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ABSTRACT

The messurement of oxygen concentrations in sodium
at levals of interest for LMFBR applications has been
reviewed. Additionsl datk are presented to support
the validity of the vanadium~equilibration method as
a reference for determination of oxygen ccncentrations
in sodium at levels 515 ppm. Operating experience
with electrochemical oxygen meters that have a thorie-
yttria electrolyte and a Na-cho reference electrode
is described, Meter lifetimes in excess of one yaar
have generally been achieved for operating temperatures
of 352 and 402°C, and fairly stable emfs have been ‘
observed for periods of several months.

INTRODUCTION

tallic {mpurity-

Accurate t of
slement concentrations in liquid sodium at levela of
interest for Liguid-Metal Fast-Breeder Resctor (LMFBR)
applications is essential for reliable interpretation
and correlation of compatibiliry data on various
reactor materials in sodium., Over the past twenty
years the measurement of oxygen concentretions in
sodium has received the most attention since this
impyrity wes generally conceded to have tha predominant
effect on the corrosion of most LMFBR structural and
fuel cledding materigls. As a result, the state of
technology for the analysis of oxygen in sodium at
the part-per-million level has improved greatly
during this period. J

The methods that heve been used most often for
determiniation of oxygen concentrstions in sodium
for LMFBR spplications are (a) the vacuum distilla-
tion t.chnique(n. (b) the mercury amalgamation me-
thod(z), {c) oxygen solubility at cold-trep (Na-ano
aquilibrium) temperature, (d) the vanedium-squilibrium
u:hod(s"‘), and (e) elactrochsmical oxygen meten(s).
Of the five methods for detarmining oxygen concentra=-
tions in scdium, only the vacuum distillation and
mercury amalgsmetion methods give an independent .
quantitative measure of the oxygen concentration.
Both of these wethods ara tedious and susceptible to
considarable arror in the low part-per-million oxygan
range., Tha other three techniques require either a
knowledge of ths temperaturo dependance of the oxygen

’agc:nat a standard analysis.

solubilicy in sodium or an experimental calibration
Much of the controversy

. surrounding accurate analysis of oxygen ir sodium in-
gvolvu this latter point, i.e., calibration against a
7ltmdcrd, eince worldwide agreement on the standard

' solubility curve has not been attained.

In the present

' paper, dats for the solubility of oxygen in sodium are

" revieved as they appiy to monitoring and
oxygen concentrations in scdium systems.

control of
Recent ex-

: perience with the vanadium-equilibration method for

SOLUBILITY OF OKYGEN N SCONM (pa)
-]

measurezent of oxygen concentrations in sodium and
operating experience with electrochemical oxygen meters
that utilize a Na-NuZO reference electrode are present-

ad,
OXYGEN SOLUBILITY IN SODIUM

A nunber of investigators have measured tha
solubility of oxygen in scdium and several reviews of
the data have been published with recommended equa~-
tions expressing tha temperature dependence U"G'B).
Figure 1 iz a plot showing four recommended sclubility

TENPERATURE ('C)
400 300 200 100

LI I—‘T7l|

Lo~ —
o | s b L | !
L2 3 2.0 2.4
000/T (°k™1)
" Fig. 1. Temperatura Depandence for Solubility of .

" equations.

* Noden )

Oxygan in Sodium from Four Inveatigations.
©)

data of four investigators, results in an equetion
with heat of solution for solid Nazo in liquid sodium
of 8305 cal/mole. Mors rscently Eichelbener(”

have reviewsd data of 7 and 12 invastigators,

Claxton's correlsation, based on the

raspectively, and have arrived at nearly identicel

b exprassions with a heat of solution for Nazo in sodium

{
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of 11,200 cal/mole, Only nloetcd dan vera uud to
obtain these recommendsd equations. On the basis of
available literature dats plus additional_lxp-riunul’
data, the prasent author has also published & recommeand-
od expression for the solubility of oxygen in sodium )_.
Only the data that wers obtained in & stainlsse steel
system by Noden and Bn.l.y(g) wers considered valid in
the temperature range 300-550°C. At temperatures bealow
300°C, only the vacuum distillation rasults of é
mtkau-ku(m) and those of the present nuthor“) vcni
used, The sxpression obtaived from the data in Fig. 2¢

is givan by

log G, = 6.967 - 2809 1, (6))
T Oy,

vhere the oxygen concentration, C, , is in parta per
I-iluon and tempesrature s in 'K.gnho heat of lolu:iog
iof He,0 in sodium is 12,900 cal/mols. i

TEMPERATURE, °C

® NODEN 8 BAGLEY (SINGLE ANALYSIS)
0 MUTKAUSKAS (AVERAGE OF 3-S5 ANALYSES)
A THIS INVESTIGATION (WERAGE OF 2-4 ANALYSES)

[X]
1000/T, -ot"

‘28, 2. Recommended Temperature Dspendence for Solu~
bility of Oxygen in Sodiunm Between 100 and 550°C.
This equation or slight modifications, thersof,
has besn esteblished as the reference equetion for
LMFBR work in the U.s‘n) « Oxygen diatribution coeffi-
clients used in the vanadium-equilibration method dis-
cussed below ere based on this equation. Although
there are undoubtedly some who prefer other expres=-
sions, it has bsan bensficial for investigators at ;
various laboratories to use the same reference equation.
It should be noted that all three squations egree ‘
fairly well at ~300°C; however rather largs descre-
pancies exiet at higher and lower temperstursa. Mor
example, st 125°C Eq, 1 yields a value of 0.8 ppm |

Lc»xy;-u coxpared to a value of v4 ppm for the Claxton ,
- I |

" astablish the eppropriace equilibrium.

- e o e Ve e et et s oy

Qqulcion' a f.ctor of 5 variation.
‘significant difference in the reported oxygen concen~
tration in & cold-trapped sodium aystem, .

'rhil results in a

OXYGEN SOLUBILITY AT THE COLD-TRAP TEMPERATURE

Probably the oldest and most used method for es~
:tnblilhin‘ the oxygen concentratiocns in sodium systems
has been by cold trapping. The cold trap utilizes the
'pu—n.zo phase equilibrium et low temperatures to con-
‘trol the oxygen concentration in sodium. Direct com-
iurisonn from system to system can he made on the basis
tf the cold-trep temperature or quancitative oxygen

oncentrations can be derived from the oxygen-solubiiity
;eu:vu at the cold-trep temperaturs. Although the
tonospt is reliable, inability to achieve or maintain
the neceseary physico-chemical conditions has led to
erroncous results in eeveral casee. Since the concept
'roliu on atteinment of N.—ano equilibrium, the nethod
!l.l reliable only when sufficient oxygen is available to
Therefore, the
mathod sstablishes only a wmaximum concentration set by
the HI-NOZO equilibrium and is invelid 1if the oxygen is
depleted. Kinetic limitations have slso been the cause
of erronsous reesulte, particularly in ceses where
diffusicn~typs or bypass-type cold traps have been used.
A more subtle concern releting to the sccuracy of this
wethod is in the measurement of the effective cold-trap
(or saturation) temperature. Also, thie type of deter-
mination is ueeful only at oxygen concentrations above
the saturation velue ¢ 0.3 ppm) at the mslting tempara-

ture.

] VANADIUM-EQUILEBRATION METHOD

The vanadium-equilibrium -n:hod(a’b), which wes
!ncontly developed, has received widespread use in the
b.S(n_n). The technique is based on (a) the eleveted
temperaturs equilidration of oxygen betwasn two outuelly
inscluble metale, viz., vanedium and eodium, {(b) measure-
ment of the oxygen concentration in the venadium, and
(c) datermination of the oxygen concentration in sodium
from experimentslly predetermined distribution-coefficient
dsta, The major advanteges of the vanadium-equilibration
method relate to (s) ite simplicity, which makes it
qnttc versatile and inexpensive, (b) the nplificuion
dcrivud from the relatively largs diltribut:lon coeffi-
cient, which results in high sensitivity at low concen-
ftration- €51 ppm oxygen in sodium), and (¢) the fact
that it provides a good reference, which results in
‘;t..‘lhbh interlaboratory comparisons. b

|' Theoretical expresaions fox; t;_heA eqq}lipti_.u_n_dia-

Jos——,

2
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Gbution ccefficients hl\-!: L;;x; ;;;.e_IZ;;;l_;;;;;;;;i;(la)
'alues ara based on free energy of formation for the

wost stable binary vanadium and sodium oxidas, and the
saturation curvas for tha binary vanadium- and sodium=- '
ny;en systens, The experimentally messured distribu—‘
‘tion coefficients deviate somewhat from the calculated '
kllues for the V-0-Na system. These differences ere
!lttributed primarily to uncertainties in the thermo-
hynamic data used in the calculations and to assump-

tions reguired for the simple calculation.

Questions have been raised in the literature con-
Eeeming the attainment of equilibrium in the system(lg) .
Eszetimental data obtained in the present investigation
:overvhelmingly support the conclusion that equilibrium
1e attained under tha conditions specified for the
‘technique., The experimentally determined exposure
‘times required for equilibration are in good agreement
?vith calculated values based on solid state diffusion-

‘controlled process, viz,, oxygen diffusion in vanadium,

Exposure times in sodium over two orders of nagnitude
.longer than the specified minimum give the. same oxygen
concentration in vanadium as standard equilibratiouns,
and oxygen concentrations in wvires of various diameters
give the came result when exposed stimultaneously for
periods sufficient to achieve equilibrium, Also, ex-
posures of vanadium samples to sodium for shorter per-
iods result in oxygen profiles that are in satisfactory
agreement with profiles calculated from diffusion data.
Vanadium samples previously injectod with oxygen have
been simultaneously exposed with standard specimens and
fequilibrlted to identical concentrations lying between
‘the original concentrations of the two specimens.
{Further evidence in Fig. 3 shows the systematic varia-
ition of the oxygen concentrations in vanadium with
io:ygen concentration in sodium determined by both
vacuum~distillation analyses and from saturation values
of a carefully controlled cold trap. Additional evi-
dence supporting the reliability of the equilibration
method is given below in the discussion of

electrochemical-cell measurements,

ELECTROCHEMICAL OXYGEN METERS

) Electrochemical oxygen meters provide an attrac- .
tiva onlina monitoring device for the measurement of '
oxygen concentrations in sodium. Over tha past ;
several years, considerlblc‘effozt in the U.S. has beea
devoted to tha davelopment of reliable oxygen mnters '
for liquid-sodium systems. A thoria-yttria electre-
lyte (7.5 and 15 wt? yttria) has been used in the
The performance of both UNC-type(zo) meterl“_J

meters, ..

T - 3

i { 1 4 1

L0 0
OXYGEN IN S0DRM, ppra

Pig. 3. Measured Oxygan Concentrations in Vanadium
after Exposure to Sodium that Contained Various
Oxygen Concentrations.

with Cu-0u20 reference electrodes and Westinghouse~
type L meters with air reference electrodes has Leen
investigated at several laboratnriel(lz-ls'zz). Major
problems that have been encountered with both types of
meters include: (a) limited lifetime ¢aused by fracture
of the electrolyte tube, (b) drift or instabilities of
the enf with time, and (c¢) nontheoretical response of
enf versus oxygen concentration, In attempts to better
understand and eliminate these deficiencies, primarily
the nontheoretical response, ucdified orxrygen meters
that utilize an Na-Nazo reference electrode with both
UNC- and Westinghouse~type electrolyte tubes have been
constructed and opereted at ANL, Errors in the'calcu-
.lnted response of the meters arising from uncertainties
in the. standard free-energy data for tha reference
’oxide relative to oxygen in sodium would be mitigated
by use of the Na~NazO reference electrode. Possible
electronic conductivity effects attributable to the
high oxygen potential of the air reference electrode
vvould also be reduced by use of the Nu-leo reference
‘slectrode. Much of the early work with UNC-type metera
and modified maters utilizing similar alectrolyte

tubes with N.-ano reference elctrodes has been re-
|ported prevloucly(‘). Both types of metera reaponded
ito changes in oxygen concentration in sodjun as
ldeternined by vncuum-di.tillntion analyses, cold-trap
'tempernture solubility, and vunadiun—equilibrntion
;analyses; however, the experimental responses (+30-35
:mV/decade In oxygen concentration) were considerably
:less than the theoretically predicted velue of 62 mV/
jdecade at 352°C. Similar results werc also obtained

E TR —
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{for ce1l :elplnturu of 602'0.

The operating chnnc:oruticl of oxygen maters
with a Rl-lhzo reference electrode and a high-purity
gt'horil-y:trh electrolyte, viz,, the type used in the

) ;Hutinghouu oxygen matars, have been detersined. Four
idifferent cells of this type have been constructed and
'operated for extended periods on laboratory-size (5-

50 kg of sodium) loops, Tha reference electrode con-

aists of “250 mg of high-purity sodium to which ~15 mg
of reagent grade sodium oxide was sdded. The opera-
ting history of the four wmeters is summarized in

'chle I, The waxisum sodium temperature in the loop

lwas typically between 450 and 750°C with the cell

Table X, Operatiang History of Four Electrochemical
Oxygan Meters with n;-u.zo Raference
Electrodes,

Max,

Cell Cell

Cell Sodium Number of
! Loop Temp., " Life
; No, Tn,g., < Shutdovns days
{ IWN  HOSEA  550-700 352 1 9%
2UN HOSEA 550~-800  302-402 6 422
3WN FFTS-1  450-750  352-427 8 412
&WN FFTIS-II 500-750 377-452 3 452
;opernting at temperatures from 300 to 450°C. Three of

. the four meters were operated for pericds of the order
‘of 1 year and one meter is still operational with an

' accunmulated lifetime of 14 montha. All four meters
i9wer:e subjected to periodic shutdowus as indicated in
the table, Failure of the first :hree electrolyte
tubes occurred during flow transients associated with
startups. The thermal shock resintence of the electro-
lyte tubes has not been quantitatviely assessed;
however, the tubes have survived thermal transiente in‘
axcess of 100°C. Figure 4 showe a photograph of the
fractured electrolyte tube from meter #3WN., The
othar tubes fracturad in a similar manner.

H
!
Metera 1WN and 2WN were operaced over a wide rnngvn
of oxygen concentrations, primarily at a cell tempera-

tura of 352°C, with similar results, Figure 5 ehows :
a plot of cell eaf as a functicn of oxygen concentra- B
tion in sodium for mater 2WN, The 402°C curva was oh- i
tained by opsrating the cell periodically at the high-
or temparature for short times, typically i1 day. The
oxygen concentrations reprasented by the open symbols

ware determined from the cold-trap tempezature, under '
carefully controucd condition-. and the oxygen no]u-J.

T

.bility, i.e., Eq. 1.
:gnn concentrationa determined by the vanadium-
fcquiubution method,

|||t||._n lmllu.lv.“

r[l'ilnlul.;,l L

’ g
1
i
- 1

rig. 4. Photograph of Fractured Thoria~Yttria Elec:ro-
;  lyte Tube from Meter #3WM,

CELL 2wN 3

/

/

| B WYY Tl

1.0

OKYGEN IN SODIM (ppm)

17 llll”‘

0.

¥ ’ll"'

o = CALCULATED
e EXPERMENTAL

-

| s | i
0 40 [T 2o %o
CELL ENF (mv) t

ri.. 3. Oxygen Mater emf as s Function of Oxygen Con-
centration in Sodium for an Electrochemical Cell
with a Na-Na,0 Reference Electrode. Oxygen concen=
tration vas 3ctcn1ned {from the solubility at the
cold-trar, temperature (open symbols) and the
vanadium—-equilibration method (closed symbols).

The solid eymbols represent oxy-'

Several of the points obtained .
by the latter mathod, including all data below 0.3 ppm
oxncn. were obtained uu:h the cold tnp bypuud. The




INTERNATIONAL CONFERENCE ON LIQUID METAL TECHNOLOGY IN ENERGY PRODUCTION

Fo—nmency of the cold—tnp solubility nnd thc B
vanadium-equilibration method for oxygen datarninltion.
ia demonstrated by the linearity of the cell data over a
wide concentration range and reproducible results over

long periods of time. However, as in the case of pu--i
vious meter operating experience, the cell emf ia not I
in sgreement with theoretical predictions. Results are
also shown in Fig, 5 for the 402°C operating tempera- -
ture. Similar results that were obtained with meter

1WN have not been included because of the relatively
short lifetime. A linear plot of log C&h versus emf
vas also obtained; however, the corresponding emf's

were slightly lower. ,

Meters 3WN and 4WN were operated ptedoninantlﬁ nt.
402°C on similar sodium systems in which ths oxygen
concentration was normally maintsined st ~1 ppm. Short

excursions in the oxygen concentration occurred per-

iodically. Figure 6 shows the responses of these meters
t T ! 3
- 402°% =
- 3WN AWN =
- . ®  VANADIUM - EQUILIBRATION 7
o . © COLD-TRAP SOLUBILITY -
100E-

/

Ty
/
11yl

S~ CALCULATED
~~
~
~ -

/

UARRLLL
1

OXYGEN N SODIM (ppm)
35
T

10— —_
E » . :
= - |
i 1
S— |
ol ] 1 i
36 700 20 "0
CELL EMF (mv) ;
rig. 6, Oxygen Meter emf as a Function of Oxygsn Con-'

centration in Sodiun for Two Electrochemical Cells
with n.-n.zo Referance Electrodas, l
§
during theixr lifetime. The solid symbols represent
values obtainsd by vanadium-equilibration analyses and
the open symbols are correlations with cold-trap tem-

peratura solubility. The solid curvs is the samea as the

.402°C curve in Pig. 5.

The important obssrvations are
J

VU ————— e 1a - v ——— e s A

“(a) the nllti‘nly good ltnbnity of the meters during
their lifetime, (b) the good agreement in response of
these meters with meter 2WN, snd (c) the long oparating

‘1ifatims. : !

The consistent variations of the oxygen-meter enfs
with oxygen coicentrntionl deternined by the vansadium-
‘equilibration method support the validity of this me-
,thod for measuring oxygen concentrations in sodium.
:Thil observation is particularly impressive when one
.considers a range of nearly four orders of magnitude
Extenaive oxygen

(14)

i:l.n oxygen concentration for meter 2WN.
aster tests conducted at both Westinghouse

,Arsonne %
cell emf with oxygen concentration in sodium determined

and H

also damonstrate consistent variations in

by the vanadium-equilibracion method.

Two anomalies remain concerning the measurement of
oxygsn in sodium at low concentrations, viz,, the i
nontheoretical behavior of ths electrochemical oxygen

trstion dependence of the

.’nteu and ths strong con
distribution coefficient for oxygen between vanadium

‘and sodium, Common to both of thess factors is the

tenperature dependence of the solubility of oxygen in
sodium. Therefore, variations in the heat of selution
of Nazo in sodium have been examined in an attempt to
With the assumption that

rationalize these questions.
ths electrochemical cells behave ideally and the
_necessary phyaico-chemical conditiouns are eatablished
fin the sodium system, the data have been correlated to
iobt:a:l.n a solubilicy aqustion with a h2at of solution
of 8700 cal/mole for Na,0 1n sodium, If the solubility
14s fixed at a valua of 120 ppm at 300°C, the tempsra-
étun where best agreement of all dsta occurs, one

AR A

fobninl the expression

log C5_= 5.40 - 1900 1, @

s :

whcn co is in parta per million and temperature is
1n *K. Figuu 7 showa a plot of uxygen-mster data
based on this squation, The oxygen concentrations
! dstermined from cold-trap eolubility and the distribu~
-:uon coafficients for the vanadium-oxygen-sodium ays-
tem wsre revised to confora with Eq. 2. Agreemant .
.betvlcn the experimental data snd ths theoretical
curves i{s obtained for the threa meters and both oper~
ating tempsratures. Of course similar aéruunt would
iaho be observei with other solubility curves if the
Eheat of solution remained constant. However, when
‘;ctn enf ic plotted sgainst oxygen concentration in
_the equilibrated vanadium samples, a linear relation
L‘_h:.co" ve enf) is not obtumd. Thia indicatee that
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rig. 7. Oxygen Meter Response Based on a Revised
Bquation for the Solubility of Oxygen in Sodium,

the distribution coefficient for oxygen betwesn vana-

"dium and sodium, based on Eq, 2, is still concentration

Eq. 1,

ration depend is

dependent, although the
somevhat lexs than that obtained previcusly using

The two anomslies have not been completely
reconciled; hovevar, this does not detract from the

'use of the vanadium~equilibration method as s refer~
, ence and electrochemical oxygen meters as wonitora for
. oxygen activity or concentration in sodium, ;

SUMMARY ,'

This zeport summarizes the zesults of an 1nvu:1-'
gation on the megsuremant of oxygen concentrations in
sodium at levals of interast for LMFBR applications.
A raview of solubility data for oxygen in sodium is
given with the equation that is reconmended and used
in most LMPFBR progrems in thie country. Additional
dsts are prasented to support the validity of the
vansdium-equilibration method as s reference for
determination of oxygen concentrations in sodium at
lavslas 15 ppm. The fact that oxygen concentrations
1a sodium~exposed vanadium samples vary systematicelly
with both tha cold=trsp tempsrature and electrochemical
oxygen-aetar enf demonstratss that the vansdium-
squilibretion method gives s reliable indication of

ni;gen concentration in the specified nnsc. ‘ i

Opesrating sxperience with electrochemical oxygen

int:r- with a thoria-yttris electrolyte and a Nn-ano
referensze electrode has becen described, The oxygen
?u:er characteristics include: (a) operating lifetimes
’pnaully in exceas of one year under a variety of
icond:l:ions. (b) fairly stable emfs for periods of
;uvernl months, and (c) pradictable behavior for oxy-
‘gen concentrations in sodium between 0.1 and 20 ppm.
iAlthough consistent and raproducible results were ob-
;!u:lned. the meters used in the present investigatiou
"did not respond theoretically to measured oxygen con-
centrations in sodium based on the recommended expres-
:lion for the solubility of oxygen in sodium. When an
flltn:nute solubility expression was used as a basis
for determination of oxygen concentrations in scdium,
,agreement betwaen theoretical and observed emfs was
‘obtained with meters at two operating temperatures,
:vis.. 352 and 402°C. Since most laboratoriea obtain
.consistent and comparable rasults when the same solu~
bility exprassion i3 uzed ar a standard, a change of
‘:ha raference equation is not recommended at this time.
Further investigations in this area are required before
sny changea in the baseline data can be recommended.
The wore important consideration is the capability for
valid interlaboratory comparisons attainable by use

of an sccepted standard.
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