DEG F
1550,
1600.
1650.
1700.
1750.
1800,

Table IV-14 (Cont, )

ELECTRIC

PROPERTY
MATERIAL SIGE

[SUTOPES IOENTRFICATION TEUN-00-23
N TYPE MATERIAL MANUFACTURED BY RCA

CoBFETETENT

VOL T/0EG F
~+16431E-03
-« 16100E-0C3
~+15762E-03
~el5417E~03
~+15062E-03
~+14700E-03

PROPERTY DATA MEASURED 8Y RCA,

ELECTRLCAL
RESISTRVLTY
OHM=EN
0. k071PE~02
0. :0100E~-02
0.94875€-03
0.89000E-03
0.83375€-03

0.28000€-03

INSD-T7089-1

Iv-17

THERMAL

D AT A

NOVEMBER 1965,

CONDUCTIVITY
BTU/
FT—-HR-NEG F

0.22838E
0.23500€E
0.24175E
0.24900E
0.25675E
0.26500¢E

01
ol
01l
01
0l
ol

FILE

FIGURE

OF MERIT

1/DEG F
0.45132E-03
0.44639€E-03
0.44327€-03
0.43886E-03
0.43369E-03

0.42779E-C3



TEMPERATURE
DEG F

0.
50.
100.
150.
200.
250.
300.
350,
400,
450,
500.
550.
600,
650.
700.
750.
800.
850.
900.
950.
1000,
1050.
1100.
1150.
1200,
1250.
1300.
1350.
1400.
1450,

coffE 3B

VOIL.T/DEG F
~«91175€-04
«98461E-04
«10567€-03
«11279€-03
«11983€~03
«12679E-03
«13367€-03
«14047€-03
«14718E-03
«15370E-03
«16008E-03
«16633E-03
« L T245E-03
«17850E-03
«18444E-03
«19017€-03
«19590E-03
«20006t-03
«20214E-Q3
«20257€-03
+20109€~03
«19918E~-03
«19694E~-03
+19466E-03
«19225€-03
«18952€-03
«18651E-03
«18364E-03
«18080E-03
«LTTT4E-03

D BY RCA.
INCREASED
LIFE EFFE

Table IV-15
THERMOELECTARIC

4.2

€ CAL
RE 1y

Qwmry

ECTRI
i N
0.75264E~03
0.T6991£-03
0.79821E-023
0.83753E~03
0.88788E~03
0.94925€-03
0.10217€-02
0.11051€E-02
0.11995€E-02
0.13041€-02
O.k4193E-02
0. 15452€-02
0.16817E-02
0.18292E-02
0.19875E-02
0.21639€E-02
0.23873E-02
0.25166E-02
0.25460E-02
0.25322€-02
0.24812€-02
0.24068E-02
0.23050€E-02
0.21682€~02
0.19992€-02
0., 18640€-02
0. 1T404E-02
0. 16264E-02
0.15231E-02
Q. 14275€E-02

INSD-T7089~1

Iv-18

PROCPERTY

MATERIAL SIGE
OVOPES IDENTIFICATION TEDN-00~238
PRCPERTY DATA SAME A

s
PERCENT AND RESIST
CTy JUNE 1966,

THERMAL
CONDUCT IVITY
Blu/

T
I

€D
vl

FT-HR=-DEG F

0.30300E
0.29759¢
0.29212E
0.28659E
0.28100¢E
0.27534E
0.26962¢
0.26384¢E
0.25800€
0.25303€
0.24837E
0.24403E
0.24000E
0.23550¢E
0.23100E
0.22750E
0.22400€E
0.22200€
0.22000E
0.21704E
0.21598E
0.21446E
0.21300E
0.21244E
0.21250E
0.21244E
0.21249¢
0.21380E
0.21602E
0.21908E€

0l
ol
0l
ol
01
o1
01
01
Gl
01
01
01
ol
0l
01
01
01
o1
01
01
ol
01
ol
01
01
ol
01
ol
o1
ol

ODATA

-z

Y

FTLE

1/DEG F
0.14916E-03
0e17314E-03
0.19594E-03
0.21687€-03
0.23551E-03
0.25168€E-03
0.26542E-03
0.27691E-03
0.28643€-03
0.,29274E-03
0.29745E-C3
0.30023E-03
0.30152E-03
0.80266E~03
0.30319&-03
0.30060€E-03
0.29365E-03
0.29316E~-03
0.29853¢-~03
0.30553€-03
0.30877E-03
0.31478E-03
0.832326E-03
0.33662€-03
0.35600E-03
0.37115€-03
0.38490E-03
0.39685€E-03
0.40657€-03
0.41336€-03

——
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THERMOELECTRIC

TEMP ERATURE
DEG F

1500.
1550,
1600.
1650,
1700.
1750.
1800.

Table IV-15 (Cont, )

INSD-708G-1

Iv-19

PRCPERTY
MATERIAL SIGE

ISUTOPES IDENTIFICATICON TEDN-QU-238
CTJRE? BY RCA. PRLPERTY DATA SAHE AS TEV
IENT INCREASED 4.2 PERCENT AND RESISTIVI
YEAR LIFE EFFELT, JUNE 1966,
: THERMA&
SEEBECK El%CTRlCAL CONDUYCTIVITY
COEFFICIENT RESISTIVITY Atu/
VOLT/DEG F OHM=IN FI-HR-DEG F
-.17453€-03 0.13406E-0¢ 0.22300E 01
-«17121E-03 0.12605€E-02 G.22838E 01
-+16776E~-03 0.11878E-02 0.23500E 01
~+16425E-03 0.11152€E~-02 0.24175E C1
-.16064E-03 0o 1L0466E~CQ2 0.24900€ 01
-+15695€-03 C. 98049€-03 0.25675E 01
-.15317E-03 0.91728€-04 0.26500E 01

DAT A

F I LE

IIDEG F
0.41695E-03
0.41669€E-03
0.41260£~-03
0.40926E-03
0.40519€-03
0.40042E-03
0.39496€E-03



ENGLISH UNITS

TEMPERATURE
DEG F
0.
50.
100,
150,
200,
250.
300.
350.
400.
450.
500.
550,
600.
650.
709.
750.
800.
850.
900.
950.
1000.
1050.
1100.
1150.
1200.
1250.
1300«
1350.
1400,
1450.
1500.

Table IV-16
THERMUELECTRIC

PROPERTY
MATERIAL SIGE

ISUTOPES IDENTRFICATICN TEDP-0O-24
P TYPE MATERIAL MANUFACTURED BY RCA.

SEEBECK
VoL T/bEEN
0.61250E~04
0.64T758E-04
0.68219€-04
0.71633E~04
0.75000€-04
0.78320E~04
0.81594E-04
0.84820€E-04
0.88000E-04
0.91250E- 04
0+94500E-04
0.97750E~04
0.10100E~-03
0.10394E-03
V.10675E~03
0.10944E-03
0.11200€~03
0.11459E-03
0.11712€-03
0.11959E-03
0.12200€E~03
0.12438€E-03
0.12672E-03
0.12901E-03
0.13125E-03
0e133626-03
0.13599€-02
0.13818E-C3
O0.14026E-03
0.16€253€E-03
0s14475E-03

PRGPERTY DATA MEASURED €Y RCA,

ELECTR
T
O« 36500E-012
0.37656E-03
0.38875€-03
0.5%0156€E~-03
0.415006-~013
e 42906E-03
Oc44375€E-02
0.45906E-03
0.47500E-03
0. 49234E-03
0.51063E~03
0.D2984E-03
0.%5000€-03
0.%6953€E-03
0.58937€-03
0.60953E~-03
0« 63000€-03
0.65078E-013
0.67187€E-03
0.69328E~03
0.7150Q0E-02
0.23703E-03
0.15938E~-01
0. 78203E-03
0.80500€-03
0.82960t-03
0.85496E-03
C.87806E-013
C. 90006€-03
0.92518€-03
0.95000€-03

R

INSD-T7089-1

Iv-20

NOVEMBER 196%.

THERMA&
CONDUCTIVITY
BlTU/

FT—HR-DEG F
0.3400CF Q1
0.33600€ 01
0.33200E€ G}
0.32800€& O:
0.32400€ 01
0.32000£ 01
0.31600E& 01
0.31200€ 01
0.30800€ Q1
0.30431E ¢}
0.30075€ 01
0.29731E 01!
0.29400E "1
0.29066F 01
0.28737€ 01
0.28416E 01
0.28100€ 01
0.27806E U1
C.27525E 01}
0.27256€ 01
0.27000€ O1
0.26725€ 01
0.26450E 01
0.26175E 01
0.25900€ 01
0.25646E 01
0.25399E 01
0.25279E 01
0.25252€ 01
0.25205€E 01
0.25250E 01

DAT A

FILE

F IGURE
% ,o8s'E
0.12370£-03
0.13563€-03
0.14755€-03
0+159426-03
0.17118E-03
0.182F2E-03
0e19428€-02
0.205556-03
0.21660E-03
0.22741E-03
G+23795€-03
0.24820€E-03
0.258156-03
0.26704E-03
0.27532€-03
0.28295€-03
0.28995€-03
0.29695€6-03
0.30354€-03
0.,30973€-03
0.31549E-03
0.32141E-03
0.32714E-03
0.33270€~-03
0.33810€-03
0.34337€~03
0.34851E-03
0.35198E-03
0.25419€-03
G.35647€E-03
0-5743E=-03
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THERMOUOELECTRIC

ENGL ISH UNITS

TEMP ERATURE
OEG F
1550.
1600.

1650.
1700.

Table IV-16 (Cont,)

PRUPERTY
MATERIAL SIGE

[SOTOPES TDENTIFICATLION TEDP-00-24

P TYPE MATYERIAL RCA.
PROPERTY DATA MEASURED 8Y RCA, NOVEM&ER 1965.

SEEBECK
COEFFICIENT
VOLY/DEG F
0.14692E-03
0.14900E~-03
0.15103E-03

0.15300E-03

0.97504E-03
0.10000£-02
0. k0269E-02
0.10550E-02

INSD-7089-1

Iv-21

MANUFACTURED BY

THERMAL
CONDYCTIVITY
B8Tu/
FT-HR-DEG *
0.25418¢ 01
0.25700E 01
0.26149E 01

0.26750E Ol

DATA

FILE

FIGURE
OF MERIT
L/DEG F

0«35641E-03
0.35349E-03
0.34760E-03
033942E-03



METRIC UNITS
TEMP ERATURE
DEG C

Oe
254
50,
154

1006.
125.
150.
175.
200.
225,
250.
275.
300.
325.
350.
375
400,
425
450,
475,
500.
525.

Table IV-17
THERMODELECTRIC

INSD.-7089-1

Iv-22

PROPERTY DATA
MATERTAL PBTE
150TOPES IDENTIFICATICN TEDN-00-30
N TYPE MATERI AL MANUFACTURED BY 3Me MFR. CODE NU.
PROPERTY %A%R MéﬁgaﬁgDAge gﬁp SEP?EMBER 1964.
offENE WENEEN  codiEn
YOLT/DEG C (HM—CM W/ CM-DEG C
~«14077E-03 0.42326E£-03 0.29313E~01
~«14957£-03 0.51993E-013 0.27170€E-01
~+15909E-03 0.62220E-03 0.25156E-01
-+ 16933E-03 0.73010&E-03 0.23272E-01
~«l7999E-03 0.84773€E-03 0.215¢6E-0Q1
~«18998E-03 C.99012&-03 0.19954€E~01
-+19978€E-03 0.11510E-02 0.185338E-01
-+20940E-GC3 O.13465E-02 0.17252€-01
~.21884E-04 0.15702E-02 0.16106E-01
~.22798E~-03 0.18189€-02 0.15122E-01
-.23684E-03 0.20930E-02 0.14299E-01
—+24495€-03 0.23905E-02 U« 13604E-01
-+25204E-03 0.27103E-02 0.13018£-01
-«25809E-03 0.30508E-02 0.12556E-01
—+26257E-03 N,34067€-02 0.12216E-01
~«26566E-03 0.37764E-02 0.12001&-01
~+266933E-03 0.41299€-02 0.11939E-01
-.26633E-03 0.447336-02 0.12093&E-01
—+26360E-03 0. 47897E-02 0.12524€E-01
-«25874E-03 0.90780E-02 0.13237€-01
—+25228E-03 0.63103E-02 0.14084E-01
~e24442E-03 0.b4660€E~02 0.15032E-01

FI1LE
2N.
FIGURE
OF MERIT
1/0eG C

0.15972€-02
0.15837£-02
Ne161T1E-02
0.16876E-02
0.17754E-02
0.18268E-02
0.18705€E-02
0.18877E-0¢Z
0.18938E-02
0.18896E~-02
0e1B8742E-02
0.18450E-02
0.18005E~02
0.17389€E~02
0.16566E-02
0.15572E-02
O.14451E-02
0.13112E~-02
0.11584E-02
0.99604E-03
0.85102€E~-03
0.72709E-93
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ETRIC UNITS
TEMPERATURE
oG C

0.
25,
50,
75,

100.
175,
190.
175,
-0,
2che
250.
275
390,
325.
350.
375,
400.
425,
450,
415,
500,
525,

Table IV-18

MUELECTRIC

PRUPERTY

DAT

MATERIAL PBTE
ISOTOPES IDENTRFICATION TEDN-00-34
UFACTURED HBY 3M, MFR, CCDE NO. ZNe COLD PRE
AND RESISTIVITY MEASURED BY 3M, OCTOBER 19
ED BY 3M, SEPTEMBER 1964.

COBFFICTENT  RESISIIVITY  CoNDUCTIVITY
VOLT/DEG C EHM-GM W/ CM-DEG C
-+ 14252E-03 0.47305E-03 0.29313€-01
-e14996E-03 0.9%57T00E~03 0.27170E-01
-«15775€-03 0.66603E~03 0.25156E-01
-«16589E-03 0.80013E-03 0.23272E-01
-« lT7445E-03 0.95780tE-013 0.21526E-01
-+18369€~-03 0.11336E-02 0.19954€E-01
~«19348E-03 0.13304t-02 0.18538€E-01
-+20309E-03 0. k5601E-02 0.17252€-01
-«21282t-03 0.18182E-02 0.16106E-01
—+22254E-03 0.21140€E-02 0e15122E-01
-«23227€E-03 0.24474E-02 0+14299E-01
- e24137E-03 0.281616-02 0.13604E~01
~+24948E~0Q3 0.32221£-02 0.13018€E-01
—+25641E-03 0. 36441€-02 0.12576€E-01
-+26130E-03 0.40435E-02 0.1228 7e-01
-+26500€-03 0.44415E-02 0.11996E-01
- +26641E-03 0.48162E-02 0.11939g-01
-+«26645E-03 0.%1598€-02 0.12093€-01
- +26396E-03 0.54623E~-02 0.12590€E-01
—+26023E-03 0.569008E-02 0.13276€-01
~+25461E-03 0.58534£-02 0.14084E-01
-+24651E-03 0. 89630€E-02 0.150326-01

INSD-7089-1

IV-23

A

FILE

Oel4649E-02
0.14860E-02
0.14853E-02
0.14779E-02
0.14760E-02
0.14917E-02
0.15178€-02
0.15325€E~-02
0.15468E-02
0.15492€E~-02
0.15416E-02
0.152C5€E-02
C»128328€-02
0.14346E-02
0.13743E-02
0.13181E-02
0.12344E-02
0.11378E-02
0.10132E-02
0.89633E-03
0.78638E-03
0.67T791E-03



N

THERMOELECTHRIC

TYPE MATERIL

AUGUST 1969.
OCTOBER 19654

METRIC UNITS

TEMPERATURE
BEG C

O.
25.
50.
5.

130.
125,
150.
175.
200.
225,
250.
275.
300.
325.
350.
375.
400.
425.
450.
475,
500.
525.

Table IV-19

PROPERTY

MATERIAL PBTE

1SO0TGPES TOENTVTBFICATIGN

S S HEASIINER oL e B PR
RESISTIVITY AND THERMAL CONDUCTY
4 o

VOLT/DEG C GHM-CHM

~e14252E-03 0.42326E-03
-« 14996E-03 0.51993£-03
-«15775£-03 0.62220E-03
~+16589€~-03 0. 73010E~-03
-.17445€-03 0.84773E-03
-.18369€-012 €.99012&E-03
-+19348E-03 O« k1510E-02
-+ 20309E-03 0. 13465E-02
-+21282E-03 0.15T7T02E-02
-e22254E-03 0.18189€-02
-«23227€-03 0.20930E-02
~+24137€-03 0.2390RE-02
- +24948t-03 0.27103E-02
-+25647€~-03 0.30508&~02
-+26153E~-03 0,34067€E-02
~«2649BE-03 0.3776%£-02
—«26641E-03 0.41299£—-02
- «26645E-03 0.44733€-02
—+26450E-03 0.47897E-02
~«26053E-03 0.50780E-02
~«25453E-03 0.$3103€-02
-+24651€E-03 0.54660E-02

INSD-7089-1

Iv-24

E

1

N-00-35

0.29313€E-01
0.27170€-01
0.25156E£-01
0623272E-01
0.21526E-01
0.19954€E~-01
C.18538E-01
0.17252E-01
0.16106E-01
0.151228-01
0.14299E-01
0.13604E-01
0.13018E-01
0.12556£E-01
0.12216E-01
0.12001E-01
0.11939€-01
0.12093€£-01
0.12524E-01
0.13237e-01
0.14084E-01
0.15032¢&-01

D AT A

¥

I L E

0.16371E-02
0.15920E-02
0.15899E-02
0.16197€-02
0.16677E-02
0.17079€-02
0«17543E-02
0.17756€E-02
0.17910E-02
0.18005E-02
0.18026¢E-02
0.17915€E-02
0.17640€-02
0.17172£6-02
0.16435E-02
0.15493E-02
Oel4395E-02
0.13124E-02
0.11663E-02
0.10099E-02
0.86623E-03
0.73955¢€-03
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THERMIJELECTRIC

METRIC UNITS
TEMPERATURE
DEG C
50.
75.
100.
125.
150,
175,
200.
225,
250.
215,
300.
325.
350.
315.
400.
425.
450,
475,
500.
525.
550.
575.
600.
625.

N TYPE
p

Table IV-20

PROPERTY
MATERIAL PBTE

OTOPES IDENTIFICATION TEDN-00-51

1507
MATERIAL
RIPERTY

S
CIE N
vl

~nm
-4 TN
-, o (O
Qom
MmO
oOMmMX
[ g ]

~+10726E-03
~e11496E-03
-+12265€-03
~«13035E-03
- «13806E-03
~ o146 20E-03
-+ 15462E-03
- «16320E-03
~«17195€-03
~«18111E-03
~«19082E-03
~«20030E-03
- .20785E-03
-~ +21320E-03
-+21798€E-03
- +22205E-03
~«22441E-03
~¢22510E-03
- e22429E-03
-+22211F-03
-+21856E-03
-e21348E-03
-+20673E-03
-+19770E-03

MANUFACTURED BY 3M
DATA MEASURED 24 SEP

V-
m

CIR
Y,
0.35937€~-03
0.42669€-03
0.50430E-03
0.59220E-03
0. 69038E-03
0. 79885E-03
0.91761E-03
0.10531E-02
0,12049E-02
0.13744E-02

€ I
RE v
M

2

0.15628E-02"

0.17688E-02
0. 19901E--02
0.22229E-02
0.24877E~-02
0.27395E-02
0.30200E-02
0.3%166E-02
0. 36216E-02
0.3894TE-02
0.41028E-02
0.%2943E-02
0. 84614C 02
0.46017€E-02

INSD-T089-1

Iv-25

MFR,

CAL
ITY

0.31027E-01
0.28980E-01
0.27116E-01
0.25434E-01
0.23932€-01
0.22544E-)1
0.21297€E-01
0.20194E-21
0.19236E-01
0.18385€&-01
0.17621E-01
0.16941€E-01
0.16303€-01
0.15720€-21
0.15346E-01
0.15020€-21
0.14762E-01
0.14675E-01
De14766€-21
0. 14964E-D21
0.15248E-01
D.15682€-01
0.16230€E-01
0.16794E-01

DATA

CODE ND.
MBER 1965.

£ 1 LE
3N.
FI1GJRE
OF MERIT
1/DEG C

J.10319E-02
0.10687E-02
0.11001E~02
0.11280€-02
0.11536E-02
J.11869E-02
J.12234€-02
0.12525€E-02
0.12756E-02
0.12981E-02
0.13223E-02
J0.13388E-02
0.13315€E~02
0.13008€-02
D.12446E-02
0.11984E-02
0.L1296E-02
J.1)411E-02
0.94066E-03
J«84645E-03
0.,75359E-03
0.,67673€E-03
0.59023€E-03
0.50578E-03



THERMUOELECTAR]C

METRIC UNITS

TEMPERATURE
DEG C

25.

50.

5.
100.
125.
150.
175.
200.
225.
250.
2175
300«
325.
350.
375.
400.
425.
450.
475,
500.
525.
550.
575
600,
625.

Table IV-21

INSD-T089-1

1v-26

PROPERTY
MATERIAL PBTE

1SOTOPES LDENTIFICATION TEDN-00-52
HESEHATERLA MMMERETUSED Ry e BER E90N0:
AS MEASURED BY 3M FOR THE S5NAP-23 PR OGRAM.
coffElETN NIV coudiERML
VOLT/DEG C GHM-0M HICM—DEG c
-e92461E-04 0.31565€E-03 0.28793E-01
-+10283E-03 0.36483E-03 0.26673E-01
~«11233E-03 0.42356E-03 0.24777E-01
-«12109%-03 0.49186E-03 0.23118€E~-01
-+ 12954E-03 0.56981€-03 0.21743E-01
-«13752E~03 0.65738E-03 0.20627E-01
-« 14554E~-03 0.75449€-03 0.19662E-01
~+15340E-03 0.86116E-03 0.18889E-01
~+16129E-03 0.97888E-03 0.18221E-01
-«16921E-03 C.11076€-02 0.17663€-01
-«17710E-03 G.12467E-02 0.17198€-01
~+18497€-03 0. 14071E-02 0.16807€-01
-« 19275E-03 0.15807€-02 0.16505€E-01
-.20028E-03 0.1775%E-02 0.16290€E-01
-+20757€E-03 0.19893E-02 0.16162€-01
- +21425E-03 0.22278€E-02 0.16123€E-01
~«22046E-03 0.24885E-02 0.16170&-01
~e22563E-03 0.27700E-02 0.16342E-01
~e2299CE-03 0.30725E-02 Ue16627E-01
~+23279:c-03 0.33866E-02 0.17072E-01
~+23419E-03 0.37103E-02 0.17687E-01
-e22385E~-0) 0.40351€-02 0.18497E-01
—~+231326-03 0.43484E-02 0.19545E-01
~e22665E-03 0.46512E-02 0.20835€E-01
-«21906E-03 0.49197¢-02 0.22469€£-01

DAT A

F

N

I L E

or” TS
1/0e6 C

0.94062€E~-03
0.10865€E-02
0.12023€E-02
0.12894E-02
0.L3545E-02
0.13947E-02
0.14279€~02
0.14467€~-02
0.14586E-02
0.14635E-02
0.14593E-C2
0.14468E-02
Uel4241€-02
0.13869E-02
0e13401E-02
0.12780E-02
0.12078E-02
0.11246E-02
0.10346E-02
0.93735E-03
0.83575E-03
0.73266E-03
0.62957E-03
0.53010€-03
0e43411€-03

[



THERMOELECTRIC

METRIC UNITS

TEMPERATURE
DEG C

25.

S0,

75.
100.
125.
150.
175.
200.
225
250.
275,
300.
325,
350.
375.
400.
425,
45GC.
41715,
500.
525.

Table IV-22
PRCPERTY
MATERIAL PBTE

I1SUTOPES IDENTIFICATION TEDP-00-40

S BECK
ICIENT
VOLT/DEG C

0.58208E-04
0. 74805€E-04
0.92131E-04
0. 10994E-03
0.12736E-03
O.14474E-03
0.16095E~-03
0.17642E-03
0.19163E-03
0.20654E-03
0. 22092€-03
0.23470t~03
0e24743E-03
0.25848E-03
0.26890€E-03
0.27867E-03
0.285174E-03
0.29066E-03
0.29312€E-03
0.29356E-03
0.29178E-03

P TYPE MATERIAL NANUFACTURED BY 3M
NA ED CULD RRESSED AND
PROPERTY DATA MEASURED BY 3M, SEPTEMBER 1964,

£ CAL
RE ITY

gur
¥

R
{
C

<~

0. 44492E-03
0.52283E-03
0.6'7808E-03
0. F2953E-03
0.85566E-03
0.89812E-03
0. 11846E-02
0.14051E-02
0. k6491E-02
0. E9LT56-02
0.22158E-02
0.25470E-02
0.28972E-02
0.32409€-02
0.35887E-02
0.39740E~02
0. 4374TE-02
Ce47265E-02
0.%9907E-02
0. $1935€-02
0.53412E-02

INSD-7089-1

V=27

CONDUC

MFRe CODE NO. 2Pe
INTERED

THERMAL
w/CH—Bé g
0.37989E-01
0.34770E~01
0+31545E~-01
0.28628€-01
0.25777€E-01
0.23066E~01
0.20495€E~-01

0.18064E-01

 0.16081E-01

0.14527E-01
0.13314€-01
0.12415€6-01
0.11798€E-01
0.11354&-01
Oe.l1117€-01
0.11076€-01
0.11255€E-01
0.11711E-01
0.12336£-01
0.13081E-01
0.13947€-01

DAT A

FILE

or A8
1/DEG
0.20046E-03
0.30782€-03
0.43411E-03
0.97878E-03
0.73541E-03
0.90993E-03
0.10666E~02
0.12262E-02
0.13847E-02
0.15314E-02
0.16544E-02
0.17420€-02
0.17918E€-02
0.18156E~02
0.18124E-02
0.17643E-02
0.165828-02
0.15263E-02
0.13956E-02
0.12685E~-02
0.11428€E-02

Or—qm



Table IV-23

THERMOELECTRIC PROPEBRTY DATA FILE
MATERIAL PBTE
ISOTOPES LDENTRFICATION TEDP-00—44
TYPE MATERIAL MANUFACTURED HBY 3M, MFR. CUDE NO. 2P. COLD P ESSED_AND SINTERED.
s%sg§lsq%sFAEzgﬁ{ESNnggafssé %E;B:EASURED BY 3M, OCVOBER 1965. THERMAL
METR IC UNITS
e coffENEE GENSIMEN  cofiE o TiS
DEG C OLT/DEG C BHM~0OM W/ CM-DEG C 1/0EG C
25. 0.58171E~04 0.%7511€-03 0.37989&-01 0.18748E-03
50. 0.74900c-04 0.%4533E-03 0.34770€-01 0.29587&-03
15. 0.92602E-04 0.63955E-03 0.31645E-01 0.42370E-03
100. 0.11101€-03 0. E5919£-03 0.28628€~01 0.56703E-03
125. 0.12917E~-03 0.90947E-02 0.257T7T7E-01 0.7T1177E-03
150. 0.14753E~-03 0.10888E-02 0.23066E-01 0.86662E-03
175. 0.16636E-03 0.13212E-02 0.20495E-01 0+10220€E-02
200, 0.18555E-03 0.15973E-02 0.18064E-01 0.11932€-02
225. 0.20556E-03 C.19075E-02 0.1608 LE-O01 0.13776E-02
250. 0.22637E-03 0.22523E-02 0«14527€-01 0.15662€-02
275. 0.24559£-03 0.26461E~-02 Ge13314E-01 0.17120€-02
300. 0.2618lE-03 0.30970E-02 D«12415E-01 0.1782TE-02
325. 0.27559%-03 0.35893E-02 0.11798€-01 0.17934E-02
350. 0.28625E-03 0.40926E-02 0.11354€E-01 0.176322€~-02
375. 0.29533E~-03 0.45745E-02 0a11117E-01 0.17150E-02
400, 0429972E-03 0.51085€E-02 11076€-01 0.15877€~-02
425, 0.30139E~-03 0.56318E-02 0.1125%E-01 0.14331€~-02
450. 0.30097E-03 0.681524E-02 0C11711E-01 0.12572€E-02
475, 0.29890E-03 0.6615%E-02 0.12336E-01 0.10947E-02
500. 0.29534E-03 0.69866E-02 0.13081E-01 0.95439€-03
525. 0.28983E~-03 0.72861E-02 0.13947E-01 0.82659E-03

INSD-7089-1

1v-28
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THERMIKELFCT R

i
PASNTE, P TYPE MATFR
Qﬁsrsrlv1§$t253<tggsaii

METRIC UNITS

TEMPERATURE caéggﬁggéur
DEG C VILT/IFG 2
75. 0.83653F-04
110. Ne962345-04
125. 0.,10512F-03
150, 6.11052F-03
175. 0.1182KF-03
200, N.12763F-03
225. 0.13635E-03
250, 0.14650F-073
275, N.15444E-03
390, N,16733F-03
325. 0s177076-03
350, 0.18707F-03
375, 0.19567F =03
430, 0.20317F-N3
425, 0.21115F-03
450 0.,21727F-03
475, 0.22204F=03
590, 0.2254%E- 0%
525, 0422744E-03
550, N.22766F-03
575, 0e22649F-03
600, N.22745E-03

Table IV-24

C PrnovEe R T Y

MATFRTAL 2p
SOTNPES TOENTIFICATIGN TENP-NO-573
TAL MANUFACLTURED

CIENT MEASURED PV 4
CONDUCTIVITY MFASUR

(hf_

ECTRI
[STIV
M—-C"
Nel23]9F=07
Ne L34€2F=-0D
Ne14605F =02
Ny 1S5TENE=0?
0.16962F=-n7
ND.18191E-02
0.1950}E-02

TRICAL
& TIvVITY
—~C

2=

0.20890E-02

Le22351FE-07
0. 23R8G93E-N?
Ne 25559k ~0¢
Ne27430F-07
062936 4F~C2
0.313235-07
0.33185E~-r2
Ne3498B1F-02
Ge36811E-07
N.3BSE5E-02
0,40269E-02
Ne 41 TC&F-02
Deb425B8F=-02
Ne 43394C-N2

'INSD-T089-1

Iv-29

3Y 34, “FR. CANE MO,
JANUARY 1944,
g0 Hy aM, DICENpES

cE 3
h/CM DF, L
Ne21025%-71
01050 1E-01]
N 18272111
0,17164E-01
Ne16D69F-01
N 1F062F-01
Netallhr=0]
N.132A1F=-51
0s120695E-01
fe11824F=01

D.11251F-01
0e10797F-01
DelCH1AE=-0]
0,1C339F=-01
0.10261F=-21
NDel038TF-DY
0,10760F=01
N.1130aF=01
N.12025F=-31
0.12935F-M
De14109F=0]
D.153N4E-D1

N AT A

ap,
19513,

FIGUR
OF MERI
1/9EG
Ne?TO O =
NeAR1THE=03
Nad160TE=-03
N445185€6-073
N.91840F =07
N . RA496AFE-N3
0.68C21F-N3
Ne1THTSE-03
NeRTRR2F=NT
0.291"7F=-03
0.,11Nn05F=-0N2
D,11816F 22
0e1249NF=12
De127T1F=07
D.13106F=0C2
De12971F=12
Ne1245PF=02
J.11A52E-02
Na12633F=02
NeIBIANF=N]
0.85369F=-013
2.77905¢=-n13

F
T
C



THERMODELECTRIC
MATERI AL
S TOPES TUENTRIFLCATICON TEDP-00-60
MANGFACTURED BY 3M

METRIC UNIT
TEMPERATURE
DEG C

15,
10C.
125.
150.
175,
200.
225,
250,
215,
300.
325,
350.
3ts.
400.
425,
450,
4175,
500.
525,
550.
575.
600.

0.83653E-0%
0e96234E~04
0.10512E-03
0.11052E-03
0.11886E-03
0.12T63E-03
0.13685E~03
0e14650E-03
0.15664E~03
0.16733E-02
O0e17790E-03
0.18707E-03
0.19567E-03
0.20337€~03
Je21116E- 03
0.21727€~03
0.22204E-03
0.22548E-03
0.22744E-03
0+22T05E-03
0.22649E-03
0e22745€E~-03

Table IV-25

3P

IV-30

PRUOPERTY

D AT

A

E N

3M, JANUARY 1966, aés"F¥i CPPEMER

EASWRED ON SNAP L1 ELEMENTS BY M
HIUNHY coulEtl

EHM-CM W/ CM=3EG C

0.12319€~02 0.17884E-01
0. 13462E-02 0.17373E-01
0e14605E-02 0.16872€-01
0.157506-02 0.16380E-0L
0.16952E-02 0.15917€-01
0.18191E-02 0e154T4E-0}
O« 19504E-02 0.15053E-01
0.20890£~02 0.16653€-01
0.22351E-02 0.14273E-01
0. 23893E-02 0. 13915E-01
0.25559E=-02 O« 13608E-01
0e27430E-02 0.13417E-01
0.29384E-02 0.13314E-01
0.31323€E-02 0e13342E-01
0.33155€-02 0.13482£-01
0.34981E-02 0.13706E-01
0.36811E-92 0.14036€-01
0.38585E-02 0.14471E-01
Ve 40269E-02 0.15002E-01
0. 41 704E-02 0.15597€-01
0.42588E-02 0.16282€~01
0.43394E-02 0.17053E-01

INSD-T089-1

F

TLE

0.31763€E-03
0.39597€-03
0-44844E-01
D.47347e~-03
0.52357€-03
0.57871E-03
0.63785€E~-03
0.701156-03
0.76917€-03
0.84219E-03
0.90988E-03
0.95092€-03
0.97860€E-03
0.98969E-03
0.99755€E-03
0.98460E-03
0.95418E-03
0.91058€E-03
0.85630F-03
079677E-03
0«73977E-03
0.69915E-03



THERMOELECTR!IC

PBSNTE,

METRIC UNITS

TEMP ERATURE
0EG C

25.

50.

75.
100.
125.
150.
175.
200.
225,
250,
215,
300.
325.
350.
375,
400.
425.
450.
475,
500,
525.
550,
575.
600.
625,

Table IV-26

PRUOPERT Y
MATERI AL 3p

DAT A FILE

1 SOTOPES IDENTIFLCATION TEDP-Q0-63
P TYPE MATERIAL MANUFACTUREO BY 3M, MFR, CODE NO. 3P.
PROPERTY DATA SUPPLIED BY SANDIA, JULY 1968,
AS MEASURED 3Y 3My DECEMBER 1967,
SEEBECK ELECTRLCAL THERMAL f LGURE
CUEFEICIENT RESISTEVITY CONDUCTIVITY OF MERIT
vOLT/DEks C EHM-CM W/ CM-0EG C 1/D€EG C

0.39018E-04
0.54173€E-04
0.67596E~-04
0.79625E-04
0.91502E-04
0.10271E-03
0.,11443€-03
0.12622E~03
0.138306~-03
0.15065€E-03
0.16304E~-03
0.17535€-03
0.18741lE~-03
0.19874E-03
0.20946E-03
0.21877e-03
Ce22699E-03
0.23340e-03

0.87871E-013
0. 10015€-02
O.ll133E-02
0. 12164E-02
0.13198E-02
0« 14199E~02
0.15330€-02
0.16529E-02
0.47900E-02
0.19438E-02
0.21173€-02
0.23131€E-02
0.25300€E~02
0.27691E-02
0+ 30299E~-02
0. 33043E-02
0.,3597LE-02
0.38916€-02

0. 16114E-01
0.15552F-01
0.15103E-01
0.14764E-01
0.14532€-01
0+ 14406E-01
0.14298E-01
0.14243E-01
0.14192E-01
0.14149€-01
0el4121E-01
0. 14114E-01
0.14127€-01
0.14168E-01
0.14236E~01
0.14358€-01
0.14520€-01
0.14818€-01

0.10751€~-03
0.18841E-03
0.27176E-03
0.35303E-03
0e43655E-03
0.51570E-03
0.59742E-03
0.676736-03
0.75288E-03
0.82525E-03
0.88909E-03
0.94183&-03
0.98275€E-03
0.10068E-02
0.10174E-02
0.10088E-02
0.,98649€-03
0.94467€-03

0.23820€-03 0.41923E~02 0.15226E-01 0.88889E-0)
0.24114€-03 0.44828E-02 Ne157T7T1E-O01 0.82246E-03
0.242106E-03 0.477°95€E-02 0« 16463E-01 0.74843E-03

0.24145E-03
0.23912E~-0C3
0.23535€~-03
0.23102¢e-03

0.501865E-02
0.8%2415€-02
0.%4395€E-02
0.86030€~-02

INSD-T089-1

Iv-31

0.17334€-01
0.184386-01
0.19766E-01
0.21388E-01

0.67041E-03
0.59162E-03
0.51518€-03
0.44537E~03



METRIC UNITS
TEMPERATURE
DEG C
5.
120,
145,
170.
195.
220,
245.
270.
295,
320,
345.
370.
395,
«20.
445,
4170.
495,

Table IV-27
THES MOELECTRIC

PRUPERTY
MATERLIAL TAGS

I1SOTOPES JUENTRFICATICN TEDP-00=10A
P TyPt MATERIAL MANVUFACTURED BY 1SOTOrCSe.

SEEBECK
COEFF ICIENT
VOLT/DEG C

0.11268€E-03
0.17310€-03
0.13269E-03
Ocl4143E-03
0-.14933€-03
0.15672€~-03
0.16376E~-03
0.17031E-03
0.17633E-03
0.181328-03
0.18663E-03
0.19081E~-03
0el19442E-03
0.19722E~03
0.19844€-0)
0.19811€-03
0.19708€-03

O« T79461E-03
0.82662E-03
0.85862E-03
C.89062E~03
0.92263£-013
0.955564E-03
0.98984E-03
Te202%58E-02
0.10648E-02
0. k10&5€E-02
0. k1 347E-04
0.11598€E-02
0.11828€E~-02
0.12021€E-02
0.12185€E-02
0. X2814E-02
0.22406E-02

INSD-7089..1

Iv-32

co

TAGS
PROPERTY GCATA MEASURED BY MARTIN, 1966.

THERMAL

W/ CHoDEG L'
0.15194E-01
Ne15257¢c--01
0.15319€-01
0.15381E-01
0. 15444E-01
0.15506E-01
0«.15568€-01

0.15630E-01

0.15693E-01

0.15759E-01
0.15853€E-01
0.15964E-01
0.16115€E-01
0.16331€-01
0.16639E-01
0.17100€-01
0.17698E-0)

DATA

FLLE

0.10517€E-02
0.120178-02
0.13385k-02
0.14601E-02
0.15651€-02
0.16577€E-02
0.17403€-02
0.18090c-02
0.18608E-02
0.18994E-0¢
0.19362€-02
0.19665€-02
0.19832€-02 .
0.49814E-02
0.19422E-02
0.18637€-02
0.17690E-02



W el plaee

METRIC UNITS

TEMPERATURE
DEG C

100.
125.
150.
175.
200.
225.
250.
21715.
300.
325.
350.
375,
400.
425.
450.
415,
500.
525.
550.
579,
600,
625,

Table IV-28
THERMODELECTRIC

PROPETFTY
MATERIAL SNTE

ISUTOPES IDENTBFICATION TELP-00-27

0.25520E-04
0.27650E~-04
0.30181E-04
0.33113E-04
0.36446E-04
0.40042E-04
0.43911E-04
0.48348t~04
0.53525E~-04
0.59162E-04
Ge64927E~04
0. 71000E~-04
0.77542E-04
O0e 84483E~04
0.92040E-04
0.10015E-03
0.10798E-03
0.115326-03
0.12280€-03
0.13086E-03
0.13917€-03
0.14740E-03

0.255%94E~-03
0.276&6E-03
0.30007€-03
0.32343E-03
0« 34601E-03
0.37104E-03
0. 39843E-03
0.42787E-03
0. 95940E~03
0.469<96E-03
0.%3859E-03
0.98787€E-03
0.64C01E-03
0.69614E-03
C.¥5038E-03
0.80432E-03
0.86149€E-03
0.92260E-03
0.98610E-03
0.10514E-02
O.Lk1183€E-02
0.11882€E-02

INSD-7089-1

Iv-33

DECEMBER

P _TYPE MATERIALy CAST SNVE MANUFACTURED BY ISOTOPES.
PROPERTY DATA MEASURED BY MARTIN,

THERMAL

CONDUCTIVITY

W/CM-DEG C
0.75115€£-01
0.73525E-01
0.71714E-01
0.69683E-01
0.67430€-01
0.65128E-01
0.62767E-01
0.60155E-01
0.57192€E-01
0,53986E-01
Ce 50609E-91
0,47051€-01
0.43528E-01
0.39947€-01
0.36805E-01
0.33968F-01
0.31627€E-01
0.29830E-01
0.28414E-01
0.27253E-01
0.26317E-01
0.25236€-01

DAT A

1966.

FILE

0.33877E-04
0.t 7342E-04
0.42202E-04
0.48641E-04
0.56931E-04
0.66352E-04
0.77100E-04
0.90817E-04
0.10904E-03
0.13099e-03
0.15465€E-03
0.18225€-03
0.21584E-03
0.25666E-03
0.30674t--03
0.36714E-03
0.42793E-03
0.48324E-03
0.53821E-03
0.69779€-03
0.65805€~-03
0.72461E-03



THERMOELECTRIC

METRIC UNITS
TEMPERATURE
DEG C

O
254
50.
75.

100,
125,
1504
175.
200.
225.
250.
275,
300.
325.
350.
375.
400.
425,
450.
4175,
500,
525,
550.
575,
600.
625.
650,
675,
700,
125.
750.

Table IV-29
PROPERTY
MATERIAL SIGE

ISOTOPES IDTHTIFICATION TEDN-00-23
N TYPE MATERIAL MANUFACTURED BY RCA

SEEBEC
CErhEIoNy
~+16557€E-03
-« 17682E-03
-+18796E-03
~«19899&-03
-+20990E-03
-+22070€-03
-223138¢c-03
~+24195€E- )3
~«25240E-03
-« 26260E-03
-«27258E-03
-«28238E-03
~+29201lE~03
~+30147€-03
~«31083E-03
-+3200N0E-C3
~+32887E~-03
~«33730E-03
~ e 34463E-03
~e34862E-93
-«35007€-03
-+34886E-03
-+34598E-03
~e34278E-03
-«33928E~03
-+33570€-03
-¢33192E-03
-«32768E-03
-+32306E-03
-« 31853€ 03
-~e31408-03

CIRECAL
R a_axlTY
0.16467E-02
0.16930:-02
0.17585€-02
0. 18433€£-02
0.19473E~-02
0.20707€-02
0.22134E-02
0.23753€-02
0.25566E-02
0.2750T€E-02
0.29732€--02
0. 32094E-02
0e34642E-02
0.37379E-02
0.40307€-02
0.43438E-02
0. 46906E-02
0.51243E-02
Oe 54045€£-02
Ue $5035€-02
0. 54892E-02
0.54204E-02
0. 92925E-02
O0e51258E~-02
0.49139E-02
0.46363E-02
0.430586-02
0.40428€-02
0.38002E-02
0. 35749E-02
0.33673E-02

933%

INSD-T089-1

IV-34

PROPERTY DATA MEASURED 8Y RCAn NOVEMBER 1965,

THERMAL

CONDUCT IVITY

W/ CM-DEG C
0-51825€-01
0.50977€-01
0.50121€E-01
0.49256E-01
0.48382E-01
0.47499E-01
0.46608E-01
O0.45708€-01
0.44799E-01
0.43995E-01
0.43255€-01
0.42559€E-01
0.41906€E-01
0.41258€-01
0.40557€-01
0.39873€-01
0.39332&-01
0.38790€-01
0.38446E-01
0.38154€-01
0.37672E-01
0.37510€~01
0.37249E-01
0.37013E~-01
0.36818E-01
0.36749€-01
0¢36764E-01
0.36754E-01
0.36762E-01
0.36918E-01
0.37211E-01

DAT A

FILE

o441
L/DEG C

0.32123€-03
0.36229€E-03
0.40086E-03
0.43612€8-03
0.46762E-03
0+49520E-03
0.51896E-03
0.53917e-03
0455624E-03
0.56878E-03
0.57773€-02
0.58380E-03
0.58735€E-03
0.58933€E-03
0.59099€-03
0.59121E-03
0.58623E~-03
0.57407E-03
0.57:60E-03
0.57881E~03
0.69262E~-03
0.59857E-03
0.60720E-03
0.61933E-03
0.63624E-03
0.66i42E-03
0.6959TE-03
0.72260E-03
0.74708E-03
0.76879E-03
0.78716E-03



P I
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THERMOELECTRIC

METRIC UNITS

TEMPERATURE
DEG C

1175,
800.
825.
850.
875.
900.
925.
950.
975.

Table IV-29 {Cont.)
PROPERTY
MATERIAL SIGE

[SATOPES IDENTRFICATION TEON-00-23
TYPE MATERIAL MANUFACTURED BY

SEEBECK
CEFFICIENT
VOLT/DEG C

~+30947€-03
~«30461E-03
~e29937€--03
~e29435E-03
-+28896E-03
~«28348E-03
-«271788E-03
~«27216E-03
~+26631E-03

SR
BHM--CM
0. 31 754E-02
0.29981E~J2
0.28350€E~02
0.26836E-02
0.25432E-02
0.24037E-02
0.32694E-02
0« 21403E~-02
0.20161E-02

INSD-7089-1

Iv-35

N RCA
PROPERTY DATA MEASURED BY RCA,. NOVEMBER 1965.-

THERMAL

CONDUCT IVITY

W/CM-DEG C
0.37637€-01
0.38181E-01
0.38873€-01
0.39766E-01
N.%0816E-01
0.41874E-01
0.43002€E-01
0.44200E-01
0.45469E-01

DATA

F1LE

ok NERT

L/DEG
0.80133E-03
0.81058E-03
0.81434E-03
0.81195€-03
0.80437E-03
0.79838€-03
0.79125E-03
0.78300€-03

0.77368E-03

E
 {
C



THERMOELECTRIC

[74]
m
nm

c
«17253E-03
«18425€-03
«19586E-0)
«20735E-03
«21871E-03
«22996E~-03
«24110€E-03
«25211E-03
«26301E-03
«27363E-03
+28403E-03
«29425E-02
«30427€-03
«31413E~03
«323d8E-03
e 23344E-03
«342A~9E-03
«35199€-C3
«35910E-03
«36326E-03
«36477€-03
«36351E-03
+«36051£-03
«35718E-03
«35353E-03
«3498(0E-03
« 345 86€E-03
e34144E-03
«33663E-03
-+ 33191E-03

]

Table IV-30

£GP MM Y
CTe JUNE 1766,

SSIE
GHM-CONM W/CM-DEG C
0«19368E~02 0.51825€E-01
0. 9909E-02 0.50977€-01
0.20679€-02 0.5C121E-01
0.21673€~-02 00 49256E-01
0.22901€E-02 0.48382E-01
0.24353€-02 0.47499E-01
0.26029€-02 0.46608€E-01
0.27934E-02 0.45708€E-01
0. 30065E~-02 0.44799¢E-01
0.32407E-02 0.43995€-01
0.349656-02 0e43255€-01
0.37743E-02 0.42559€-01
0.40739€-02 0«41906E-01
0.43958E~-02 0.41258€-01
Qe 47401E-02 0.40557E-01
0.51083€E-02 0.39873€-01
0.B55161E-02 0.39332€-01
0.860262E-02 0.38790€-01
0.63557E-02 0+ 38446E-01
0.64721E-02 0.38154E-01
0.84553E-02 0.37672¢E~01
0.63743E-02 0.37510€-01
0. 62239E-02 0.37249E-01
0.60279E~-02 0.37013e-01
O0.B7TT788E-02 0.36818E-01
0.54522€-02 0<36749E-01
0.50637€E-02 0.36764E-01
0e47543E-02 0e36754E-01
0.44690E-02 0.36762E~01
0.420%2E-02 0.36918€-01

INSD-T089-1

Iv-36

PROPERT Y
MATERIAL SIGE
OTOPES IDENTRMFICATION TEDN-00-238

DAT A

FILE

0.29658E-03
0.33449E-03
0.37010€-03
0.40266€E-03
0.43174€E-03
0.45720€E-03
0.47914E-03
0.49780E-03
0.51356E~03
0+52514E-03
0.53341E-03
0.53901€-03
0.54228E-03
0.54411E-03
0.54564E-03
0.54585E-03
0.54125€-03
053002E-03
0.52774€E-03
0.53439E-03
0.54715E-03
0.55264£-03
0+56061E-03
0.57181E-03
0.58742€E-03
0.61067e-03
0.64256E-03
0.66T7T16€E-03
0.68975E~03
0.70980E-03

fisa.
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METRIC UNITS

TEMP ERATURE
DEG C

7504
175,
800.
825.
850.
815.
900.
925,
950.
975.

THERMUELECTYHRTCG PRCPERTY DAT A
MATERIAL SIGE
150TUPES IDENTIFICATICN TEON-00-23B
ANUFACTURED BY RCA., PRURERTY DATA SAME AS
SGEFFICIENT INCREASED 4.2 PERCENT AND RESIST
FIVE YEAR LIFE EFFECT, JUNE 1966,

CGEFFICTENT  RESISIVETY  CONDUCTIVITY
VOLT/DEG C OHM-0OM w/CM-DEG C
-+32727€-03 0+ 39600E~-02 0.37217€-01
~«32247E-03 0. 37343E-02 0.37637€~-01
~«31741E-03 0.35258€-02 0.38181E-01
-+31216E-03 0.33339€-02 0.38873E-01
-+30671E~-03 0.31556€E-02 0.39766€-01
-+30110€-03 0. 29909E-02 0.40816€-01
=+29538E~933 0.282686-02 0.41874€-01
- +28955€E-03 0.26688E~02 0.43002€E-01
~.28359E-013 0.251868E-02 0.44200E-01
-~ «2T750E-03 0.23709€-02 0.45469€E~-01

TERIA
SEEBECK
6 PERCENT FO

Table IV-30 (Cont.)

INSD-7089-1

Iv-37

F 1L E

0.7267T7€-03
0.73984E-03
0.74839E-03
0.75186E-03
0.74965€E-02
074265E-03
0.73712E-03
0.73054E~-03
0.,72292€-03
0.71431€E-03



THERMOELECTRIC

METR IC UNITS
TEMP ERATURE
DCG C

O.
254
50.
75.

100,
125.
150.
175.
200.
225,
250.
215,
300.
325.
350.
375.
400.
425.
450,
4715.
500«
525
550.
575.
600.
625.
650.
6175.
700.
725,
750.

Table IV-31

PROPERTY D AT
MATERIAL SIGE

I SOTOPES IDCNTAFICATLON TEDP-00—24
P TYPE MATERIAL WMANUFACTURED BY RCA

PROPERTY DATA

0.11420€E-03
0.11994E-03
0.12551E~-03
0.13101€~03
0.13644E-03
0.14181€-03
0.14710E-03
0.15233E~03
0.15749E-03
0.16273&-03
0.16799E-03
0.17326E-03
0.17852€-03
0.18362E-03
0.18822E-03
0.19284E-03
0.19718€-03
0.20133€E-03
0.20553€-03
0.20965t-03
0.21368&-03
0.21762E-03
0.22150€E-03
0.22533e-~03
0.22909t-03
0.23278E-03
0.23642€-03
0.24025-03
0.24411E-03
0.24T73~-03
0.25114E-03

MEASURED 8Y RCA,

CIR
aié
0.94571E-03
0. 97299€-03
0.10015€-02
0.1031%E-02
0. L0625E-02
0.209%9E-02
0.11266E~02
O. k1636E-02
0e 119689E-02
0.12380€-02
0. 12800€E-02
0.13231E-02
O. k3680E-02
0.14138:-02
0. 14586E-02
Ue 15042E-02
0.15503E-02
0.159T1€E-02
0e 16445E-02
0o 16926E-02
0.h7413E-02
0. 17906E-02
0. 18406E-02
C.t8913:-02
0.19425€E~02
Ce 19945E-02
0.20474E-02
C. 21033€-02
0.21642E-02
0.2215%E-02
0.226064E-02

ELE LCAL
RESI VITY
&4 M

INSD-T089-1

1v-38

NOVEMBER ~ 1965.

THERMAL
RS
0.58381€E-01
0.57758E-01
0.57135E-01
0.56512€-01
0.55889E-01
0.55266E-01
0.54644E-01
0.54021E-01
0.53398€E-01
0.52813E-01
052252E~01
0.51709€-01
0.51183E-ul
0.50667E-01
0.50149€E-01
0.49640E-01
0.49140E-01
0.48648E~-01
0.48188E-01
0.477456-01
0.47321E-01
0.46914E-01
0.46503E-01
0.46075E~-01
0.+5647€E-01
0.45219E-01
0.44792E-01
0.44396€E-01
0.44012E-01
0.43778€-01
0.43687E-01

A

F

1L E

oe 48815
1/D0€G C
0.23663E-03
0.25598E-03
0.27528E-03
0.29447€-03
0.31349E-03
0.33231E-03
0.35087€-03
0.36914E-03
0.38711€-03
0.40473€-03
0.42196€E-03
0.4#3878€E-03
0.45516E-03.
0.4#7070E-03
0.48484E-03
0.49806E-03
0.510356-03
0.52171€~03
0.53307e-03
0.54390E-03
0.55414E-03
Ce563T6£~-03
0.57318€E-03
0.58265E-03
0.59187£-03
0.60084£~03
0.60956E~03
0.61812¢6-03
0.62648E-03
0.63278E-03
0.63701E-03
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THERMUELECTRIC

METRIC UNITS

TEMPERATURE
DEG C

775.
HOC,
825,
850
815
300.
925,

Table IV-31 (Cont.)
PROGPERTY D AT
MATERLAL SIGE

ISOTOPES IDENTHFICATLICGN TEDP-00-24
P TYPE MATERIAL MANUFACTURED BY RCA.

cotft JESt
VOLT/DELG C
0.254061E-03
Ced5823E-03
0.26199t-03
0.265360-03
0.268726-03
0.27200F-013

027519~ 13

PRUPERTY DATA MEASURED 8Y RCA,

Et
RES
0.231976-02
0.23774E-02
O0e24346E~-02
0424917€-02
0.25494E-02
0.26110£-02
0.26753E-02

INSD-T7089-1

1v-39

NOVEMBER 1965,

THEK
CUNDUCT
W/ CM-D
0.43634E-01
D.436152-01
0.43761E-01
0.44072E-01
0.44557E-01
0.45278E-01

0.46210€E-01

MAL
IVITY
£G

G O

1 i

m

+ IGURE
°1/bEc ¢
0.640486-03
0+64334F-03
0.64378E-03
0.64122E-03
0.63569E-03
0.62579E~03

0.61256F-03
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CHADTER V

Therinoelectric Comput i

A series of paramectric studie= were perforiacd utilizing the
Isotopes llicrinoelectric code (refercnced in ¢ npfer 111 and Ref, 5)
in conjunction with five combinations of the therinoelectric property
data presented in Chapter IV. Table V-1 sunnasvizes the independeat
variables used in thc parametric studies for five matc-ial combinitionrs.
The five material combinations were selectad {o represent the material
combinations of greatest interest for power producticni at present, The
early Isotopes SNAP 19's were built with 2N and 2P thermoelectric
materials while the Isotopes Nimbus B SNAP 19 radioisotope fueled
generator (RTG) contained 2N and 3P thermoeleciric materials. Isotopes
SNAP 11 RTG's were built with 2N and 3P the: uuvelecirics as were
early modules of the SNAP 29 program. Later SNAP 29 modules plus
the Pioneer SNAP 19's contain the 2N-TAGS/SuTe material combinations.
RCA has built and tested hardware with SiGe siunce the SNAP 10A program,
3N and 3P are employed by G.E. in the SNAP 27 RTG.

The range in hot junction temperatures was selected to encompass
the highest and lowest practical operating temperatures, The efficiency
of the thermoclectric device increases as the hot junction temperature
increases. However along with the increascd cfficiencies, the material
degradation normally increases. Therefore the maximum ho. junction
temperature is obtained through trade-offs involving degradation, efficiency,
heat source temperature, and life. The minimum hot junction was selected
to include normal end of life teraperatures (i.c., temperatures drop as the
fuel decays) of RTG's presently being desigi.ed. In the case of the SiGe
calculations, the maximum hot junction was sclected to be consistent with
' planned and existing heat sources.

INSD-7049-1
V-1
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TABLE V-1

Summary of independent Variables in Thermoelectric Calculations

Materials

2N /2P

2N /3P

2N /TAGS*

SiGe /SiGe

3N /3P

“LignTe

Property

Data Used

TEDN-00-34
TEDP-00-44

TEDN-00-34
TEDP-00-60

TEDN-00-35
TEDP-10A-27

TEDN-00-23B
TEDP-00-24

TEDN-00-52
TEDP-00-60

Hot Junction
Temperature
(°F)

850, 950, 1050
900, 1000, 1100
850, 950, 1050
1200, 1400, 1600,

1800
900, 1000, 1100

Cold Junction
Temperature
(°F)

200, 300, 400, 500

200, 300, 400, 500

200, 300, 400, 500

500, 700, 900, 1100

200, 300, 400, 500

Total Contact

Resistivity

Divided by Element

Length 2
(L2-cm”/in)

0,3000,6000, 12000

0, 1500, 3000,6000, 12000

0, 1500, 3000,6000. 12000

0,2000, 4000, 8000

0, 1500, 3000, 6020, 12000

"$00d S1 39Vd TYNIOIHO 3HL 4O ALNIEIONTO¥d3A §
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REPRODUCIBILITY OF THE ORIGINAL PAGE IS PO

The range of cold junction temperature vos sclected to enconpass
practical space R'I'G operating temperature:,. ' wer cold junction tenpera-
tures are not practical for space RTG's becav e of large radiator re-

quirements. However in the design of tericesiricl R'T'C's, the cold junction
may be less than the range given becausc of culianced heat transfer to the
environment and less emphasis on weight (hence larger heat rejection
subsystems). YFor the PbTe and TAGS materials, the highest cold junction
was selecied to indicate the temperaturc at which the performance begins to
decrease very rapidly resulting in decreascd specific powers. The upper
limit of the SiGe cold junction was selected as an upper limit of the cold
junction temperature of a SiGe stage in a cascaded system.

The contact resistivity divided by the element length (C. /L) was
selected to enable consideration of true contuct effects’ as well as material
property degradation. Thus, the beginning of life performance and normal
end of life performance can be predicted for prictical element lengths
from 0,10 in-1 inch. The contact resistivity will typically increase
with time as the thermoelectric device degrades. Beginning of life values
of Cr for each material combination are obtained by comparing hardware
performance with analytical predictions. The CT /L’ hence CT’ which cor-
relates the measured power output is used for beginning of life perform-
ance predictions. It is apparent that the contact resistivity calculated
from experimental performance is dependent on the material property data
employed. Therefore, applicable materiul property data must be specified
at the same time that a design value of contact resistivity is specified.

Table V-2 indicates typical beginning of life contact resistivities for

INSD-7089-1
V-3



TABLE V-2

Typical Beginning of Life Conluct Resistivilics

Material Property Data
Combination Identification
2N /2P TEDN-00-34
TEDP-00-44
2N /3P TEDN-00-34
TEDP-00-60
2N /TAGS-SnTe TEDN-00-35

3N/3P*

GeSi

TEDP-10A-27

TEDN-00-52
TEDP-00-60

TEDN-00-23Bx**

TEDP-00-24

Beginnixég of Life
(pR-cn®) Total
Contact Resistivity

15003000
-750-20
0->1750

0-100

-400-0

~0

Source

SNAP 19
Nimbus II

SNAP 29
SNAP 19

SNAP 29
SNAP 19
Pioneer

SNATP 27
Electrically
Heated
Generators

RCA Supplied
for Multi-
Hundred

Watt
Proposal

*This combination_of property data predicts the electrical power at

C

\

1 = ~400 p/cm? but predicts an efficiency lower than SNAP 27,

** TEDN-00-23B data is used for 5 year life.
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each of the five material combinations. Also indicaied in Table V-2 iy
the applicable property data and the source of the duta,

The negative contact resistivity reported for the 2N and 3P thermo-
electric material simply indicates that this mutferial combination produces
more power than theorctically possible when utilizing the notea property
data. This negative number does not mean that a physically puzzling
negative resistance exists at these bonds, The reported negative C'l‘
implies that the material property data used is inaccurate,

The total contact resistivity consists of resistance at the hot and
cold end of each element of the couple. The values of the calculated thermo-
electric parameters depends on the distributon of the total contact resistance
in each of the four locations. The hot juncticn bond and the p leg bonds have
traditionally exhibited higher resistance than the cold junction and the n bonds
respectively. Therefore, in all of these calculations, the distribution of the
total contact resistivities was allocated as shown below. As new materials
and/or bonding processes are developed, the allocation of the contact resis-

tivity must be re-examined for accuracy in describing experimental results,

N hot junction = 5/18 Cr
P hot junction = 10/18 Crp
N cold junction = 1/18 Cr
P cold junction = 2/18 Cr

For the segmented 2N-TAGS/SnTe couple calculations, the hot SnTe
segiment length was set at 20% of the total element length., Both the SNAP 29
couple and the SNAP 19 couple, whichk were designed for a hot junction tempera-
ture of 1050°F, have SnTe segment lengths of ~20% of the total thermoelectric
element length. The sole purpose of the SnTe segment is to reduce the maxi-
mum TAGS temperature to an acceptable (i.e., TAGS 5.950°F) level while
allowing the N leg to operate at higher temperatures., The net result is a

more efficient couple for operation.

INSD-70089-1
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The calculations “vere performad ulilizing the fixed length-optimized
area option of the thermocleetric code. The significant dependent variables
calculated are: thermoelectric efficiency, power parameter, heat parameter,
instantaneous open circuit voltage per couple, optimum efficiency load
voltage per couple and the optimum shape factor ratio, The ther moelectric
efficiency has been defined previously. The power parameter (PL/NA) is
equal to the gross power per couple (I’/N) times the element length divided
by the sum of the N element plus P element cross section. The heat parameter

(QL/NA) is equal to the power parametier diiided by the thermoelectric effic-

[rpeew .

iency but is presented for ease of calculatiors. The instantaneous open
circuit voltage and optimum load voltage per couple are necessary to describe
the voltage characteristics of the thermoelectrics. The final output is the
optimum diameter ratio (DN / DP), where right circular cylinders of equal ‘
length are assumed. The significance of this term is that ite square is the
optimum shape factor ratio (equal element lengths) discugsed in Chapter III,
The diameter ratio is used in conjunction with the sum of the element cross
sections to size each individual element.

Tables V-3 through V-7 present the results of the thermoelectric
calculations conducted for this design manual.

Figures V-1 through V-10 present the calculated thermoelectric
efficiency as a function of hot junction temperature, cold junction temperature
and CT L Note that the efficiency of each malerial combim tion is presented

in two figures, The low C are presented on the first graph and the higher

T/L
CT/L are presented on the second figure for clarity.
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TRELE L -3

SUMMERY OF THERAMOELE &

OUIPLE PERI Q&H1AINCE

N/ e,

P AFAMETERS

TEON-00-34 [ TEDP-00- 44

ORPTIMUM EFICIENCY OPERHTION

T Te ir 7 T/E 5: % : Eoc &L "DD—“‘;
°F °F  LynCMin % warrs/in lwarrs/in] vocrs | vecrs
850 200 0 .38 /.59 /9,7 . 767 0967 /.03
3000 7.25 /. 33 /8.3 .67 094/ | s 00
6000 G. 4/ /1 /7.8 L 6T . 0926 . 982
12000 5T 20 .e82) /7.0 . /67 .a704 . 953
300 o 7 323 /.70 /85,0 . /50 L0872 | /.00
3000 6.50 P37 | 4 e rry, L I8 4
%000 5784 .&876 | /4o . /50 . 0837 . 9646
/2600 APYA . A8 /3.3 . /850 L0820 . 9o
4oo o &, /5 . 706 //. 5 12 L0753 . 788
3000 S 5 AL /. 729 .o739 . 967
sooC S.085 . S¥2 vo.7 129 .o730 . 953
12000 4. 28 Lol s0.3 729 o7 . 728
500 o < 8o , Hos 8.49 | /085 L0612 G
o000 4 38 360 B.20 L /05 L0603 . 959
6000 403 . Fee goo | .s/08 L0596 . Dbk
/2000 .47 , 266 7.66 -x3 LOS5ES . 923
IS0 200 o 8. 94 /.93 2/.6 . /98 Lord /.0l
3coo 7.92 /. 65 20.8 . /98 L2 9P
Goouo 7,70 /. W co.2 . /98 /10 .77
/2000 5.9 /o4 /9.4 . /98 /07 . F49
3co o 7. 99 /.39 /74 .81 /08 . 991
3000 7./9 .21 /6.9 -7 /032 L P T
G000 6. 5% s07 /6,4 Y-y, Y, . 957
12000 £.53 . 869 /87 . /817 L0992 . 736
<00 o &.87 957 | /3.9 . /@0 o929 G774
Jooo 6.27 . O /3.5 ., /60 L O3 . 76O
so00 5,76 . 758 /3.2 . /60 Lo299 Y]
12000 <4 96 w285 | /2.6 . /60 Ry
500 o S.co /3 /70, 9 /24 LO788 LA
3000 5./5 , S48 /0.6 . /36 L0776 L E2
G000 477 . G5 0, o , 3% L0768 . 738
/2000 4,1/ 72 9. 90 /36 o752l 219
[NSD-T089-1
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TRE8LE X -3 (CoNTD)

N/ epP TEDK - 00- 34 /[ TEDP-00 - 4.4 ,
7 T, £r >7 £ L £ E On
Y c > T/e | 7R %‘E oc & Dp
°F °F lyncem® % \worrs/in jwarrs/in] vocrs | vocrs

1050 | eoo o g.25 | 224 | 243 | 227 | .r30 . 997
] S0co &.20 /. 95 2385 227 128 . 940
G000 7.52 1.7 22.9 . 227 . /24 . 966
/2000 6.38 /. 39 22.0 227 WEY . PES

300 o 8.36 /. 6& go./ . 220 . /80 .78/

3ooc 7. 60 /. ¥8 /9.5 270 . /19 . 963

GO0t 6.97 /.33 7%.0 .&/0 .277 952

r2occC 5.97 /.09 /8.2 . 2/0 IS . 9323

400 o 7. 30 /.2l /6.4 . /90 709 . 966

So0c 6.7/ /. & /6.1 . /90 L7007 . 950

Go” é.20 . 978 /5.8 ./ 90 /06 . 9+do

1206C £.39 . &/9 /5.2 ./90 1O .92/

So00 o ¢.09 .&00 | /3. LSS L0944 | 958

Sroc £.68 , 750 /3.2 A L0934 | . PLL
moce 5,08 . 683 /3.0 SGCE 0927 P34
/E00C 46/ . 579 /.5 L1765 0912 . P75
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SUMMARY CF THERMOE &7+ 1.

TRBLE T-4

COUPLE PERFORMENCE

2N/ 3P

LA NEE TR

TECN-CO-34 / TEDP 20w

OLTIMUM EFFICIEN Y ZPERITION

v

| e [E2 ] M| B (85 [ R | B [ 2
°oF or  lyncminl % wArrs)inwarts)inl vocrs | voers
goc 200 o 7.32 /.38 /8.9 SEY o870 | /.06
/500 &.77 A-X3 /8.5 /54 , 0860 | /O
3000 6. 30 /114 /8.1 . /54 .oeso | L o2
6000 5.53 972 776 L /5 L0841 .995
/2000 ol . 750 /6.9 . /54 0822 , 954
Joo o &, 45 /.00 /5. . /38 L0783 /.08
18500 &.00 . 976 /5.3 ./38 LOTFE | /.06
3ooo 5.6/ . 843 /5.0 /738 orel | /o4
6000 4,98 . 7es /4.6 , /38 L0763 | /.02
/26000 4,06 . 569 /4.0 . /38 LT . 978
400 o £.48 . 690 /é.6 ., /20 L0683 1.7/
/%500 £./3 . G34 12.4 , 120 L0677 /.08
3000 .82 . 587 /2.2 /20 .Ce7! /06
6000 + 3 .50 /1.8 L720 Losed | /.03
/2000 3.57 YA /.o /80 L0652 996
500 o 4 e 36 985 100 0569 | 1.72
/500 o 16 , 403 9.648 , 700 o565 | )10
3000 3.93 375 7.53 . 700 o561/ /.08
6000 3.54 . 329 9.29 , /00 08554 | )05
/72000 2.96 r-2A-3 8.94 . /00 L054S /. 0/
/000 200 o 7.92 7.7/ 2/ 6 7y L1702 /.06
/500 7.3& /.56 21.2 . /81 ./70¢ /.08
3000 <.,9/ / #d l0.8 /8 o998 | /.03
&ooo 6./3 lLed 2o.2 181 , 0988 . 999
12000 &.02 . 785 /9.5 , 78/ 0973 . 959
3o0 o 7 08 L30 /8.3 . /68 L0934 | /.09
/500 6.64 /,/9 /8.0 . /65 0723 /.07
3000 .24 /70 7.7 168 | 0916 | L oS
é6oco 5.58 A /7.2 . IS ,0%03 /o2
/2000 . 62 . 764 /6.6 /68 |, 0886 . 984
INSD-7089..1

V-9




TABCE -4 (CoNT D)
SN/ 2P  TEDN-00- 324/ TELDP -00-60

Z e | | T |5 | B | fee | A& | 2
°f °orr  |ynem®/ml % warrs /in \warrs/iN| vocrs | voers
yZ=Yala) 400 ¢ &. /¢ G432 /5.3 LIHT o832 vy
/857 £79 E7E /5.0 W4 08285 /.09
3o S5.47 -V 74,8 LT .08/8 /.07
G0 A4z .73 J o o SAT oot | s.04d
/2C0C L, 18 , 573 /3.9 SHT L0798 /.00
e c S04 . GHS /2.6 ./é7 .07/9 /.72
/1 80¢ L 86 . 6CO /2.3 /T o713 /.70
Fecr ey . 56! se.2e 27 o708 | /.08
Goc . /8 . A9 /1.9 .27 o700 |l s o5
120C ¢ 3.53 . oo /L& .27 L0688 /.02
1/0C o o E.30 2.04 LA . P06 ) o7
/50c 778 /.e& 241 .206 SIS /.08
3o 7.32 /.74 23.7 , 206 s /03
Goc. o G.54 /. 51 23.1 , 206 r- VA Y
/ECCS S.4/0 /. 2o 2e.ée 206 .1/10 .96 E
oo o 750 /. 6o 2/ 2 /90 /07 /. 08
VI 7 06 /. 48 20.9 . /90 , /6 /.07
Joc G. 67 /.27 20.6 . /90 . 705 /. 08
G n G.ct YA} co.l . /90 L /04 /.08
/20c ¢ S.cl .9¢9 /9.3 /790 /02 .988&
seoc o 6,62 /e /8.3 /72 097/ | 1./0
-Tola &.285 /. /& /8.0 {4 .0963 /.08
Soc 5. 93 x-Xe /7.7 L7 , 0956 /.07
booo .27 .97 /7.2 L 172 L0949 | s 04
reece </, 53 754 /6.7 72 L0932 | /.00
Soo o 5,65 .76 /5.5 /52 08574V 1114
/8ac £ 35 .817 15.3 . /52 08501 /09
Scec S, 09 N (A4 /5.1 , 182 O84S ) /.08
Geoce e 682 1.7 ./5¢ L0837 | /.08
1&ccc 2,94 . 6o /4.2 /52 0823 | /.0l
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Samrtberonss

5(//\41\4/-)‘5-1

OF THEAMJECE CTRIC COUFILE PERICORNMANC E

TASLE X - S

—-

LR RNMETE ~S

EN/SEnTe - 729G <

TEON-00-35/760F -0/ - 27

OFTIMUM EFFICIENCY OFPERETION

D
AR AR
o4 ofF  Lyncm®/in % warrs/iINlwatrs iIN] voers | vocers

Ees50 200 o 913 /.8¢& 20.6 IO o872} /.33
/Soc 7.97 /. 58 /9.7 /¥o 077 /, 24

3000 7.73 /.37 /9.7 /%0 o782\ /. /9

Gooc 5.90 /.08 /8.3 . 140 L0766 | /.78

72000 A o1 . 768 /7.4 L) L0746 -2

Joo o 7 &8 /.33 /6.8 el i .op2n /.39

/S00 6.95 /.73 /6.2 723 0706 /. 30

3000 G.25 984 /5.8 723 L0GP?T | 1.2

G000 s.2/ . 790 /5.2 s2d - TA-1 /.76

1200¢ 3.95 LE70 ) s o 2 065 | Los

Ao o .S/ .872 /3.4 , /08 L0613 /. A

/500 5. 78 748 2.9 . /08 0602 | /.35

3ooc §.22 659 ’2.6 /08 LOS9L | 4. 28

Goac o e .53k 72.1 /05 o582 / 2/

reocc 3.37 .39/ /.6 /085 0867 /.72

S00 o S 08 E/3 0.2 .08%0 | o094 | /. 48

/500 4.5 LAY G986 | 0840 | 0485 /. 39

3o00 09 . 39+ Fe2 | .o8do | .ok79 | /. 33

Goo0 I8 .J23 7 30 .08 -2’11 /-S4
/2cco 2.69 . 2do 8.89 | .ocedo | o458 /.75

v50 200 o 9.99 2.35 23.5 L6S 0957 ) /.36
/500 B8.84 2.00 f2.¢ /6E o937} /.28

Booo 7.96 /. 7% 22.0 JSCE 0922 /.22

Gooo 6.66 /LY 7.1 WXy o902 | /1.4

/2000 £.06 /.0l 20.1/ 765 0880 /.06

300 o 8. 79 AL /9. € 48 | ,0869 | /o

/Soo 7.83 /. 50 /9.4 L7448 L0847 | 1.32

32000 709 /.82 78.6 . /48 0835 124

Goc o 5.98 rof /7.9 L I¥8 | .08/8 | /8

12000 4,40 784\ 170 . 748 0798 | / s0
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TAELE Z ~ § (coNT D)

SN/ SnTe - 756G TEON-00- XS [780/ - 10A - 27
cr e ‘. - o
7. E XL £ £ =N
g ¢ I 7’75 NA AN 2 « Dp
o °oF yncmBii Y, warrs/ivlwmrzs Jwl  voirs) voers

950 oo o 747 /.22 /6.3 3O Lo760 /. *G
/500 Gl /. 06 /5.8 /30 L0763 27

3000 6.c& I /5.4 ) L0733 /.21
%000 £7 770 /4.9 . /30 L U718 l2E

/2000 Lo LS 14,2 , 730 . 0702 /13

Foo o G.06 . 795 3./ /09 .o0637 /. SO

/7500 (A 75 s27 . /09 LO06oS /. 4y

A000 4 98 .6/9 IE /09 04ar9 / B
G000 o4 26 . 513 2.0 .09 L0C.6 /. EG

YELiYe, 3. 3 ,F85 1.5 . 109 . OSFS /.76

SO ES 2ol o /0.6 2.83 S6.6 /89 1O LET
‘s 7. o& - %4 2s.” ./789 07 /.70

3uco &e.59 SE 28.0 .789 L7006 AL

Gooo 7.26 /.74 2.0 . /789 /04 /. /G

/ECCO S E5E /.28 e2.9 /&9 20/ /el

Jco o Gy a7 ee.9 72 . /00 /.43

/500 8. 50 /. L& ga.2 L2728 o982 AL

3ooco0o 7.73 67 /.6 72 0963 /.28

booc 6.8 /.37 20.€ 778 L0949 /.2¢

’7SCoG Ky Lot /9.6 73 .c928 o 2l

oo o &. 20 /G0 ’9.8 /S LoL92| /.47

/500 7. 39 /.4ho /8.9 , ' Sw o878 [/ 28

Zoco 6.75 led /8.4 LSS .0&e7\| /. 32

Goce 5,78 /.03 /7.8 /5 085/ l2s

J@o0c 4,63 778 77.0 /SH 0830\ /4

Soc o) 6.84 /077 /6.3 AR o772 /.50

/500 6,78 . 978 /5.8 ALK | L0767 /. &1

Beoc 567 877 VZR L /32 o751 | 13

Goco 488 | 730 | /S0 33 | Log39 | 126

/2eee 26| .s53| sids 123 o720l 117
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Lt 7]

ECIMEr b

Vo THERNOELE ' TRIC OO F o ¢

LA "/’-'MFZ/\!CC

LPRIfct NP TE A &

Sige/SiGe TEON-00-238 /)7L, -00-24
OFPTIMUM _EFFICIENCY OF€ELriTION

Bl e | | S| e | 5 | BE
°F er 41&674'/;»/ VA WATTS/IN \wrirTs/in}  vocers VOLTS

/200 500 o dose | 2u7 s0.2 273 A /. #2
2000 2.86 /3! 9. o .&s3 1S /.35

do00 3.0 L “/8.8 213 wrz: /.29

€oo0 2.97 /.42 479 . 273 112 /.27

700 o 314 /.17 2s.2 . /58 L9864 | /.43

2000 2.85 981 | 2+4.7 Y- 0856 /.36

4000 2.58 884 34z . /5E L0848 /.30

000 2.20 . 742 LA Xy 0842 | /.23

Y00 o /.93 LHod | 2o.9 L0969 o532z | /41

2000 i T4 359 | Zo.c L0969 | o527 | /.34

4000 /. Go .3es 20.2 0967 | ,o0524 /. 29

Booc .37 274 g0.0 L0969 | L0518 /.22

7/00 o .663 .o 6.97 0223 | .or79 / 3G

2oo¢ 603 Rz 6.7 0323 | Lwr78 /.20

4000 .552 L0374 .77 | 0322 .or77 | s o8

oo .ees 0307 6.6l | 0323 .or785} 1./9

Y- Tole) Soc o 5.63 J.6E G5, 4 .277 /5 /. 38
coce S 06 2.5 G2 ¥ /50 /.27

4000 Y 2.9¢ L3 2 .277 L /49 /.26

2ooc 3.9 2. 43 &/ 8 . 277 e YAVZ4

700 o A7 2 4 so0.2 223 123 /. 38

2o A.od /.99 9.2 .22 72! /. 32

Qo000 3.70 /.79 48,5 223 /20 /.26

&ecoc 2./7 /. So 475 223 /19 /. 2o

P00 o 3. 28 .77 JFs5.7 6! 09| /.35

2oo0c 2.98 L 3s.0 6! o887} /.29

Qoc ¢ e.73 o 345 | /61 0878 /. 24

&oc ¢ 2. 34 . 790 33.7 A 0869 | /.78

J/¢c¢ c 2.08 A3 216 0905 (o541} /.28

ot /. 8¢ 392 271 0968 o526 /.23

fQooc /L 7c . 353 20.8 0968 0532 /.79
8000 I 2961 zo.3 0968l .os28) /14
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TABLE X - & (CoNTD)
SiGe/SiGe TEON-00-238/TEDP-00-24

(@)
o e | S | e | REs | X | Bee | B | BE
°F °F nem ‘/ :
MM /iN o |warrs/iv|werrs/in| voers | vocers
/@00 500 o 6. 92 5.467 &r. 8 RNy /788 YACK]
2000 6. 285 5,00 go.o0 . ¥ /87 .27
4000 5. 70 .48 78.6 Y 28 | 123
8o00 487 3.73 76.6 2y 182 /. /6
700 o 5.78 J.&: &6.3 287 . /59 -4
2oco o 2 3,o | 449 .e87 187 /.26
4000 «. &0 E A 63 . 2&7 156 | 122
8000 L3 2.56 2.1 . 287 /54 | /76
v00 o a2 2.28 7.6 .22< 226 /.28
2000 oA 20 2,72 2.5 L2285 A /.23
P 7%13) 385 /.97 #9.¢ . 285 22 /.79
8ooo 2.3/ /. 6o ~+8.2 .22 f V1SS Zor4d
7700 o 3.42 /.2& 273 A o097 | f2
So0o 3.1 /.73 3. of L6/ L0876 .78
Joco c.es | soe 3= /G oLe8l J.dL
Eooo 2. 4d Bl FL7 A .0874Y /.70
/800 Sco o &.71 8.7/ /00, . Ao zes | se7
EgoYsle 7 34 7.76 776 Lo 222 /o2
doco 6.7/ AR - 95,7 Lo 220 /79
E00G S 75 5 3 I Lo Tl /73
h{eT5) o %.99 589 L4 2 N /56 126
Fowo L. EE S22 o 2L . 793 =y
4606 s.82 | #4469 20,8 2eg | L9y /7
000 s ol 3.2 78.2 e . /849 /.72
G0 2 5.86 e 9. 3 L2EB 62 7.22
2000 s.52 Soww 276 , S8 . /o0 L r8
Qo0 “ 3 324 | ¢ 3 . L8 L /59 /. rid
CfoTore) 2 2. 7C oo . 2&68 /56 /.10
/100 o A7 2.5& 54,9 L2E3 12 YA
2000 .26 2.°6 £3.4 L2232 L S
doo00 3.9 2.od | 5.2 L2272 V124 /. 70
8000 2 EEl /70 So.6 LIoE /722 /.08
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rAsLE Z-7
SUMMARY OF THERMCELECTRIC COUPLE PERFORMANCE
PRARIMETERS
3N/3F, TEDON~-00-52 /TEDF - 00 - 60
ORPTIMIIM EFLFIC! EA/cy OPLERLITION

| e | S e | G5 | B | fee | & | B
°F °F |yncMn %  |warrs/in[watrs/inl vocrs | vocers

Y00 2oo o 7.00 /. 43 2o0.5 /33 L0748 | 848
/1500 &.3/ /. 26 /9.9 ./33 L0736 839
o000 S, 74 /.12 /9. o . /33 0729 | .834

6000 .85 91| /8.8 ./733 o714 | 828

/2000 3.70 6k s7 9 ./733 0708 . 809

300 o &6.83 /.07 /7. 2 /720 e 78 .E57

7500 s.66 .F48| /6.8 ./20 L0667 | 849
3000 5.9 esol /4. +# . /720 L0660 . G

6000 o dof Jo2 | /58 . /20 0649 | .836

12000 3. 44 2o | /5.4 ./20 0637 | .827

400 o £.38 . 756 N -Xg L0896 } .865

/800 “. 90 .75y /3.8 L /08 L0589 .B8857

3000 S 52 .eo9 | 13.5 . /08 o582 .882

GOGC 3.9 . 509 /3.0 /085 X . 842

18000 3.08 . 383 72.4 SOS L0862 .3/

500 o 437 .90 | /1.2 .088 . 0502 .eare

/500 A o3 L] 0.9 , 088 L0497 L8685

3006 3. T4 Ldao ) a7 088 .odg2 . 859

©000 3.27 338 | so.4 088 o8 | L4

/E000 2.6/ , 258 7.89 088 OLTE .835

/000 Soo o 7. 65 /. 8o 3.6 /58 L0893 . 865
/500 . 98 ,. 60 23,0 /58 L o882 .E57

3000 G.4/ /. el 2.5 , /58 o827/ .50

6000 5.5/ /. 20 2.7 .758 L0856 | 24y

/2000 “#.30 L8R3 zo.8 . /58 o&38 | . 830

300 o 6.7/ /.o | zo.2 HE o829 | .847

/7500 &.35 /. 26 /9.8 LIRS L0873 267

3000 s.87 /1 9. LIHE L0804 859

&o0co 5./0 , 955 /8.7 w2 L0793 L B4

/2000 + 03 72l /7.9 L 14S LOT76 | . 83¢
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TROLE X - 7 (CONT D)

an/3pP TEON-00- 852 /TEOP-00-60
TH Te 'C,Z.L 7”‘ ~5 A Eoc Ee %p
of: °c  lyncemm] Y% warrs/iN| warrs/ml vocrs | voirs
/7000 400 o &%.07 Lo /7.2 /31 LO743 ) L 881
7500 S.e/ 942 /6.8 131 o733 | 874
3000 | S22 .85y | s o . /31 .o7er | . 8c6
%000 4.57 . 728 /5.9 131 o7/5 | 857
/2000 3.67 , 557 /5.2 L1381 .o70! | 843
so0 o S | 73y /4.2 Lored L0648 | 890
/500 o, 7E , G 73.9 s 0640 | , B84/
3000 o, 6 . 609 /3.6 L1114 0635 875
6000 2,94 .52/ /3.2 e 0626 | L85
/200C 3.20 . dod /2.6 N1 o | .88
17100 coo o S.o05 | S./6 26.8 -4 . 704 883
/500 7.42 | 1.94 2¢. & - . 792 E76
3000 6. EE /. 76 es. 7 WP-24 L /701 867
%000 599 | /.49 248 8 0997 | .855
/2000 L7 | 1.3 23.8 184 o976 | . 8441
300 o 736 | /.73 23.5 27/ L0967 | .e9e
/50¢ 682 | 157 23.0 el 0957 | 883
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CHAPTER VI

Sample Design Solutions

This chapter presents three examples of typical uses of the
thermoelectric calculation parametric results presented in Chapter V.
These examples represent three d the most common requirements of con-
ceptual thermoelectric design. Each is presented by first stating the
requirement with the associated ground rules or known parameters, The
second step consists of seiecting independent variables which are not
specified in the requirements. The rationale behind the selection of the
independent variables is presented in the first example but not repeated
in the next two examples where similarity exists. The third step is the

presentation of a typical calculation used in completing the requirement,

Finally, a summary of the resultant thermoelectric parameters is presented.

The three types of examples presented below can briefly be de-

scribed as:

1, Knowing the power and voltage requirement, design an
optimum efficiency RTG.

2, Having an existing heat source and knowing the thermo-
electric material along with the maximum allowable
operat ing temperature, design an RTG for maximum power
at X volts.

3. Having a defined RTG, determine the performance

parameters for a fixed thermal irventory and known cold
junction temperature,

Design Sample No, 1

Requirement: Design the thermoelectric couples of an RTG which will
produce a beginning of life power of 100 watts at 14 volts when operating

at optimum efficiency load voltage.

INSD-17089-1
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Approach:

Material Selection

One of the first considerations in designing an RTG is to select the
candidate thermoelectric material combination(s). Additional ground rules
other than the ones stated above must be specified before materials selec- .
tion can be made. The RTG environment (i,e., earth orbital, terresirial,

lunar surface etc.), heat source technology (i.e., existing design, existing

-

technology, or anticipated technology) and mission life must be known. Ina
typical RTG design, the optimum material combination may not be evident

until conceptual designs for several material combinations have been com-

I

pleted., The materials can then be selected for compliance with RTG ground
rules (i.e., maximum efficiency or maximum specific power or design
simplicity). For the purpose of this example, 2N PbTe in combination with
TAGS/SnTe was chosen to indicate typical design procedure for one such
material combination. The property data used for this material combination
is TEDN-00-35 and TEDP-10A-27,

Parameter Selection

The design contact resistivity is based on experimental data of a system
employing the material combination of interest., The contact resistivity of an
operating thermoelectric device ig determined through the PL /NA parameter,
The PL./NA parameter is calculated by knowing the thermoelectric device design
(1;.e., number of couples (N), element length (L) and the cross section of the
N and P elements (A), and interconnecting wiring resistance) plus the reasured
electrical power output. The power which appears in the PL /NA parameter is
the gross electrical power generated by the thermoelectric elements. To obtain
the gross power output of the operating thermoeliectric device, the following
calculation must be made:

2

P = PN + IRE (Eq. VI-1)
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where; P = Gross electrical power produced by elements (watts(e))
PN = Measured (net) power (watts(e))
I = Measured current (amps)
RE = Measured or calculated interconnecting conductance

resistance (ohms)
After determining the PL /NA at the measured average hot and cold junction
temperature, thermoelectric calculations such as those appearing in Table
V-3 must be consulted to obtain the CT/L which correlates the experimental
data, Once the CT which predicts the experimental data is obtained, per-
formance predictions for other temperatures and T /E designs utilize the

experimentally based C For 2N and TAGS/SnTe, the SNAP 19 and SNAP 29

T
hardware data indicates that a C. 0 should be used in conjunction with
TEDN-00-35 and TEDP-10A-27 thermoelectric data to predict the observed
performance. Therefore CT = 0 will be used in this design example,.

As the hot junction temperature is increased, the Carnot efficiency of
the device increases (assuming a constant cold junction temperature) resulting
in a thermoelectric efficiency increase. Therefore the design hot junction
temperature of the thermoelectric material is usually maximized consistent
with the thermoelectric material stability and heat source compatibility. Long-
life systems will generally be designed at a lower hot junction temperature
than short-life systems. These sample calculations will be performed fcr a
range of hot junction temperatures to show the implications of variable hot
junction temperatures on thermoelectric design. In the final selection of the

sample RTG design, a hot junction temperature of 1050°F, which is consistent

with a short RTG life, will be selected to size the T /E elements,

INSD-7089-1
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The design cold junction temperature selection is usually based on
RTG environment and system considerations. The relative importance of
maximum efficiency, maximum specific power, and RTG envelope will
influence the design cold junction temperature. As the cold junction
temperature is decreased, the Carnot efficiency increases causing a decrease
in fuel inventory, fuel cost and heat which must be rejected to the environ-
ment, However, as the cold junction is lowered the heat rejection tempera-
ture must be lowered. A lower heat rejection temperature necessitates a
larger heat rejection system which increases the weight of the heat rejection
system. If maximum efficiency is of prime importance, major emphasis will
be placed on lowering the cold junction temperature. Howevee, if maximum
specific power is desired, the increasing weight of the heat rejection
system may dictate a higher cold junction temperature. An envelope con-
straint on the RTG heat rejection system will often limit reduction of the
cold junction temperature,

A typical procedure for selecting the design cold junction temperature
includes performing thermoelectric calculations over a range of cold junction
temperatures. From the thermoelectric calculations of thermal energy re-

quired by the elements (QT /E) the heat rejection requirements are determined

as shown below:

Qrej = QT IE + QL - PN (Eq. VI-2)
where: Qrej = Heat which must be rejected to environment (watts(t))
QT E © Energy required by the elements to maintain the assumed

hot and cold junction temperature (watts(t))

QL = Parasitic heat losses through the RTG at the assumed
temperature (watts(t))

INSD-7089-1
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The size and weight of the heat rejection system which meets the above
requirements must be determined. The weight of the heat rejection system

is then added to the heat source, thermoelectric conversion assembly, plus

any other weights to obtain the total RTG weight. From the RTG weight, the
specific power of the RTG can be determined as a function of the cold junction
temperature. Final cold junction temperature selection can be based on system
design goals such as those mentioned above.

In the design example presented, the cold junction temperature has been
varied from 200°F up to 500°F, The T/E parameters required as input in
determining system weight are also presented (i.e., number and size of counles
plus required thermal energy). System weights will not be determined in this
example due to the detail required to obtain realistic values. However based
on past work with an earth orbital RTG which required maximum specific power,
a cold junction temperature of 400°F is typical and will be selected for this
example. Typical terrestrial generators will have much lower cold junction
temperatures (~200°F or lower) because of: 1) less emphasis on specific power,
2) emphasis on fuel costs, and 3) enhanced heat rejection capability.

The significant geometry factor in thermoelectric element sizing is L/A.
Two approaches which can be taken to design the elements are:

1) Select element length and then solve for optimum element

cross section (element diameter for cylindrical elements)

2) Select element cross section (diameter) and solve for the optimum

length.
The approach taken in this sample is to assume a cylindrical element length
(both elements of the same length for mechanical design simplicity) and then
solve for the element diameters. The element length selection affects the
weight of the T/E module and the resultant heat flux required from the
heat source and which must be rejected by the heat rejection hardware,
Compatibility of the heat source and heat rejection subsystem must therefore

INSD-70:9-1
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be evaluated in selecting an element length. For the purpose of this design
example, an element length of 0.5 inches will be used.

Typical Calculation

The voltage of an RTG is directly proportional to the number of

couples placed in series in the electrical circuit.

VS = Ng Ve (Eq. VI-3)
where:

Vg = Voltage of RTG (volts)

NS = Number of couples in series

VC = Lioad voltage per couple (volts)

For a given RTG voltage requirement (in our case 14 volts at maximum
efficiency) the number of couples in series is obtained by utilizing the calculated
voltage per couple at maximum T /E efficiency (function of hot and cold junction
temperature), The total nunb er of couples in the RTG is obtained by multiplying
the above number of couples in series times the number of parallel circuits.

N = NPN (Eq. VI-4)

S
where:
N = Number of couples in RTG
Np = Number of parallel circuits,
Parallel circuits provide redundancy in the electrical circuit. Therefore, the
number of parallel circuits selected for a given RTG design is dependent on the
system reliability goal. For the purpose of this example, two parallel circuiis
will be considered. The top portion of Fig. VI-1 shows the number of couples
required for a series parallel generator to produce 14 volts when operating at
peak efficiency load voltage. It can be seen that the number of required couples
increases as the hot junction temperature is decreased and the cold junction
temperature is increased. At the assumed design hot junction temperature
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(i.e., 1050°F) and cold junction temperature (i.e., 400°F), the required
number of couples is seen to be 314, Therefore this RTG must have 157 pairs
of therrmoeclectric couples in series,

The instantaneous open circuit voltage of the RTG is

determined by:

EO = NS EOC (Eq, VI-5)
where: EO = RTG open circuit voltage
EOC = Open circuit voltage per couple
NS 157 for the assumed TH = 1050°F and TC = 400°F

From Table 3, the value of EOC is 0,154 volts. The resultant instantaneous
open cirruit voltage of the RTG is 24. 2 volts.

The electrical power output of a thermcelectric device is directly
proportional to the number of couples, couple cross section and inversely
proportional to the element length. For constant hot junction temperature,

cold junction temperature and C the expression for power output at

T/L’
optimum efficiency load voltage is:

P = C1 N A/L (Eq. VI-6)
where: C1 = Umgue constant for fixed I‘H, TC’ CT/L’ and shape factor
ratio
A = Cross section of the Nelement plus the P element

Solving for C1 yields:

c, = BL (., T

, , C ) (Eq. VI-T)
1 NA H’ "C* "T/L

Substitution of Eq. VI-T into Eq. VI-6 yields the following expression for

gross power output of a thermoelectric device.

NA | PL ]
P = ——— ! ‘ v—— (T , T , C ) (E . VI-8)
{Lll [NA H’ "C’ "T/L
INSD-7089-1
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The value of PL/NA (TH, T ) as a function of the independent variables

c Cr/L
ie calculated by the Isotopes thermoelectric code and is presented in tabular
form in Tables V-3 through V-7 for several of the most often used material
combinations. The shape factor ratio (presented in this case in terms of
diameter ratio) associated with the above thermoelectric performance para-
meter is also presented in Tables V-3 through V-7,

The couple cross sectional area required to produce a given power can

be determined by solving Eq. VI-8 for element area and substituting the

known factors in the expression:

1
* g ~‘
A =[ﬂ‘-] L—-IE Ty, Tc CT/L’J (Eq. VI-9)
N NA

Since the power calculated by the Isotopes thermoelectric code only
considers the thermoelectric elements, the net power of the RTG is obtained
by subtracting the extraneous Joule heating power loss (See Eq. VI-1) frecm
the gross power. When designing an RTG to meet a specified net power level,
Joule heating power loss must be considered. For the purpose of a conceptual
design, the Joule losses are usually expressed as a fraction of the gross power
(or net power), Prudent design of the electrical circuit usually yields a Joule
heating loss of 5-%15% of the gross power,

The magnitude of this factor is affected by the weight goals of the RTG.
If a terres.rial generator is being designed where weight is not critical,
larger interconnecting straps will be used resulting in lower losses, However,
in a space RTG where the weight and specific power are very important, the
conductors might be sized to maximize the specific power resulting in lower
weight connectors (i, e., higher losses). The factor which is assumed for
the purposes of a conceptual design must be compared with the predicted
losses when the complete electrical circuit is designed in detail, Adjustments

in the gross power level or thermoelectric element sizing may be required

to obtain a net electrical power which is compatible with the required net

INSD~7p89-1
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In this design example, a factor of 10% will be used yielding the

following:

P = Py + .1P (Eq. VI-10)

Solution of P and substitution of 100 watts as the net power design value
yields a gross power requirement of 111 watts,

The addition of the extraneous resistance in the RTG changes the
E-I characteristics by an effective increase in the internal resistance of
the RTG. The resultant change in the E-I characteristics can change the
optimum loacl voltage per couple. Previous Isotopes experience utilizing an
option in the Isotope thermoelectric code, which generates the E - 1
characteristics of a fixed geometry thermoelectric design, indicates that
the shift in optimum efficiency load voltage is small for reasonable values
of extraneous resistance, Thearefore the gross optimum load voltage is
considered adequate for conceptual design purposes. This means that the
number of couples determined through the gross optimum load voltage is
adequate for conceptnal designs which consider typical extraneous resistance
(up to 20% of the elements resistance).

Substitution of the gross power requirement and the assumed element

length into Eq. VI-9 yields:

. ' 1 -1
55, 5 watt-in PL
A - . - . — (T, TA, C ) (Eq. VI-11)
N (_NA H C T/LJ

Since the numb er of couples required to produce 14 volts is also a function
of the hot and cold junction temperature as shown in Fig. VI-1, the expression

for couple crcss section becomes:

- {n" -‘l

A = 955.5 watts in, PL (Ty, Ty C )-I (Eq, VI-12)

T T NA H’ "C’ “T/L
i \ Ho C - .l

INSD-7089-1
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In most practical cases, the elements are right circular ¢;linders and
therefore cylinders will be assumed in this example. Since A is the sum

of the cross section of the N element and the P element, solution of the

P element diameter in terms of the total cross section and the diameter
ratio (i.e,, thermoelectric calculations output DN / Dp) required for opiimum

efficiency yields:

Dp =/-==—p—= (Eq., VI-13)
N,
D ]
~F 4/
h
The N element diameter is then calculated through Eq. VI-14,
.-—D - — ~a
Dy = | X~ (T, T ' . Dp | (Eq.. VI-14)
N H* “C" . P 3 "
Dp ; ]

The center portion of Fig., VI-1 shows the N element and P element
diameters required to produce a gross power of 111 watts at 14 volts, For
a typical design point of IOSGOF hot junctior. temperature and 400°F cold
junction temperature, Dp = (0,211 inches and DN = 0.310 inches meet the
design constraints.

In order to integrate the thermoelectric couples into the RTG system,
the thermal energy required to maintain the assumed te:nperatures (or
produce the desired power) must be known, This is obtained by dividing the

gross pcwer by the thermcclectric efficiency.

where: QT E " Thermal energy which must enter the thermoelectric
! elements (watts(t))

n = Thermoelectric efficiency

INSD-7089-1
vi-11



A second expression for determining the thermal energy required by the

elements can be obtained by substituting Eq, VI-8 into Eq. VI-15 as shown:

Qr/g L NA (Eq. VI-16)

For convenience of calculation, a thermoelectric performa nce parameter is
defined which combines the power and efficiency terms above. The resultant
expression is:

= —N-—A-'Ql"— (T

s To C ) (Eq. VI-17)
L NA H* “C* ¥T/L

Qr/E

The QL /NA parameter is included in the tabulated thermoelectric data pre-
sented in Tables V-3 through V-7,

The lower portion of Fig. VI-1 shows the thermal energy required by -
the thermoelectric elements to produce the 111 watts of gross power as a
function of the design hot and cold junction temperatures. From this figure,
the advantages of a high hot junction temperature are apparent. The tradeoffs of
operating temper=ture versus fuei requirement are seen or this figure, For
the sample design point we are considering (TH = 1050°F, TC = 400°F) the
required thermal energy for the elements is 1350 watts(t)).

The total thermal energy which must be placed in the heat source
is obtained by adding the parasitic heat losses to the above determined element
requirement, Detailed heat losses can only be determined after the mechanical
design of the RTG is defined since heat losses are highly configuration de-
pendent, However, in conceptual designs where an order of magnitude of
heat source fuel inventory is desired, an estimate of heat losses can be useful
in designing the heat source. Typical heat ioss factors for RTG's range from
5 to 30% of the total thermal inventory. If a factor of 15% is assumed for

TNSD-7089-1
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this example, the total heat source thermal inventory would be 1590 watts(t).
The system efficiency is then found by dividing the net power output by the

total heat source thermal inventory:

F’N
n = —— - 100 = 6.29 T
S QHS —im % (Eq. VI 18)

Table VI-1 presents a summary of the thermal and electrical

characteristics of the hypotheticali RTG used in this design example,

TABLE VI-1

Summary of Design Sampe No. 1 RTG Thermal and Electrical Characteristics

Optimize for Power and Weight

Materials 2N PbTe and TAGS/SnTe
Net Power (watts(e)) 100

Gross Power (watts (e)) 111

Load Voltage (volts) 14

Instantaneous Open Circuit (volts) 24,2

Optimum Efficiency Load Voltage
Series Parallel Circuitry

Hot Junction Temperature (°F) 1050
Cold Junction Temperature (°F) 400
Number of Couples 314
Element Length (in) 0.5
Length SnTe (in.) 0.1
Element Diameter

N Element (in) 0.31

P Element (in) 0.211
Thermal Energy to Elements (watts(t)) 1350
Assumed Thermal Losses (watts(t)) 240
Heat Source Thermal Inventory (watts(t)) 1590
RTG System Efficiency (%) 6.29

INSD-17089-1
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Design Sample No. 2

Requirement: Design a 2N PbTe and TAGS/SnTe RTG which will utilize an

existing 1500 watt(t) heat source. The RTG will be operated at maximum
efficiency load voltage and the design hot junction temperature shall be

1050°F. The thermoelectrics should be designed to produce maximum

power at 14 volts.

Approach: The design of this RTG is approached througi a heat balance on
the cold junction temmperature, After selecting a design cold junction tempera-
ture based on heat rejection capability, the required number of couples and
the shape factor (L/A) can be determined through the thermoelectric calcu-
lation tabulation. The element cross sectional area and length are selected

to be consistent with the lateral surface area of the heat source to be employed
in the RTG.

To perform the heat balance on the cold junction temperature requires
the knowledge of the system heat rejection capatility as a function of cold
junction temperature. The purpose of this design example is to show the
thermoelectric calculations and the method of integrating the thermoelectric
couples into the RTG system. Therefore the cold junction at which a heat
balance occurs will be assumed without looking at an actual heat rejection
subsystem,

Compatibility of the elements cross sectional area with the lateral
surface area of the heat source is also required for a design example of this
type. A conceptual design with layouts is required to establish this com-
patibility. In this example, a compatible element cross section will be
assumed to show a typical design approach.

Material Selc~tion: The thermoelectric material has been specified as 2N

PbTe and TAGS/SnTe. As noted in the first design example, the material
property data which will be used is TEDN-00-35 and TEDP-10A-27. Therefore

INSD-7089-1
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thermoelectric calculations are those tabulated in Table V-5,

Parameter Selection

A design contact resistivity of 0, hence C = 0, will be used

T/L
in this @xample. The basis of this selection was given under example 1,

When the materials under congideration require a C,. cther than 0 to

T
correlate the experimental performance, the parametric study must

consider the variable CT/L as the element length is varied, However the
basic approach to designing the RTG is not altered---only the number of
calculations are increased.

In this example the design hot junction temperature has been specified
to be 1050°F. The considerations which must be evaluated in selecting a hot
junction temperature are discussed under design example 1.

The design cold junction temperature will be defined by the heat
rejection capability of the RTG. The heat i‘ejection requirement is equal to
the total heat source thermal inventory minus the electrical energy generated
by the th "moelectric eleme nts, |

Q@ . = QHS - PN (Eq. VI-18)

rej

where:
= Heat source thermal inventory.

s
As can be seen from this expression, the final heat rejection requirement can
not be determined until the net power is known. However, the net power is
sucn a small portion (~5-10%) of the total thermal inventory that the un-
certainties in determining the power outpul do not significantly influence the
heat rejection requirement (or cold junction temperature). The design cold
junction temperature is the temperature at which the heat rejection capability
equals the heat rejection requirement.

The gross power output of a thermoelectric device is equal to the

thermoelectric efficiency times the amount of heat entering the thermoelectric

INSD-7089-1
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elements:

(T~
P=n""C . Q (Eq. VI-19)
where: (T.)
n T/IE ° Thermoelectric efficiency as a function of cold
junction at 1050°F hot junction temperature and CT = 0,

/L
QT IE = Heat entering the thermoelectric elements.
The amount of heat entering the thermoelectric elements is obtained by

subtracting the parasitic heat bosses from the total heat source fuel inventory.
Qrie * s "W (Eq. VI-20)

The heat losses in an RTG are dependent on the configuration and temperature
distribution. At this stage of an RTG design neithgr the configuration or
temperature distribution are known., Therefore thew heat losses must be
handled parametrically until a conceptual dedign is developed resulting in the
heat losses being determined, As discussed in design example 1, typical
RTG' s will have heat losses from 5% to 30% of the total fuel inventory. Sub-
stitution of Eq, VI-20 into Eq, VI-19 yields an expression of gross power in
terms of the thermoelectric efficiency and the heat losses.

Design example number 1 discussed the approach to obtaining the net
power output from the gross power output. If a Joule loss of 10% of the
total gross power is again assumed, the net power output of a thermoelectriz

device is given below:
-

1]
(T ) ;
n'-C } . -
Py 0.9 ! T8 %QHS QL‘ (Eq. VI-21)

The top half of Fig, VI-2 shows the resultant net power output for cold
junction temperature from 200°F to 500°F parametric in heat losses, In
this example, the heat losses were varied from 5% to 20% of the total

thermal inventory,

INSD-7089-1
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Substitution of Eq. VI-21 into Eq. VI-18 yields the following expression

for the heat rejection requirements.

. "
~=.9n +.9 n QL (Eq. VI-22)

Q. . = Quq |
HS | T/E T/E

The bottom half of Fig. VI-2 shows the heat rejection requirement as a
function of cold junction and heat logses., This figure shows that the heat
rejection requirement is not significantly influenced by the two variables. As
mentioned earlier, the heat rejection capability is now required as a function
of cold junction temperature in order to complete this heat balance. For the
purpose of this example a heat rejection capability of 1385 watts(t) at 300°F
cold junction temperdture will be assumed resulting in a 300°F cold junction
temperature if the heat losses are 150 watts(t). The 300°F cold junction tempera-
ture will be assumed at this time until the conceptual design is cocmpleted.
An iteration on cold junction temperature may be necessary after the conceptual
design is developed because of heat loss variations which alter the heat rejection
requirement slightly. As mentioned before Fig. VI-2 indicates that a large
error in heat loss estimate will not significantly alter the resultant cold
junction temperature.

After the cold junction temperature is defined, the number of couples
required to produce 14 volts at optimum load voltage is determined as in
Design example No, 1. Assuming series parallel circuitry, the required number
determined from Fig. VI-1 is 280 couples.

The instantaneous open circuit voltage is also determined in the same
manner as discussed in Design Example No. 1. In this example the instantanceous
open circuit voltage is 24.1 volts.

INSD-7089-1
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The shape factor (A/L) of the thermoelectric elements can be

determined by the following expression:

Q Q -Q
A/lL = —L/E = _HS 'L (Eq. VI-23)
Q| QL |
NA | NA
where: QL  is determined at TH = 1050°F, TC = 300°F and CT L =0,
NA

The elements cross section is inversely proportional to the element length

as shown in Fig. VI-3 for several values of heat losses., The element
diameters are determined from the cross section and the optimum diameter
ratio (DN/DP) at these temperatures as discussed in Example No. 1. At this
stage of the RTG design, a conceptual design layout of the thermoelectric
element cross section which is compatible with the heat source is required,
However for the purpose of this design example, an area of 0.07 in. 2 is as-
sumed to be compatible with the heat source area. The element diameters which

are compatible with this element area (DN/DP = 1.43) are D, = .245 inches and

N
D, = €.171 inches,

P

Since the number and diameters of the elements are known, the heat
losses of the conceptual design can be calculated as a function of element
length (i.e., thermal insulation thickness). The element length at which the
calculated heat losses equals the allowed heat losses represents a heat balance
at the hot junction and defines the element length. The heat losses determined
ir this calculation must then be compared to the heat losses assumed in es-
tablishing the cold junction temperature. Any significant differences in the
heat losses will necessitate an iteration on cold junction temperature, For the
purpose of this example an element length of .330 inches and a heat loss of
150 wattis(t) will be assumed representing a convergence of the iterations on
RTG design. Now that a convergence on the cold junction temperature has been

INSD-7089-1
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attained, referral to the top half of Fig, VI- 2' indicates that the net power out- '
put is 115 watts(e). The resultant system efficiency for this RTG is 7.67%.
The gross power produced by the thermoelectrics elements is 128 watts(e)
allowing ~ 13 watts(e) loss for Joule heating.
Table VI-2 presents a summary of the characteristics of the RTG designed
for Design Sample 2.
TABLE VI-2

Summary of Design Sample No. 2 RTG Thermal and Electrical Characteristics
Maximum Power RTG for Fixed Thermal Inventory

Materials 2N PbTe and TAGS/SnTe
Net Power 115 watts(e)
Gross Power 128 watts(e)
Load Voltage 14 volts
Instantaneous Open Circuit Voltage 24,1 volts
Hot Junction Temperature 1050(°F)
Cold Junction Temperature 300(°F)
Number of Couples 280
Element Length

Total 0.330 inches

SnTe 0.066 inches
Element Diamter

N 0.245 inches

P 0.171 inches
Thermal Energy to Elements 1350 watts(t)
Heat Losses (assumed) 150 watts(t)
Heat Source Thermal Inventory 1500 watts(t)
System Efficiency 7.67%

INSD-17089-
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Design Sample No. 3

Requirements: For the RTG design described below predict the hot junction

temperature, electrical power output, lcad voltage and instantaneous open
circuit voltage for a fuel inventory of 550 watts(t). Assume that the load
voltage will be set for optimum efficiency.

Material 2N PbTe-TAGS/SnTe

Number of couples 90

Series-Parallel Circuitry

L = 0.4 in,

LonTe = 0.080 in.
DN = 0,28 in.,
Dp = 0. 20 in,

Cold junction temperature = 300°F

Heat Losses are expressed as Q .2 W/°F (TH - TC)
Extraneous wiring resistance = ,05 ohms

Approach: The solution to this example is approached through a heat balance

performed at the thermoelectric hot junction. The heat balance is used to
determine the hot junction temperature which is consistent with fuel inventory.
After determining the hot junction temperature, the load voltage, instantaneous
open circuit voltage and gross power are obtained through the thermoelectric
calculations presented in Table V-5. The net power outpu. of the RTG is then
obtained by subtracting the Joule heating losses from the gross power.

Parameter Selection:

The material properties recommended for these materials was previously
established as TEDN-00-35 and TEDP-10A-27. Therefore the thermoelectric
parameters are those presented in Table V-5,
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A design contaci resistivity of 0 was alsc established in design
example No. 1 and will be used in this example. Therefore a CT/L of 0
will be uged.

Typical Calculation:

The heat balance at the hot junction is performed by equating the
heat delivered by the heat source to the heat which enters the thermoelectric
elements plus the parasitic heat whirh bypasses the elements:

The heat which enters the thermoelectric elements was shown in Eq, VI-17

in terms of the thermoelectric design characteristics (i.e,, number of elements,
length of elements, and elements cross section) plus the calculated heat
parameters (QL/NA). In this RTG, the heat losses nave previously been
determined as a function of hot and cold junction temperature as presented in

the ground rules for this example, Substitution of these functions into Eq. VI-24

yields the following expression:

f

- NA Q__I-; [} - i I -
Qs * ..L__ By (T T Cpy) + -2 W/F Ty - Tl (Eq. VI-25)

For the 300°F cold junction temprerature and subsiitution of the know values,

Eq. VI-25 becomes: (Eq. VI-26)
550 W =20,9in e (T, T = 0) + .2W/°FITI -T

NA

= 300°F, C

C T/L C

The solution to this energy balance is obtained graphically by plotting the right

side of the equation vs the hot junction teinperature.

INSD-7089~1
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Figure IV-4 shows the results of that heat balance and indicates that
the heat balance occurs at a hot junction temperature of 858°F, At this tempera-
ture the heat losses are 13: watts(t) leaing 418 waits(t) to enter the thermo-
electric elements. The usefallness of this graphical solution is obvious for
rapid evaluation of other thermal inventories (such as + fueling tolerances),

The gross power output is defined by multiplying the thermoelectric efficiency
times the heat entering the elements as defined in Eq. VI-15 of design example
No. 1, The thermoelectric efficiency is determined from Fig. V-5 of Chapter 5
to be 8.80% at a hot junction temperature of 958°F. Therefore the gross power
output is 37 watts(e). The gross lcad voltage is obtained through Eq. VI-3

of design sample No, 1 after the load voltage per couple is determined, A cross
plot of the data presented in Table V-5 indicates thatl a load voltage of ~, 0383
volts is consistent with optimum load operation at 958°F hot junction tempera-v
ture. The resultant load voltage is 3. 97 volts and the gross current is 2, 32
amps. The instantaneous open circuit voltage is obtained in the same manner

to be 6,76 volts,

The net power output of the above example is obtained by subtracting the
extraneous losses from the gross power., The actual load voltage which yields
optimum load voltage can only be determined by constructing an E-I charac-
teristic with the extraneous losses considered in the computer model. As dis-
cussed earlier the optimum load voltage changes very little with the additional
extraneous losses. Therefore in development of conceptual designs the assump-
tion that the load voltage does not change (i. e., equal tothe above determined
gross value) is adequate. After assuming an unchanged optimum load voltage,
the resultant current is determined by considering the extraneous resistance as
internal resistance in the RTG. The reguliant expression for net power is:

INSD-7089-1
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R,
P, = V.1 ! (Eq. VI-27)
N S° R,+Rg
where: Vg = Optimum load voltage (assumed equal to the optimum

gross voltage) - (Volts)

1 = Gross curren* - (amps)

i = Internal resistance of the thermoelectric couples - ()
RE = Extrancous resistance ~ (Q)

The internal resistance of the thermoelectric couples is obtained from Eq. VI-28,

E -V _
R, = -2 S . 8.76-3.97 _ ,599q (Eq. VI-28)

I 9.32

Substitutionof Ri and the given RE into Eq. VI-27 yields a net power of

31.7 watts(e) as shown below:

i 4

P. = (3.97 V) (9.32a) 2998 1. 31,7 watts(e) (Eq. VI-29)

N 2999 + .05Q,

The system efficiency for this RTG is 5.76%.

A summary of the calculated RTG thermoelectric performance for a thermal

inventory of 550 watts is presented below in Table VI-3.
TABLE VI-3

Summary of RTG Performance for Design Sample No. 3
Fixed QHS in a Known RTG

Material 2N PbTe and TAGS/SnTe
Gross Power 37.0 watts(e)
Extraneous Resistance .05 ohms

Net Power 31.7 watts(e)

Load Voltage 3. 97 volts

Instantaneous Open Circuit Voltage 6.76 volts

Hot Junction Temperature 958 (°F)
Cold Junction Temperature 300(°F)
INSD-7089-1
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TABLE VI-3 (Cont.)

Number of Couples
Series Parallel Circuitry
Element Length
Total
SnTe
Element Diameter
N
P
Thermal Energy to Elements
Heat L.osses
Heat Source Thermal Inventory

System Efficiency

INSD-7089-1
VI-26

90

0.40 in,
0.080 in,

0.280 in,
0.20 in,
418 watts(t)
132 watts(t)
550 watts(t)
5.76%
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