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ABSTRACT

An apparatus has been designed and developed for measuring Seebeck

potentials and electrical resistivities of corrosive liquids up to temperatures

of about 600 0C. A complete description of the test apparatus and the proce-

dures used in its initial operation up to 600°C are given. Experimental results

for the absolute Seebeck coefficients of sodium and potassium are in good agree-

ment with published values from previous investigations performed at tempera-

tures up to 400 0C. The obtained values are in the range of 0-40 uV/°C,

potassium having the highe_•gvalues. These results indicate that the absolute

Seebeck coefficients in the liquid state seem to be higher than that of the solid

state by as much as a factor of about three for both metals. Quantitative cal-

culations indicate that these particular metals offer more advantages thermo-

electrically in the liquid state than in the solid state. Results for the electrical

resistivity were too high by about four orders of magnitude and therefore they

were considered to be erroneous.

It is proposed how to improve the test apparatus to obtain more meaningful

resistivity values and how to extend the temperature range of the facility to the

design temperature 800'C. It is suggested that the thermoelectric properties

of liquid semiconductors be investigated in the future.
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CHAPTER I

Fl INTRODUCTION

A Study of the state of the art on liquid metals reveds that there :s little

information on thermoelectric properties available. Four previous investiga-

tions 1 "4. which were aimed to determine the absolute Seebeck coefficients of

Salkali m etals covered a range of tem peratures up to 4000C . Ten polyvalent

SFl metals 4 , 5 have been investigated up to 7503 C.

The compatibility of a liquid and Uts container limits the extent to which the

absolute Seebeck coefficient of the liquid can be investigated with respect to

temperature. Thus, Jackson6 indicates that m-ost glasses and ceramics are

seriously corroded by alkali metal ueyond 300"C. Prior investigators1-4

report the use of such materials in determining the Seebeck cuefficients for

Fl& alkali metals. Although metals are suited for containing liquids during elec-

Fl trical resistivity and thermal conductivity measurements, attempts to use metal

containers for Seebeck voltage measurements have been unsuccessful. 7 This

1 may explain why, in the case of alkali metals, far more information with regard

to the thermal conductivity and electrical resistivity is available than for the

Seebeck coefficient.

I *Superscript rumbers refer to correspondingly numbered re~erencos on page 40.

h$1
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7 Therefore the present inveEtigation was undertaken and an experimental

apparatus was designed for determining Seebeck potentials and the electrical

- resistivities of alkali and other metals up to temperatures of 800°C. A descrip-

"tion of the experimental apparatus and the procedures used in 'ts operation is

given in this thesis. Results and an estimation of their accuracy for determining

the absolute Seebeck coefficient of liquid sodium and potassium up to about 600°C

and mercury up to 2000C are presented and compared with existing data. Rec-

ommendations are presented for improving certain features of the apparatus

such that the intended design objective may eventually be attained.

It
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flCHAPTER iI

FI THEORY

In this chapter, the theoir, of tile transport properties relating to thenro-

electricity is discusscd in two parts. The first part consists of a sunmiary) of

the historical development of the theory for solid-state metals. This is followed

- by a similar discussion of the theor- on liquid-state metals.

r --- i

1. SOLID-STATE MATERIALS

The Seebeck, Peltier, Thomson, Fourier, and Joule effects discovered in

H !the nineteenth century and described in a number of texts play an important role

in the study of thermoelectric phenomena.

The first mathematical expressions for tl-e transpurt properties relating to

thermoelectricity were in the development stages in 1304 whea Biot proposed an

expression for the propagation of thermal energy through a solid. rhis gave rise

to Fourier's equation of heat conduction in 1822.

In 1900, tie major advances 'hat were to place the theory of transport prop-

erties on a solid foundation had already been made. Such advances were th.

formulation of Ohm's Law (1826), the Joule Heating Effect (1842), 10 and the

Wiedmnan-F-ranz Ratio (16:;).

This was followed by the discovery' of the relationship between the Scobeck

t1821) and the Peltier (183,1) effects w"hen Thomson dicovered !he Thomson

effet in 185C 12
i J :3



In 1900, the real substance of the transport theory began when Drude12

recognized free electrons in solids and developed his Kinetic Model of Collision

between free electrons and a stationary atomic lattice. By treating electrons as

"' •a gas moving through and colliding with the atomic lattice, Drude was able to

derive an expression for the electrical conductivity and the thermal conductivity

given by (I) and (2)*

2

In

m
k : 3-- n._T 1". (2)

This led to the Wiedemann-Franz-Lorenz law:L .

k 
2

3 -a 3 T =L T (3)a qo

- In 1905, H. A. Lorentz derived the equations for the transport properties

by applying Boltzmann's transport equation to the Drude model. The Lorentz

solution sufficed to account for all thermal, electric, and magnetic effects. 12

Partial results of the simplified Lorentz solution are presented by Soe1 2 in

the following form:

For a metal whose free electrons obey Fermi-Dirac dlst.ibUIlon law, the

Seebeck, Peltier, and Thomson coefficients become

i 4*A list of all symbols used is given at the end of this thesib
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2 2
S = 1/2T K T4)

2 2
Ii 1/2 ITKT (5)qE15

• = T1/2T •K22S~0

y=1/2- 6

In general, the main difficulties ir. theoretical calculations for transport

properties lie in predicting the relaxation time and the distribution of charge

carriers. Although these difficulties have been overcome to some extent for

solid-state materials by application of quantum statistics, the difficulties still

exist for liquid-state materials which will be discussed in the following paragraphs.

2. LIQUID-STATE METALS

Ziman13 has recently used the theory of pseudopotentials (Phillips and

Kleinmann)14 to formulate expressions for the electrical resistivity and the

i absolute Seebeck coefficient of liquid metals. Prior theories as mentioned by

Cusack1 5 have been proved inadtquate for the liquid state, the reason being that

liquids posess disordered structures, whereas the earlier theories were based

II on solid-state physics which is suitable only for ordered structures.

A number of investigators has made theoretical calculations for the elec-

trical resistivity of a variety of liquid metals, Ziman1 3 and Bradley, Faber,

Wilson, and Ziman. 15 According to Iarrison1 6i their r.:sults were consistently
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I ,overestimated by a factor of the order of three. Harrison reported that he was

unable to obtain any meaningful values for the alkali metals. However, Sundstrom' 7

carried out calculations for the electrical resistivity and the absolute Seebeck co-

efficient and reported that the results were in fair agreement wit i experimental

18values. Marwaha and Cusack made additional calculations 4or the absolute

Seebeck coefficient but could not come up with any ,neaningful results. The wide

variation of theoretical results among the above investigations may be attributed

to the fact that Ziman's equations require a knowledge of structure factors of the

liquid metals in question. This information is obtained normally from X-ray

diffraction data.

Cusack and Marwaha1 8 concluded that theoretical calculations cannot be com-

pared with experimental values until more reliable knowledge on liquid metal

structure is available. Harrison has reached Lhe same conclusion, emphasizing

the fact that the structure factors in a liquid represent an unsolved theoretical

problem. 16

U____________________________________



l C tHAPTER III

METHOD OF EXPERIMENT

1 The experimental equipment and methods used in this investigat.on are pre-

i] sented in this chapter.

1. LIQUID-METAL TEST APPARATUS

' qFigure 1 is a schematic of the liquid-metal test apparatus. Design details

are given in Appendix A. In this apparatus the liquid metal is contained within

•i ia beryllia tube* t1" long x 1/4" ID x 1/2" OD) located inside a metal container.

The metal parts directly in contact with the liquid metal are made of

tantalum. These parts are designated in Figure 1 by "upper tantalum part'1i and "lower tantalum part." The upper tantalum part is designed to permit

11 filling the apparatus through a removable tantalum plug and to permit the neces-

sary thermal expansion of the liquid. Leakage at the top of the berls lia tube is

prevented by means of a beryllia to tantalum face seal. The lower tantalum

I part prevents leakage from the bottom by means of a similar seal.

The remaining part of the test container is niade of stainless steel and is

Il designated as "cap" in Figure 1. The cap provides a means for keeping the

beryllia tube under compression. This is accomplished by initially tightening

*American Lava Corporation, Chattanooga, T'ennessee.

7
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9I
the nuts (on the studs indicated in Figure 1 extending from the upper tantalum

fl part) against the cap. Upon heating of the container, compression of the beryl-

lia cube is attained by taking advantage of the thermal expansion of the beryllia,

tantalum, and stainless heel parts.

I] To avoid calibrating for the resistivity and Seebeck potentials of the various

metal parts of the container, the upper tantalum part is electrically insuiated

( I from the lower parts. Mullite* tubes electrically insulate the studs from the

i icap. A Garlock** gasket insulates the nuts and washers from the exposed face

(bottom) of the cap. A metal backup ring is used to prevent drmage to the

I WI gasket upon tightening the nuts.

* '-I Electrical contacts with the liqu A were made through 1/16" OD tantalum

sheathed chromel alumel thermocouples with grounded junctions. The thermo-

I couples were manufactured by the Thermo Electric Company. *** They were

, secured within the removable plug and the cap by means of standard thimno-

couple fittings. *** Alumel current probes were attached to the tantalum

lI thermocouple sheaths for resistivity measurements. A distance of 1-1/16"

! Iwas maintained between the thermocouple junctions. Prior to filling with liquid

metal, a rod of 1. 000" length was placed in the apparatus. The upper tiermo-

couple sheath was then lowered until the tip contacted the rod. Ihe thermocouple

S1 Ifitting was then tightened arotnd the sheath. Figure 2 is a schematic of the upper

and lower thermocouple junction assemblies.

*Coor's Porcelain Co.; Golden, Colorado.
**Garlock Corp., Inc. (tradename).

***rhermo Electric Company, Saddle Brook, New Jersoc'.
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2. FILLING OF THE TEST APPARATUSU'j
I1 The apparatus described in Part I was filled with the liquid-metal sample*

FI in the presence of an argon atmosphere, to avoid contunination and reactions

by coming in contact with air upon heating. For this purpose a Labconco glove

1 ibox was used. (No inert gas was used in the case of mercury.) The argon was

99. 99 per cent pure. A CaSe 4 filter was placed in the argon supply line to re-

move extraneous sources of moisture. Sodium and potassium both were melted

-1 in a thoroughly cleaned stainless steel beaker on a hot plate. While the sodium

vwas transferred to the apparatus by means of a small syringe, the potassium

was poured directly into theberyllia tube. The mentio. d beaker was cleaned

with a detergent, degrmased with trichloroethylene, flushed with acetone, and

K, |dried with argon. The mineral oil which was used by the supplier to seal Na

and K in their shiping containers was removed by rinsing the Na andL Ii
I K samples several times with trichloroethylene and drying the same

1 with argon prior to placing in a preheated clean beaker for melting.

Once the container was filled, the removable plug was installed. The ap--

paratus was ttnen allowed to cool before it was transferred from the glove box

to the ceramic container shown in Figure 3.

*c

:', •*Samples purchased from City Chemical Corporation, New ..fork, New York.
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3. CERAMIC CONT4UNER

17The ceramic container (a 24-in, lorg tube) was used to keep the test aparatus

fT under an argon atmosphere wh.•e heated electrically within the furnace.

The arrangement is illustrated in Figure 3 and pictured in Figure 4. The

test apparatus was supported within the ceramic container by a smaller ceramic

tube. Argon entered at the bottom of the container and left at the top where the

gas bubbles could be observed when they were passing ti rough a beaker which

wap filled with glycerin. An exhaust fa. pulled the argon out of the laboratory

rocmn.

The cooling coils, indicated at the top and bottom of the ceramic container

in Figure 3, were in3talled in order to reduce the temperature at both ends of

the coai aaier.

4. FURNACE AND CONTROLS

The furnace indicated in Figure 3 and pictured in Figure 4 is a Satec Model

SF furnace. It contains three separate heating zones. Each zone is.rated at

7.5 amperes and 110 volts. The controls were three 7. 5 ampere powerstats;

their currents were read at three ammeteers piaced in the circuits.

5. METHOD OF MEASUREMENT

All measurements were obtained ruider unsteady state conditions over a

temperatbre range from 25'C to 600'C. A complet,, heating period for a test

run took approximately two hours.
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Fl Seebeck coefficient. The method of obtaining the Seebeck coefficients was

El based on the measurement of the Seebeck emfs between the liquid samples and

a counter electrode (either chromel or alumel) at different mean temperatures.

[ The schematic arrangement of the measuring circuit is shown in Fignure 5. The

f htemperature differences (TH- TC) ranged from 50C to 30'C in the experiments.

For zero electric current flow*, the Seebeck coefficient, S, is defined asI ]V sw_
lira VSW 

_ SW

LISW -AT-O T dT

where SSW is the Seebeck coefficient as; measured between materials S and W,

AVSW is the voltage between the same materials and

AT = TH - TC

is the difference between the hot and cold temperatures. Therefore the voltage

K" VSW is given by

VSW - SW dT. (9)

As shown in Figure 5 potentials VSCh and VS 1 we;:e meastred between two

identical thermocouple wires and the samples.

Writing VSCh and VSA1 in the form of Equation (9), then

TC 'If 0tT

ff fVSCh =-f SCh dT - f s dT - J ( h dT (10)

T T 'F

*Open circuit condition in Figure 5. H*Open
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and

T T THC Hf 0
VS1All f SS dT- S dT- (11)

ST TH

where Sc1 , SAl, and SS are the absolute Seebeck coefficients for chromel,

r alumel, and the lbquid-metal sample, respectively.

Equations (10) and (11) can be rewritten asSTH TH TH

H H If

FV S = hd - f S SdT f (S Ch SS)dT. (12)

TC TC TC

1_.

and

L T
H

VSAI f (SsAI SS) dT. (13)
T c

It is obvious that if (TH - TC) were small, SCh, SA1, and SS cai be treated
as if they were independent of temperature over the region of integration in

Equations (12) and (13). Hence we write

"" L



18

From Equations (14) and (15) we may calculate the Seebtck coefficient of the

"sample, SS, by either of the following two equations

S. VSCh

. SS = SCh T _T (16) T

or

VSA(
S =S (17)_

S Al TH _ TC

where Sch and SAI are known physiLal properties, while VSCh, VSAI, and

TH - TC are measured. In Figure 6 the absolute Seeteck coefficients of

chromnel (SCh) , alumel (SAI), and plaAnum (Spt), wvhich have been used for the

evaluation of the measurements, are shown.

Electrical resistivity. Figure 5 illustrates how the thermocouples had

been used as voltage probes. The resistivity of the sample was determined

from the equation,

1 A c SWI T(18)a L I J

where A is the area of the sample perpendicular to the direction of current flow,

I. L is the distance between both thermocouple probes. With the switch shown

m Figures 5 and 7 in its closed position, the potential voltage E caused a cur-

rent I through the resistance R and thus through the sample, since these two

resistances were in series. When the current was flowing, the voltage drop VC

was measured. Throughout the test runs a small temperature difference
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n
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FIGURE 6
ABSOLUTE SEEBECK COEFFICIENT FOR CHROMEL,

ALUMEL, AND PLATINUM

*Source: White, R. M., Sandia Laboratory Report SC-RR-68-588, 1968.
**Source: Lando!t-Bornstein, "Physikallsch-chemische Tabellen," 6th ed.

Vol. 11/6, Springer, Berlin, 1959, p. 929/31.
----------
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F TH - TC existed between both ends of the sample. The voltage difference

Sacross the liquid sample due to the current flow had been determined by sub-

tracthig the Seebeck voltage VSW as described before in EL,,ation (9) from the

I i combined voltage VC which is given by

V C s VSW (19)S S

V 6. INSTRUMENTATION

The thermocouple leads and current probes which were indicated in Figures

K, 2 and 3 as instrumentation leads, corresponded to those illustrated in Figure 7.

The purpose of the scanner which also is shown in Figuiqc 7 was to scan the

voltage terminals on the Cinch-Jones connectors (a-h. cl-e, a-d, b-e, and g-h)

and to relay a signal to the digital voltmeter so that the voltage at each set of

terminals could be measured. The digital voltmeter in turn signaled the printer

I to print the measured values. The ice bath provided a reference voltage for

temperature measurements. The param-eters measured across the terminals

are listed below in the order that they were obtained.

Open Circuit Condition

T,-rminal Parancter leasu red

a-b Temperature at upper junction

d-e Temperature at lower junction 's

a-d Seebeck voltage of sample relative to chromniel

b-c Seebeck voltage of sample relative to alumel.
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Closed Circuit Condition

Terminal Parameter Measured

g-h Voltage drop across 0. 5-ohm resistor

a-b Temperature at upper junction

d-e Temperature at lower junction

a-d Combined voltage due to Seebeck voltage of sample relative

to chromel and due to IR potential across liquid sample

b-3 Combined voltage due to Seebeck voltage of sample relative

to alumel and due to IR potential across liquid sample.

After the closed circuit parameters were measured the open circuit param-

eters were immediately remeasured to check if the temperatures of the sample

had changed in the meantime. Generally, no appreciable change was noted.

A complete listing of the instrumentation used in the experiment is given

below:

Instrument Description

Digital Voltmeter Vidar 520 Integrating Digital Voltmeter, Model

520-01, Serial 2-231, Assembly 1300-01,

Scanner Vidar 604 Master Scanner, Mode 604-01, Serial

2-198, Assembly 1900-01,

Printer Franklin Model 012200-11-6612R, Serial 367-506-

100 High Speed Digital Printer,

Glove Box Labconco Glove Box, Serial 4281.

Figure 8 is a photograph of the instrinentation and equipment used in this

investigation.

I- -



fl 23

FE-

U)

if. U'V HGo

HX

E-E/
Ain1-



f 4. 24

: !7. DATA REDUCTION

Table I illustrates the procedure which was used to reduce the measured

* -data. Column (13) in Table I was obtained from the equations

(T-400• (T-002

Slt = -12.48-1.59 T-400\ 0.021 (100 C (20)
Pt ~~~100 ) 0) -

for 200'C T S 200'C

S T-80 (T-801)2AV

S -6. 48-1. 584 T-80)+ 0.211-1 ioi 60 (21)k60) (jO

for -40'C -: T : 200'C

which were empirically determined by a least squares fit of the absolute Seebeck

coefficient for platinum as given by Reference 20. The other columns are self-

expanatory.

- ! 3

i
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CHAPTER IV

RESULTS OF INVESTIGATION

The results for the absolute Seebeck coeficients of sodium, potassium,

and mercury are summaru,•ed in Tables II, III and IV, respectively. Corres-

ponding graphs of the results along with the results nf previous investigations

are presented in Figures 9, 10, and 11.

26
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TABLF II

, I SUMMARY OF SEEBECK COEFFICIENT CALCULATIONS FCR1 SODIUM

T S Na* S Na** SNa

OC MV/CC ;IV/'CCJVO

220 -12.8 -10.9 -11.9
242 -10.2 -11.1 -10.7
242 -I0. 2 -11. 1 -10. 7
286 -12.7 -13.6 -13.1
296 -11.9 -12.3 -12.1
309 -13.6 -15.0 -14.31 320 -14.7 -12.4 -13.5
340 -16.3 -16.2 -16.2

343 -12.8 -13.5 -13.11348 -14.3 -14.2 -14.2
355 -15.5 -15.7 -15.6

364 -13.4 -13.4 -13.41 386 -15.2 -15.0 -15.1
410 -14.5 -16.2 -15.4
422 -16.4 -16.4 -16.41 439 -16.6 -16.4 -16.5

450 -16.5 -16.4 -16.4
460 -16.6 -16.0 -16.3

1 470 -16.1 -15.7 -16.4
475 -16.1 -15.4 -15.8
478 -15.6 -15.2 -15.4

,, 492 -15.2 -15.0 -15.1
503 -15.6 -15.2 -15.4
515 -15.6 -15.2 -15.41 524 -15.6 -15 ) -15.3
557 -14.3 -14.4 -14.3

570 -15.1 -14..2 -14.71 575 -15.2 -1:3.9 -11.5
585 -14.4 -13 4 -13.9
594 -12.3 -12.5 -12.1

*Absolute Seebeck coefficient determined from measurenmnts usibg the
f uh~omcA c....r er ctrode.

**Ditto, except using the alumel electrode.

+Average absolute Seebeck Coefficic.t.
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TABLE III

SUMMARY OF SEEBECK COEFFICIINT CALCULATIONS FOR POTASSIUM,

T SK K K

0C AV/° C AV/ C MVi'P C

66 -13.4
95 -16.1

112 -15.1

133 -15.4
154 -i5.1
175 -15.8
197 -21.0
243 -22.0 -

254 -21.9 -

292 -23.6 - -
311 -22.9 -23.5 -23.2
325 -22.5 -25.5 -24.0
332 -25.4 -24.5 -25.0
341 -24.1 -24.4 -24.1
348 -24.4 -24.3 -24.3
358 -24.9 -24.9 -24.9
368 -24.7 -24.8 -24.8
376 -24.1 -25.0 .-24.5
382 -25.3 -.24.5 -2,4. 9
393 -24.4 -25.5 -25. 0
403 -26.6 -25.3 -.25.9
413 -2).3 -25.4 -25.4
441 -25.5 -27.9 -26.7
460 -26.0 -26. 4 -26.2
-194 -26.0 -27.6 -"6.8
530 -28.3 -27.7 -28.0
571 -32.8 -32.8 -32.8
586 -31.8 -31.5 -31. 6

, Absolute Seebcck coefficient determined from measurements usilg the

chronieI counter electr)dc.

m*Ditto, except using tic alumCt elctroIde. : e

SAvevr'ge iabsolut, .,ce!)cck coefficient.
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F TABLE IV

SUMMARY OF SEEBECK COEFFICIENT CALCULATIONS FOR MERCURY

Ii 5 5 *S +
Hg Hig Hgfl 0C MAV/0C MAV/CC AV/CC(

92 -4.4 -0. 1 -2.2
104 -5.5 -2.5 -4.0
118 -4.4 -4.9 -4. 6
127 -4.9 -6.1 -5.5
137 -5.4 -6.7 -6.0

144 -7.0 -5.4 -6.2
152 -6.9 -5.0 -5.9
160 -7.9 -8.4 -8.2
164 -8.7 -9.5 -9.1
168 -8.0 -9.4 -8.7
173 -7.5 -6.9 -7.2
176 --6.6 -7,3 -7.0
179 -5.1 -5.8 -5.5
181 -5.6 -5.3 -5.5

185 -4.0 -4.8 -4.4
193 -2.8 -3.9 -3.3
193 -3.1 -4.3 -3.7
200 -1.8 -3.0 -2.4

*Absolute Seebeck coefficient determined from measurements using the

chroml counter electrode.

." **Ditto, except using the alumel electrode.

+Average absolute Seebeck coefficient.

I
*

'I:



f

30

040 0 LL
04

I A ~LJ
IguJ

-- I- LU

U. eu LUU

cc4 co c L LU ux Q

ceLLJmZ rI-,'

Ln

0 u0

C> 0

00

C) Go a aI GoaC

)./A71'IN31DUJOJ30 AD3933S 3ifl1osv



F

31

-34

32 POTASSIUM O

/oS- 30 -

- 28

0

FT 262 0¶,

- -22 0

, -20 / BRADLEY
""� -- BIDWELL. -18 ,,- U BRONEWSKI & HACKSPILL

S-0I HEIBER
2 -16o, 

PRESENT EXPERIMENT -- - -

1- 0 CHROMEL COUNTER ELECTROOE
a ALUMEL COUNTER ELECTRODE

12-- . AVERAGE VALUE
F, 7 I

O l00o 200 300 400 500 600
TEMPERATURE.'C

FIGURE 10
ABSOLUTE SEEBECK COEFFICIENT FOR POTASSIUM

PRESENT EXPERIMENT ----
o CHROMEL COUNTER ELECTRODE
a ALUMEL COUNTER ELECTRODE
a AVERAGE VALUE

- BRADLEY
V -12 - -- GEHLHOFF & NEUMIEIR

"STANLEY
" - -- MARWAHAz

u -8-
4 0b

S-2 MERCURY a 0 I

0 150 I00 150 200
TEMPERATURE, 'C

FIGURE 11
ABSOLUTE SEEBECK COEFFICIENT FOR MERCURY

A|

h _____________________________________



CHAPTER V

DISCUSSION OF RESULTS

In this chapter a discussion of the results for the absolute Seebeck coeffi-

cients of sodium, potassium, and mercury is given. An estimate of the errors

is given in Appendix B.

1. SODIU1M

An examination of Figure 9, p. 30, reveals that the experimental values obtained

in the present investigation are not much different froni those found by previous

investigators. The data points appear to be distributed around a slightly curved

line. However, the exact shape of the curve might only be determined with

additional data.

One interesting conclusion is that the Seebeck coefficient seems to be much

higher in the liquid state. At approximately 450'C the value is about three

timcs greater than that reported at the melting point Under the assumption

that the Wiedemann-Franz-Lorenz law were valid for the liquid state too, the

figure of merit Z would be about 17. 5 times higher at -150'C than at the melting

point at 97'C This can be shown in the following way:

S

'-Is
Z - - L T S_ (22)

k

"where T is absolute temperature and

i 2

I.3'2,
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r L T
Sk 0

The ratio of the figure of merits at 450'C and 97'C is then,

1-7= L o 1S ___9 _ 17.5

!- 2 4(Z5=97C (Z)T =7K '3700KoLT:: LS-• i

(23)

The ZT product is generally of more interest in thermoelectric generator studies,

thus the ZT ratio at 450CC and 97'C is

(Z)(1.95) (17.5) 35 (24)
T 97CZT)T = 937 C

Such increased factors in the liquid state as opposed to the solid state appear to

i • deserve further wvork.

t• POTASSIUM

(23• ,; The productise trenerlyofmr in trs inue1, .3,o theeprimoeectric geeatues obtaindiesh

results. Similar qualitative calculations as given for sodium would indicate an

(Z)

J increased ZT product in the case of potassium at say 60 soC as compared to 100 'C

dsby a factor of about 36 or more.

It will be noted in Table 10_, p. 28, tkat some spaces are left blank. As these data

were determined from measurements of the Seebeck potentials of potai•sium rela-

tive to alurnel, the Seeb, k voltages generated by the two nietals was about as

LI
I. .
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small as the magnitude of the errors in the instrumenttion. This seems to

indicate tnot in the temperature range of values depicted from Table iHl, the

absolute Seebeck coefficient of potassium is very close to that of alumel. A

comvarison of the Figure lu with the graph of the absolute Seebeck coefficient

of alumel in Figule 6, p. 19, for the temperature range in question indicate that

this relation holds true.

3. MERCURY

The results obtained for mercury seem to be questionable. One reason

seems to be the fact that the available chromel-alumel thermocouples are not

too accurate in the range of temperature over which the experimental data were

obtained. The error in the temperatures measurement for example was given

by the manufacturer to be ±4-F (2. 2ýC) which anmounts to 25 - 50 per cent of

the order of magnitude of the temperature difference across the sample. Such

uncertainty in the temperature difference might lead to Seebeck errors about the

same order of magnitude. For this reason the iesults for sodium and potassium-

may be questionable below 200'C.

Ji

-.. •1••.-r: -.• %



I
Ii] CHAPTER V1

CONCLUSIONS AND RECOMMENDATIONS

In general, it can be concluded that the design of the liquid-metal test

Ii apparatus was basically sound and it can be used to measure Seebeck potentials

of other liquids, too. It can further be concluded that there was grod agreementHF between the present experimental results and those of prior investigations, as

I{ far as the Seebeck coefficients of potassium and sodium are concerned.

1. TEST APPARATUS AND PROCEDURES[ Filling the test apparatus was probably the most difficult portion of the

experiments. While mercury is liquid at room temperature, sodium and po-

tassium had to be melted before being transferred into the test apparatus.

Potassium and particularly sodium had a tendency to solidify immediately upon

contact with the unheated test apparatus. This made it difficult to get a large

enough metal sample into the apparatus and yet install the upper thernocouple.

S "K Two attempts to test lithium were unsuccessful mainly because the melting

t.-int of lithium is too high to be safely handled inside the selected glove box.

Therefore, it i :i} attempted to pack the metal into the test apparatus in small

chunks. lowever, it was discovered each time upon subsequent melting during

the folilowing tests that there was not enough metal present to bridge the dis-

tance between the two thermocouple junctions.

3K5



0 6

From the pieceding discussion on filling, one can conclude that if a material

with a high melting point is to be tested in the apparatus described in this investi -

gation a more suitable method of filling is needed. Therefore, it is recommended

that the filling process should be accomplished by evacuating the test apparatus

and by subsequently using the vacuum to pull in the liquid metal sample.

The electrical resistivity measurements gave results which were several

orders of magnitude (about 10) too high. Whereas published values of the resis-

tivity of liquid metals fall within the range of micro-olum centimeters, the actually

measured values were as high as tenths of ohm-centimeters. While the reasons

are not yet known, it can be thought that such erroneous values might be caused

by contact resistances, especially in view of the multiple ccntact surfaces at the

lower thermocouple junction (Compare Figure 2, p. 10). P- : Ydition, oxidation films

and wetting effects may have had some influence on the r,.S:•stivity results. As

far as the contact resistances are concerned it is proposed that tantalum-tungsten

thermocouples be put directly into contact with the liquid metats in the future.

For this purpose it is recommended to use tantalum sheithed tantalunm-tungsten

thermocouples with exposed junction tips, The lower tantalum part (Figurel p. 8)

would require a hole drilled completely through it, so that upon filling the ap-

paratus, the liquid nietals would come in direct contact with the junction formed

by the tantalum and tungsten thermocouples wires. The hole diameter should be

just large enough to fit the thermocouple sheath in order to prevent • leakage

of the liquid metals through the hole. The thermocouples might be installed at

the same points as depicted in Figure 1.

a
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Another factor which might have contributed to the high resistivity results

IFl is the possibility that void spaces existed in the liquid column. Such a condition

would give rise to an effectivc sample cross sectionad area different fror.m the

area used in the calculations.

* -I7  It was mentioned briefly in Chapter I that the high temperatures Ln this

investigatiorn were restricted to 6000C. This restriction was brought about

by an, improper length of the available thermocouples immersion sheaths. The

thermt-wouple extension leads encered the immersion sheaths via a small transi-

tion tube packed with low tempeamture epoxy. Since the transition tube was

located within the ceramic container, the epoxy in the transition tube tended to

expand and break the thermocouple wi - upon heating the ceramic container.

To avoid such occurrences a cooling coil was placed around each end of the

ceramic container in order to remove heat from the vicinity of the transition

¶ tubes. 'ihe cooling coil l not have enough cooling capav!cy to surpass f)

temperature of abot 6,00°C. That is w!,> the test appalLltus was heated up to

I 600'C only.

On the other hand, if the irnmersiom sheaths had been long enough to ex-

tend to the outside of the ceramic container, the tests could probabt. have becn

made as high as 800 1., and the cooling coils would hay- been unnccess:ry.

Theretore, it is recoemnended that for the test set up as illustrated by Figure 3, p. 3,

the thermocouple immersion sheaths be at :east 18 inchcs long. An estimate. -f

the required length is given in Appendix C.

|I
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22. THERMOELECTRIC PROPERTIES

It is well known that for solid state materials, the thermoelectric figure of

merit of semiconductors is much higher than that of metals and insulators;

insulators having the least, oý account of very high electrical resistivity values.

Not too much is imown, however, about the figure of merit for liquid state ma-

terials . Based upon the quantitative calculations for the thermoelectric figure

of merit given it, Chapter V, it appears that the metals examined in this investi-

gation may offer more advantages thermoelectrically in the liquid state than in

the solid state. This was concluded assuming that the Wiedemann-Franz-Lorenz

law were valid for the liquid state also.

If the thermoelectric figures of merit as calculated in Chapter V for liquid

metals were correct, liquid semiconductors mighL have a similar trend. Thus,

it might be speculated that liquid semiconductors might be verv attractive for the

thernmoelectric applications. Presently there is no generally accepted theory

.nat can confirm or deny -uch a speculation. Therefore, it would seem worth-

while to experimentally determine the thermoelectric properties of liquid-state

semiconductors too.
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Fi APPENDIX AIr
LIQUID-METAL TEST APPARATUS DESIGN DETAILS

F, A list of material and the design details of the liquid metal test apparatus

are presented in this appendix.

F43
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LIST OF MATERIAL

Piece No. Quantity Description

1 1 Upper tantalum part

2 1 Beryllia tube

3 1 Type 304 stainless steel cap

4 1 Lower tantalum part

5 1 Junction tip sheath, copper

6 6 Type 316 stainless steel stud No.

8-32UNC-2A, 1 1/2" long thread

length 1/2"' each end

7 6 Mullite tube (1/4"1 OD x 3/16" ID x 5/8" long)

8 1 Removable tantalum plug 3/8 NPT

9 2 Thermocouple manufactured by the Thermo-

Electric Company, specifications as follows:

tantalum sheath, ceramo type CETA-116K

chromel-alumel 6" immersion length,

grounded junction with 1/16" NPT adjustable

fitting

10 1 Gasket, Garlock

11 ! Back-up ring, copper

1) 6 Flat washer, stainless steel

13 12 Nut, No. 8-32!TNC-21B, stainless steel

14 L Lock washer for No. 8 screw, stainless steel
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APPENDIX B

[1 ESTIMATE OF ERROR IN SEEBECK-COEFFICIENT

f ; 1. METHOD

The final form of the equation used to calculate the absolute Seebeck coeffi-

cient of the metals tested in this investigation is given by

SS = SW + SWPt + SPt (25)

The errors, dSsw, dSWpt, and dSpt, associated with SSW, SWpt, and Spt,

respectively, on the right side of Equation (25) are uncorrelated. That is,

SSW was determined experimentally while SWpt and Sit were obtained from

the literature. The total error in SS may be expressed as

dS + p2td i211/2
S dSS - SW d s WPt Pt jS +dS(26)

Each of the individual errors will now be discussed. Consideration is given

first to the error in SS.

The mathematical expre-ssion for SSW is given by

V
SW

SW '- - T (27)
H C

where VSW, 'rt1, and TC are experimentally measured quantities and SSW is an

explicit function of VSW, TH, and TC

S =:
S SW f (V SW, Ttl T1 C) .(8

.17
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Therefore, the error, dSsw, may be found from the total derivative of

Equation (28)

dSsSW dV-s dT a- dT (29)
SW -SW If • + TT c (

where, from Equation (27),

a SW _ 1

T H T (30)

a SW H -C

SW 2 (31)
dH (T H - T+C)

asSW VSW
6TTT- 2 (32)

(T H - T!

Substituting Equations (30), (31), and (32) into Equation (29) gives

dVsw VSW VSW
dS = TST 2 dH + dTC2 "

H C (TH - Tc) (TH

which car. be rewritten in terms of S

dSsw T [dVsw - SSW (dT - diC) (34)

H YC

The error. dSsW, can now be determined from estimates of the errorz-.

dVsW, dTH, and dTC . since everything else is knonr, These estimatm, are

now presented beginning first with dVsw.

il
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2. ERRORS IN MEASURING VSW

n The principal errors considered in the measurement of Vsw result from

instrumentation errors. These errors, based on the manufacturer's specili-

cation data for the Vidar 520-01 integrating digital voltmeter, are presented

P below, in terms of the full-scale (F. S.) value of the digital voltmeter except

where noted otherwise.

Source of Error Amount

SLinearity +.004 per cent F.S.

'[ F.S. Drift ±.01 per cent F.S.

F.S. Temperature Coefficient* +. 015 per cent F.S.

Zero Drift ±015 per cent F.S.

Zero Temperature Coefficient* :. 03 per cent F. S.

Line Voltage Variation ±.0005 per cent F.S.

Count-Count Variation -. 002 per cent F. S.

LINoise ±2.5 AV.

The full scale value used on the digital voltmeter was 10 mV. However, die

II maximum value of VSW recorded in the experiments was no higher than 2 mV.

1 The lowest value recorded was about 50 AV.

Using a recorded value of 2 mV the errors from each source presented

previously should be no higher than the values presented on the next page.

*Assuming +5'C room temperature variation.
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Source of Error Amount

Linearity 1 .08 AV

F.S. Drift - .2juV

F.S. Temp. Coef. .3 AV

Zero Drift ± .2 AV

Zero Temp. Coef. ± .6 AV

Line Volt. Variation ±. 01 AV

Count-Count Variation . 04 MV

Noise ±2.5 A V

The maximum limits of error are found by adding the values just given. ThiE

turns out to be

dVsw ±3.93.V. (35)

However, it is unlikely that at any given measurement the maximum 3rror would

occur. Therefore, the most probable error calculated below using a similar

form as Equation (26) gives

ds .02+ .2 .2 2 2 2.
dV .2 +.3 + 2 +.6 + .012+ .042+ 2.5

SW
(36)

dV SW V6.7881 S " -: AdVs i +Vi 2.60MV .

S. The per cent ercor based on the maximum reading is therefore,

S~2.60 pV
S0 x 100 per centVSW 2000 AV

(37)

: :0.13 per cent.
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1 3. ERRORS IN MEASURING TH AND TC

11 Instrumentation error. Following the stone procedure used to determine

[1 the error in VS, the instrumentation error for TH and TC turns out to be

instrumentation

1] (dTH = dTC) m-ax. errr 1.1.25 AV (38)

-ad, the most probable error turns out to be

dTH = dTC =< ±4.85AV. (39)

The relatively large error results from the use of a larger full scale value of

L F 30 mv with the same percentage errors as given previously for the instrumenta-

- tion. Also the per cent errgr in linearity increased from 0. 004 per cent to

0.02 per cent because the thermal emf of chromel-alumel thermocouples at

I high temperatures requires a larger range of the digital voltmeter up to about

V• 25 mV at 600°C.

The instrumentation error, dTf -- dTC n -t 1.25pV, corrcesponds to

-h. 01 mV or a maximum temperature variation of +0. 25' C. The most probable

I+• error corresponds roughly to ±0. 12'C.

Thermocouple accuracy. The emf's of two thermocouples for use in the

I .' test apparatus were ,.heciked at the freezing and boiling points of distilled water

at a barometric pressure of 29.92 ini. Hg.

The thermal emf's measured at the ice point were +. 001 mV corresponding

to OC in each case. The values recorded at the boiling point averaged +4. 080 mV

for one thermocouple, while the other thermocouple averaged +4. 081 mV.
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At 100°C, these results indicated an error of -1/2 per cent or -0. 5C as com-

* . pared to NBS - table values. Generally chromel--alumel Lhermocouples are

more accurate at higher temperatures. Therefore, it was assumed that an

[ -error of about 1/2 per cent would be conservative throughout the entire tempera-

ture range from 100 0 C to 600 0C.

Transient response in TH and Tr, measurements. Temperature measure-

ments of the liquid metals in these experiments were made under non-steady

state conditions. As the data were taken for the most part while the apparatus

was being heated, the the:miocouple junction temperatures probably lagged

slightly behind the temperature of the liquid metal. However, due to the un-

known temperature distribution, the thermocouple junction temperatures may

have lead the temperature of the liquid metal.

For the estimation of the maximum temperature difference, it is assumed

that the internal resistance of the spherical junction of the thermocouples shown

in Figure 2, p. 10, can be neglected with respect to the tantalum sheaths and

additional layers. A check of a modified Biot-modulus shows that this assump-

tion seems to be justified. Therefore, the maximum temperature difference at

the upper junction is approximately

dT. dj (Cp). D6
J TaTj -L • •--• "kTa

L�/\(550b-(0 1.Btu) (0.04in.)(O. Olin.) .
(300.• = 1. 3 xl10-6'C '0°C

(40)

S1
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11 and at the lower junction

dTi Fik 52 + 1

T T it .- P j CP) ~ L_~ 22 33

HR L__ 0. ibm FT)
(300 ~ ib -9- ( 1 Btu F)(6x 10

' ,I F (.Olin.) (12n.) (03 in.) (12 in.)

xl +

- Btu + Btu F
Bt0 (0041n. ý( FT) (200 Olin. 2)(1 FT)S.30HR FT °F HRF F

+(03 in.) (12 in.)= 0.0059oC(30HRv F't (.05 in2( FT)]

S~(41)

Therefore it is assumed that the response error in each of the thermo-

couple junctions can be neglected.

I' Canduction error in T Tc measurements. Since the thermocouples

are made up of materials which have roughly the same thermal conductivity,

S- the conduction error associated with the TH and TC measurements can be

estimated by assuming a homogeneous rod where heat is conducted along its

axis to or away from the liquid metal interface. The temperature difference

between the liquid metal interface and the thermocouple ju cLion now can be

estimated from the solution for a pin fin with a finite length, where heat losses

at the ends are neglected.

T Tm 6  -M6t.. Tj- Te e

- [e 2mL + -2mL (42)
L 1 +e 1+e j
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where

A = -length of thermocouple sheath

T. = maximum temperature of argon around the transition tubecontaining

the epoxy

= 100°C

TL = liquid metal temperature 6000C

6 = thickness of materials above thermocouple junction. For the upper

junction -5 0. 0008 FT. For the lower junction 6 =.0056 FT.

7.3/FT (43)

where

h = convective heat transfer coefficient, (assumed 2 Btu/hr ft2 F)

k thermal conductivity, (assumed 30 Btu/hr FT OF)

D = diameters of thermocouple Junction, (. 005 FT)

- Substituting above values in Equation (42) leads to a dimensionless temperature

difference For the upper junction,

Tj - .(7"3)"0008) e-(7.3)1(.0008)

T T + 2 (7 .3 ) (.5) -27.3)(5

Thus, Tj-" TL and the conduction error .'.tl be assumed to be negligible

- • at the upper junction.

.1i
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For the lower junction, we calculate

andTL -T iTW e(7.3)(.0056) -(7.3)(.0056)
2(=)( 1 + =.996 (45)

T- TL T 1 + e27 1 + e- (.3

and

IF • T.= .996(600- 25) + 25 599°C

thus

T L- T. 1'C.

L

Summary of temperature errors

Err)r Source d1H dTC

"Instrumentation +0 12'C *0.120 C

Response Negligible Negligible

Conduction 0.0 ±1. 0oC at 600 C

Totals ±.120 C :L1.12'C

It is seen that these errors leave a maximum value of

"dT -dTc =1 24'C maximum (46)
H C

Jt wiil be assumed that the total error dTH - dTc varies linearly with temnpera-

ture from 100°C to 600' C. Substituting the estimated errors aiý f',lid ý -h,.

preceding discussions into Equation (34) gives a Yr.aximum error,

1t

dS --- 1:2.6 pV - SNr(:U- 24-C)l 47

S H TC
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However, the maximum most probable error is expected to be

"1 2 1/2

dS = T - [2.6 (1.24S (48)... sw TH TC
H C

(isw = IF6.-76+ 1. 54 SSW . (49)

SW T-Tc S

With the results of Equation (49) the errors in S for each of the metal

samples are estimated as follows:

Sodium Error Calculation

(1) (2)

Low Temperature Data High Temperature Data

T 2200C 6050C

AT 110C 110C

SNaCh -36 AV/°C -33 gV/OC

SNaAI +7.55 gV/0C +10 AV/°C

(1) d3NaCh = 1 - 7 = 1.58pV/-C (50)

1 2
(1) dSNaA1 = - .76 + 2.3)(' 55) = +40MV/QC (51)

(2) dSNaCh = - 6.76 + (1. 54)(33) 13.6 bAV/,,

1 •67
(2) dSaA ± 5)1) 1. 15 JAV!°C (53)

i1

.
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Ii Potassium Error Calculations

(1) (2)

SLow Temperature Data High Temperature Data

1 T 3150C 586oC

Ar 7.750o 310c

1 SKCh -45.81 AV/°C -50.37 AV/°C

SKA1 -5.55 jsV/°C - 7 . 8 2 V/°C

(1) dS~ch - ±715•67+'5(5S) 4.07.U/C (4

(1) dSA = - 6.76 + (.45)(45.81) = u.60uV/OC (54)
2 SKCh 7.55

171KAI 7.5-5

V(2) VS~ 6.76 +(1-54)(50-37)2= ±2-03 AV/OC (56)

(2) d1 6+(1.54)(7.82) = .3014V/°C. (57)

Mercury Error Calculations

(1) (2)
Low Temperature Data High Temperature Data

LIT 92'C 200'C
SAT 3.25°C 122C

SHgCh - 26.2 MV/*C -24.9 MV/ 0 C

SHgAI +17.5;sV/9 C +15.2MV/'C

(1) ii= 1 6.76 + .06(26.2) ±2.13 A.V/'C (58) 4L JS~ g~ l % .2
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(1) dSHgAl = 6.76+ .06(17.5)2 =1.54.MV/°C (59)

(2) dSHgCh = ,r V6.76 19(249 = 10.94 JSV/OC (60)

122

(2) dS = b-ý .76 + 19(15.2)2 = 4.60AV/oC (61)HgAI 12

From the foregoing error estimates it can be concluded that the measured

Seebock-coefficients should be accurate to within

I *, I per cent for Sodium

h 9 per cent for Potassium

:19 per cent for Mercury.

Total error. Values SWpt for chromel and alumel and Spt are reported

in the literature within +0. 1AV/0C each. Based on these deviations the maxi-

mum most probatle error for the absolute Seebeck coefficient of sodium can be

estimated from Equation (".6) to be

S 2 2 2
dS Na dSNaW + dSv.,Pt +is1t (62)

Na UaL- aJ.622 12_1

dS = 1[3622 + .12 + .2 = 3.6gV/aC . (63)Na

Similarly, we haN • for potassium and mercury

dS = 7 4. + 1 + .1" = ±4.1 V/oC (64)

K

"dS A •13 + .1 + .1 = +2.1IV/°C (65)Hg
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U APPENDIX C

U ESTIMATE OF RECOMMENDED LENGTH OF THERMOCOUPLE

3 IMMERSION SHEATHS FOR TEST APPARATUS

3 Fc.Fr an estimate of the recommended length of the thermocouple immersion

sheaths it is assumed that the materials making up the thermocouple assembly

ahown in Figure 2, p. 10, have roughly the same thermal conductivity. For this

3 purpose the foilowing equation is applied

TE-T = (TR-T.) e' (66)

3 Iwhere

TR = the temperature of the thermocouple tube where it leaves the ceramic

3 container, (assumed - 8000 C)

coT = room temperature, (assumed = 250C)

TE = melting point of epoxy in transition tube, (assumed 100° C)

3 and m becomes

m = 7.3/FT. (67)

For'

h c t'onvective heat tranisfer coefficient, (assumed 2 Btu/HR FT2 
0 F)

3 k = thermal conk&ictivity, assumed (30 Bmu/HR FT 'F)

D = diameter of thermocouple junction (.005 Vi)

L• 59
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- ~Substituting in Equation (661, we got

S -7.3x 75
.e -75= 0.097 (68)

and x has to be larger than or equal to .32 ft or abkit 4 in. Since the ceramic

container le 24 in. long and the apparatus is located in the center with the

thermocouple junctions about 1 in. apart, the tOtal length of the total thermo-

couple immersion tubes should be at least 16 in. long.

1

-!

I ,
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APPENDIX D

LIST OF SYMBOLS

A Cross-sectional area of liquid metal sample, (in

A One-dimensional heat conduction area of thermocouple junction, (in2

1

A2 One--dimensional heat conduction area of copper tip sheath, (in2)

22
- A One-dimensional heat conduction area of lower tantalum part, in)

3

C Specific heat, (Btu/lbm 0 F)
p

I-D Diameter of thermocouple junction, (in)

E Applied voltage, (volt)

SI Electric current, tamp)

K Boltzmann's Constant, (1. 38049 x 10 Joule/s C)

' L Length between tl-rrmoc, uol2 probes, (in)

.LO Lorenz Constant, (¶,. 45 x I10 wvatt- onm/' K)
t0

R Electrical resistance of shunt resistor, (ohm)

RS Electrical re-dstane-o of l'-iu' I m.taý sample, (ohm)

SW Relative Seebeck coefficient between sample, (S) and counter

electrode (W), (4 V/` C).

S S Absolute Seebcck coefflcient of sample (S), (U V/ ')

I A.
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S , Absolute Seebeck coefficient of material (W), (u V/ C)

T Teperature of cold side of sample, (0 C)
C-

TH Temperature of hot side of sample, (0 C)

T Arithmetic mean temperature of sample, (0 C)

T Temperature of reference junctirn, (0 C)
0

T Absolute temperature, (0 K)

T Temperature of liquid sample (0 C)
L

T Temperature of thermocouple junction (0 C)

TE, TR Temperature, explained where used (0 C)

V Relative Seebeck voltage between sample (S) and counter
SW

electrode (W) (volt).

V Combined voltages due to Seebeck voltage, VW and IRS

C SW

sample voltage (volts).

Vj Volume of thermocouple junction (ft3)

* Z Thermoelectric figure of merit (1/0 K)

a. abcde,.
Symbols In illustrations explained where used

* f, g, h, o, c

Sd Differential

2.h Convective heat transfer coefficient (Btu/hr ft 0 F)

k Thermal conductivity co material (Btu/hr ft F)

)

Li

_________________________________________________
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kI Thermal conductivity of thermocouple junction (Btu/hr ft ° F)

1k2 Thermal conductivity of copper tip sheat h (Btu/hr ft 0 F)

Ik3  Thermal conductivity of lower tantalum part (Btu/hr ft F)

L Length of thermocouple sheath, (ft)

In Mass, (grams)

In Grouping of heat transfer properties and dimensions explained

where used.

n Number density (in-)

S-q Electronic charge

:iA Difference

n Peltier coefficient, ()AV)

V' Thomson coefficient, (ISV/° C)

6 Heat traisfer dimension (ft)

6 Thickness of lower tantalum thermocouple sheath (ft)
S~1

6 Thickness of copper tip sheath (ft)2

1 16 Thickness of lower tantalum part (ft)

6 5 Thickness of tantalum thermocouple sheath

6 Thickness of material between liquid metal interface and

thermocouple junction (ft)

Ci 0 Fermi energy at absolute zero, (Joule)

8 Time (hr)
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P Density (lbm/ft3)

a Electrical conductivity, (mho/cm)

T Relaxation time (sec)

SUBSCRIPTS

Al Alumel

C Cold side

Ch Chromel

H Hot side

Hg Mercury

* Junction

K Potassium

L Liquid

Na Sodium

0 Reference

Pt Platinum

S Sample

Ta Tantalum

W Counter-electrode

1, 2, 3 Explained under symbols

SUPERSCRIPTS

Average value
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