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ABSTRACT 

The status is presented-of studies and experiments being con

ducted at Atomic~ International to desc~ibe the distribution of 

fission products and othe·r contamination sources released to the 

coolant of a Liquid Metal· Fast Breeder Reactor (LMFBR). ·These 

studies include the form-q.latiqn of Radioiogical Hazard. and Radia-
. . . .· . . 

tion Indices to aid in determining. the mqs~ significant fission 

products, the evaluation of the importance of activated core mate

rials which are subsequently corroded into the c·oolant stream, 

the classification of fission products on the basis of physical and 

chemical properties into analog groupings to· reduce. the number 

of isotopes which must be studied in sodium test loops, and a· 

preliminary study of the residual radiation lev~ls which could 
... 

result from fission product ptatin~ on heat exchanger surfaces, 

thereby limiting access for mainte.J:lance o~ repair. 

Experimental results derived fro~ studies .. of cesi~m and 

sodium iodide vaporiz~tion from "sodium solutions and cesium 

cold trapping studies are presented. The Fission Product Be

havior Loop which will be used for a more comprehensive series 

of investigations of fission product behavior in sodium is also 

described. 
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I. SUMMARY 

The status is presented of studies being conduc;ted t9 d~l?cribe th~ di~tril;n~- · 

tion of fission product and other contamination sources released to the coolant 

of a Liquid Metal Fast Breeder Reactor ( LMFBR). These studies fall into three 

major areas:. Source Term Char.acterization, Experimental Studies, --and Sys

tern Studi~s. The Source Term Characterization effort attempts to define the 

pr_oblem by determination of.the important sources of radioactivity; their rela

tive.importance within the group; the v:arious processes by which they may in-. 

fluence reactor operation, maintenance or safety; and the effect of parametric · 

variations of the system characteristics on the influence of the various isotopes. 

The Experimental Studies effort attempts to develop data which will permit quan

titative prediction of the behavior of the isotopes determined to be. important 
. . 

by the Source Term Cha~acterization Studies. Finally, the Systems Studies 

goal is to integrate the foregoing experimental and analytical results to deter

mine the radiation and radiological conditions which occur in an overall LMFBR 

system. 

In the area of Source Term Characterization, preliminary but incomplete 

specifications for a "typical" LMFBR system have been established, and the 

various sources of radioactivity and their possible fate in an LMFBR have been 

detailed. Radiological Hazard and Radiation indices have been calculated for 

moderate to long-'lived fissiori products to determine the relative importance of 

the various isotopes relative to these two problems and thus provide a measure 

of guidance for establishment of priorities for experimental and analytical work. 

The radioisotope inventory generated by the corrosion ·of activated stainless steel 

cladding was estimated (based on 2 mils/year corrosion rate) and found to be 
-5 . 

about ten times that due to fission products (based on a 10 release fraction). 

The physical and thermochemical properties of fission products and the elements 

in stainless steel, along with various compoun~s of these elements (oxides, 

carbides, and intermetallic s ), were examined to determine chemically similar 

groupings _of elements. By such grouping, it is anticipated that by study of the be-
. . 

havior of 'one of the elements in the group it will be possible to generally char

acterize the behavior of all of the ele.rnents. Among the groups identified were 
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those likely to: (1) volatilize, (2) deposit as oxides, (3) diffuse into the stain

less steel, and (4) combinations of these. A beginning has been made on the 

definition of a digital computer program which will calculate the distribution 

of radioisotopes in the coolant, in the cover gas and on reactor primary sys

tem surfaces, as a function of time for various parametric input variables. 

These variables will include reactor power history, cladding failure rate, frac

tional release of individual isotopes from fuel, flow· rates in the primary s"ystem 

and trapping devices, surface areas, and temperatures, etc. The code will 

calculate all important· sources of radioactivity including 
22

Na and 
24

Na and 

corrosion products activities. 

The Experimental Studies effort has concentrated on studies of the parti

tioning of a volatile fission product between the vapor phase and the liqiud 

sodium in which it is dissolved. This partitioning is expressed in terms of a 

distribution coefficient, Kd, which is defined as, 

where 

Y
2 

= mole fraction of solute in vapor phase 

x
2 

= mole fraction of solute in liquid phase 

.. ~ ( 1 ) 

and the solute is the fission product of interest. Studies of partitioning have 

been conducted for the C s- Na and Nai;... Na systems using ·a transpiration appar·a

tus and tracer techniques. · The data from the transpiration experiments yielded 

the following results: 

Cs-Na....,. log Kd = [987 /T( °K)] .+ 0.490 

Nal-Na -log Kd = [1840/T(°K)] - 2.34 

For several possible reasons presented herein, these experimentally derived 

values exhibit deviations from theoretical predictions. The ~hove re_lationships 

may be used to estimate the amounts of Cs and I isotopes that will volatilize to 

primary system cover gas spaces. 
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. Experimental studies were also performed in a small, forced circulation 

loop .to determine the effectiveness of cold traps in removing ces.ium.. Both 

Na2o and ·c s concentrations were varied to determine their effects on trapping. 

The experimental data indicated that precipitated Na
2
o was not required for 

removal of Cs by the cold trap. The removal of Cs was observed to increase 

with decreasing cold trap temperature ( 850 to 250°F) and with increased oxygen 

concentration in the sodium (5 to 105 ppm oxygen). Addition of cesium carrier 

reduced the apparent trapping efficiency, presumably by displacement of some 

of the trapped radioactive Cs atoms by stable C$ atoms. 

The Systems Studies effort examined data on the rate of isotope removal 

frorri the SRE following a fuel failure incident and data on the distribution of 

fission and corrosion products in the coolant and on primary system surfaces 

following shutdown of the SNAP 8 Experimental Reactor (S8ER). From the 

examination of the time-dependent data obtained from the SRE, it was noted 

that the rate of removal could be reasonably approximated by postulating a sys

tem depletion constant for each isotope analogous to the radioactive decay con

stant. The activity, l\, in the coolant could then be represented reasonably well 

by an equation of the form, 

where 

l\ = 
0 

A. = 

a = 

t = 

initial activity 

l\ = l\ e-(A.+a)t 
0 

radioactive decay constant for the isotope 

system depletion constant for the isotope 

tin~e 

.•• (2) 

Based on the assumption that the quantity of each isotope removed from 

the coolant stream was uniformly deposited on primary system surfaces, the 

depletion constant concept was applied to a "typical" LMFBR system to deter

mine the residual radiation levels 3 ft from a main heat exchanger, l 0 days 

after that loop had bee;n isolated from the rest of the primary system. Dose 

rates were estimated for the case where the heat exchanger had been drained 
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----------- ----

and. for the case where the heat exchanger contained sodium. In this example, 

the shielding provided by the sodium (with 10 days decay for Na
24 ) made· the 

dose rate lower for the heat exchanger containing sodium than for the drained 

heat exchanger. 

The principal activities planned for the future are the initial operation of 

the Fission Products _Behavior Loop (FPBL), which is expected to provide much 

valuable data on fission product behavior in stainless steel systems; the p~o

gramming of the digital computer code for predicting radioisotope distributions 

in an LMFBR system; the use of this code to perform preliminary systems 

studies; and the continued surveillance and application of fission and corrosion 

product behavior patterns in operating reactor systems such as EBR II, Fermi, 

and the SNAP 8 Developmental Reactor. 

Ar·-AEC-12687 
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II. INTRODUCTION 

The safe and economical operation of a sodium-cooled fast breeder reactor 

is in part dependent upon reasonable access to the heat exchangers and other 

large components for maintenance. 

To a large extent this accessibility is dependent upon residual radiation 

levels which, depending on maintenance procedures, determine the waiting time 

required after shutdown before entry can be effected. An initial waiting time 

is of course required for the 
24

Na radioactivity to decrease to acceptable limits. 

Then, if no other radioisotopes are present 
22

Na will provide the controlling 

radiation level. In the event of fuel cladding failure, however, fission proqucts 

will also be introduced into the coolant. Additionally, radioactive corrosion 

and erosion products from the core structure, and nonradioactive corrosion and. 

erosion products from the primary loop in general -irradiated as they pass 

through the core -are transferred to various parts of the plant by the coolant 

flow. Since these fission products and radioactive corrosion products have been 

observed to deposit throughout the system or, in the case of more volatile iso

topes, to distribute themselves between the cover gas and the sodium coolant, 

the resulting radiation levels along with those due to 
22

Na, will largely deter

mine the extent of the accessibility of various portions of the FBR system for 

maintenance operations. 1n addition they will establish the requirements for 

cover gas purification, disposal, and limitations on top- shield leakage. 

Aside from observations which have been made following the release of 

fission products into reactor systems such as the SRE,(l) BR-5,( 2 ) DFR,( 3 ) 

Fermi, ( 4 ) and the SN~P 8 Experimental Reactor (S8ER), ( 5 ) very little funda

mental research has been directed at understanding the behavior of fission 

products in a reactor system. ( 6 ' 7 ) 

The objective of the present project is to elucidate the behavior of fission 

products released to the coolant in a sodium-cooled LMFBR during normal 

operation. This information will be useful in more realistically assessing the 

probable consequences of potential accidents. It may also indicate the neces

sity for developing fission product trapping techniques which will reduce the 

effects of clad failures under normal operating conditions. 
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Experimentally, the project'has studied vaporization equilibria for the 

volatile fission products, cesium and iodine. It also includes studies of the 

rate and exterit of trapping by cold and hot traps, and stainless steel surfaces. 

The analytical effort accompanying the fundamental-experiment program 

has been directed towards determining which isotopes are most significant and 

thus most profitable to examine. Typical in~entories have been evaluated with 

parametric release fractions from fuel elements.· (Development of fis·sion 

product release fractions from fuel are not part of the scope of·this project. ) · 

A major goal of this portion of the effort is to derive a 11 source term 11 which is 

amenable to computer programming. In this manner, the information acquired 

from fundamental studies and from reactor operating experience can be in

serted, and the analytical expressions relating to fission product location and 

radiation levels can be used to describe the probable results of any fission 

product injection into the coolant. 

A study of existing reactor systems and the manner in which fission prod

ucts have been distributed in reactor accidents has comprised the remaining 

area of analytical evaluation. 

It is the purpose of this report to summarize the present state of kno,wledge 

with regard to fission· product distribution, and to outline briefly the next steps 

by which the project will fulfill its desired objectiv~s. 

AI-AEC-12687 
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Ill. SOURCE TERM CHARACTERIZATION STUDIES 

A. TYPICAL FAST BREEDER REACTOR CHARACTERISTICS 

For a project of. this nature, it is of value to establish a set of conditions 

which are more or less typical of those to be found in an LMFBR environment. 

For data acquired under conditions which are greatly different, an extensive 

investigation into the validity of extrapolation techniques must also be made; 

otherwise,. the ultimate purpose .for which the data are acquired, i.e., to assist 

in reactor design evaluations, is not achieved, and the project data are es

sentially of no value to the reactor designer. Thus in all cases where possible, 

it is considered advisable to employ experimental temperatures and other 

parameters which are characteristic of an actual reactor system. Table 1 

shows a typical set of reactor conditions upon which activation and fission prod

uct inventories were based. It is recognized that there may be variances in 

many of these parameters; they are used in this project as .interim numbers 

until more detailed information is available on the system_ configuration of a 

specific reactor. 

TABLE 1 

DESIGN CHARACTERISTICS OF REFERENCE LMFBR 

Rated Core Power (Mwt) 

Sodium Inventory in Tank, Total (lb) 

Flux, Estimated (n/cm
2

-sec) 

Coolant Mean Circuit Time Through Primary (sec) 

Velocity of Coolant Through Core (ft/ sec) 

·Active Length of Core (ft) 

2120 
6 

l.lxlO 

5 X 10
15 

120 

11.1 

2 

Another parameter which is of importance· in evaluating fission product 

deposition in a fast breeder reactor system is the surface-to-volllm.e ratio, 

i.e., the surface of piping in contact with the primary sodium divided by the 

volume of the primary sodium. An examination of available data indicates that 

a typical surface-to-volume ratio for a loop type LMFBR might be 0.05 em -l 

It is of interest to note that, for most of the systems examined, nearly 83% of 
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the available piping surface area is in the associated heat exchangers them

selves; another 11% is in the accessible piping associated with the heat ex

changer; and about 5% is in inaccessible piping in the primary coolant circuit. 

Less data are available for the 11 pot11 geometry FBR in which the. entire 

primary loop is submerged in .a large sodium pool. However, since most of 

the surface area results from the heat exchanger, it seems probable that the 

surface-to-volume ratio under these circumstances will be approximately the 

same. 

B. RADIOISOTOPE FLOW CHART 

Because of the complexity of the system in a typical LMFBR with regard 

to the fate of fission and corrosion products released into the coolant, it is 
. . 

necessary to delineate a.s simply as possible the paths by which these products 

are injected, transported, arid d~pleted. A block diagram which illustrates these 

processes is shown in Figure 1, arid the various components .and pro·ces·ses are 

described below. 

1. Sources of Co.olant Radioactivity 

The radioactivity content of the coolant arises from several sources as may 

be noted in Figure 1. For example; the .fission product inventory in the core 

may be introduced through diffusion or recoil into the fuel pin bond. From the 

bond it may, if volatile, be released into the plenum of the individual fuel pin, 

be deposited or plated on the internal surface of the cladding,· or be released 

through clad failure or deliberate venting into the coolant. The venting process 

releases only the noble gases, but subsequent decay into particulate daughters 

may occur during transit of the noble 'gases through the upper sodium plenum, 

as for example in the case of the short-lived xenon-cesium chain. Other 

processe·s also contribute activity from relatively nonvolatile fission products 

into the bond. These processes include knock-on collisions, diffusion, and 

grain boundary or pore diffusion. Normally these fission products are con

tained within the fuel element cladding unless a defect develops.,:, The presence 

>:<The release of fission products from fuel to coolant is outside the scope of 
this project. These categories are included only because this information 
may be required in a more sophisticated analysis of the source term in the 
coolant. 
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of fuel contamination on fuel element surfaces or in the coolant provides .a 

mechanism by which a broad spectrum of fis·sion products may be introduced 

into the coolant. 

The corrosion of the steel surface~ in an LMFBR will result in the activa

tion of several elements which are constituents of the steel. Some of these, 

such as the longer-lived isotopes, are also significant in determining the after

shutdown radiation levels and are thus appropriate contributors to the coolant 

source term. 

The presence of various impurities in sodium will result in their activation 

and contribution to the overall system radioactivity. One example is lithium 

which, through the (n, a) reaction, can produce 3H in the· coolant. Another 

source of 3:H is ternary fission. In this case the 3H, following its release 

from the fuel, may diffuse directly through the cladding into the coolant s.tream. 

2. Depletion Mechanisms for Coolant Radioactivity_ 

There are several mechanisms (described below) within an LMFBR system 

which tend to limit the buildup of fission products in the sodium. 

a. Radioactive Decay 

Radioactive decay is the most obvious depletion mechanism. This process 

generally limits the isotopes of importance to those having a half life comparable 
24 

to, or greater than, that of Na. 

b. Vaporization and Release from Coolant 

A mechanism by which the more volatile fission product elements or com

pounds are removed from_ the co_olant is by means of escape or evaporati?n into 

the cover gas. The presence of these radioisotopes in the cover gas may lead 

to subsequent difficultie!:1 in cover gas storage; effluent disposal; _or personnel 

exposure, in the event of top shield leakage. Some of the program effort has 

therefore been directed towards developing a quantitative method for estimating 

the extent to which various isotopes will transfer from the sodium coolant to the 

cover gas. The source term study correlates these data. 
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c. Deposition arid Plating 

This process refers to the removal of coolant activities by means of sorp

L.iuu lu.echct.lll::Hu::; occurring ~t the various primary system surfaces. This type 

of removal is of particu~ar importance in determining post-shutdown radiation 

levels throughout the reactor system. Since it would also account for a pro

portionate depletion of radioactivity in the coolant, an accurate study of this 

process is necessary. 

d. Trapping· 

Various types of impurity traps are used to remove coolant activities. Ex

perience in the eff~ctiveness with which coolant activities have been removed by 

cold traps or other system trapping techniques has varied widely, and, early 

in the project, it was considered of importance to study this characteristic for 

various fission products, not only to understand the mechanisms involved in 

prese.nt trapping t~chnology but also to obtain fundamental information upon 

which ·the design of future trapping systems could be developed. 

G. RELATIVE IMPORTANCE OF FISSION PRODUCT ISOTOPES 

There are three main ways in which fission product contamination can af

fect the design, operation, arid maintenance of an LMFBR. First, the release 

of volatile or gaseous fission products into the main primary c.oolant volume 

may ultimately result in the release of these fission products into the cover gas 

region over the reactor core. As a consequence, r,adioactivity in the contami

nated cover gas may be released into the reactor high bay or other operating 

spaces if any large leaks or malfunctions of the gas seals develop. This occur

rence has been observed in Dounreay Fast Reactor (DFR), Fermi, and other 

sodium cooled reactor systems. With regard to design characteristics,· the 

requirement for disposal and/ or clean up of the contaminated cover gas would 

obviously require more complicated designs and operation'al or maintenance 

procedures~ 

. The second way in which fission product contamination of the coolant may 

affect safety or design considerations arises from the observed tendency of 

fission products to deposit or to plate out at various locations in the reactor 

system, or to be trapped in coolant purification devices such as cold traps, etc. 
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Finally, the coolant inventory itself is an l.mportant consideration in the 

design and shielding of piping and external components, in the specification of 

reactor shutdown and coolant removal procedures, and in acCident hazard 

·analyses. Two of these effects have been qualitatively evaluated in terms of 

indices to determine the relative significance of the various isotopes, and the 

evaluations are presented below. 

1. Radiological Hazards Index 

A convenient measure of the radiological hazard imposed by fission product 

contamination of the cover gas is the Maximum Permissible Concentration (MPC) 

criteria specified by the Atomic Energy Commission. (B) In· effect, these sug

gested MPCs, which relate to physiological effects, are already used through

out the industry to assess the relative hazard of various fission products with 

regard to personnel ingestion or inhalation. 

Thus it was assumed that the relative importance, Ra_diological Hazard 

Index (RHI), evaluated for each nuclide should include an expression inversely 

proportional to the MPC. Other factors which are directly proportional to the 

Index include the inventory or the amount of the nuclid_e present, the release 

fraction from the fuel, and an expression of volatility relating to the probable 
. . 85 

concentration of the particular isotope in the cover gas. Normalized to Kr , 

the Radiological Hazard Index is given by: 

where 

(C.). 

(C.) 
X RHI(t,i) = 1 1 

(MPC )K 85 f. a r 1 

(MPC ). .x f 

v. 
1 x---v. . 

1 
85 

Kr 
a 1 85 

Kr Kr85 

RHI(t,i) = Radiological Hazard Index of the. ith isotope after decay 

timet 

C. = radioactive inventory of the isotope in the fuel 
1 

MPC = a 
Maximum Permissible Concentration of the isotope in air 

f = release fraction of the isotope from the fuel to the sodium 

v = volatility of the isotope (or .fugacity) 

The subscripts i and Kr 85 refer to the ith isotope and Kr
85 

respectively. 
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The inventory of each isotope in the fuel was calculated in the usual way, 

using the recent Los Alamos plutonium fast fiss.ion yields. An operating period 

of one year, and a reactor thermal power of 2120 Mwt were also assumed to pro

vide a~ initial estimate of th~ RHI. The choice of Kr H5 as ~ normalization point 

was prompted by its long half-life, high release fraction from the fuel,_ and its 

volatility, which implies a high release fraction to the cover gas. · For lack of 

additional information at this time, the release fractions of all isotopes were 
85 

asswr1ed equal to Kr , a.s were the fugacity .expressions. Thus: f. = f 
85

, 

v. = v 85, and 
1 

Kr 

RHI(t,i) = 
(C.). 

1 1 

(c.) 
1 

85 Kr 

1 
Kr 

(MPC )K 85 a r 
X 

(MPC ). 
a 1 

These results are shown in Figure 2 as a function of time after shutdown. 

2. After-Shutdown Radiation Aspects (The Radiation Index) 

A second evaluation was performed to determine those fission product iso

topes whose inventory, half-life, and gamma energy provide contributions to 

the after- shutdown radiation levels for maintenance or repair of the LMFBR 

system. Again, no convenient quantitative basis is presentiy available. For 

example, although it seems obvious that the hazard is proportional to the gamma 

energy, the effect of the gamma energy upon dose rate is a complex function of 

geometry, material, energy absorption characteristics, and thickness of piping 

and gamma ray shielding material. Therefore to minimize subjective aspects 

of the evaluatl.on, ·dose rates were based upon an assumed unshielded point 

source. Using the above assumption, a dose rate was calculated for each iso

tope considered, based on the inventory of the isotope per unit volume of sodium. 

The resulting values were then. normalized by dividing by the corresponding 
22 

Na dose rate. This isotope was selected as a· normalization base because 

of its long half-llfe and because it will obviously remain with the sodium re

gardless of the volatility or deposition of fission products. 
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Thus: 

where 

D. 
1 

RI(t,i) = 
·D 22 

Na 

= 
(C.). X E. 1 1 1 

RI(t,i) = radiation ind.~x fo~ the i th ~sotope at time t 

••• ( 3) 

= dose rate at a distance of 1-ft from l-cm3 of .sodium 
22 

containin..g isotope i and Na , respectively 

. f . th d N 22 . 1 . 1 = 1nventory o 1 an a 1n coo ant respectlve y 

(curies) 

(C.). ,(C.) 
1 1 . 1 22 

Na 

= energy of equivalent photons emitted from i th isotope 

and Na
22 

respectively 

3 
v = coolant volume (em ) .· 

These results are shown in Figure 3 which presents the RI for each isotope 

as a function of the time after shutdown. Due to 
24

Na radioactivity levels, most 

LMFBR oper:ating plans anticipate a waiting period of approximately two weeks 
. . 

following reactor shutdown befor·e maintenance· can be accomplished on the pri-

mary system. This initial period is indicated in the figure. . ... . .. 

3. Relative Concentration of Fission Products and Corrosion-Activation 
Isotopes 

Calculations have also been performed to estimate the level of radioactivity 

introduced into the coolant as a result of structural component activation and 

subs.equent corrosion into the coolant stream. A preliminary estimate of these 

contributions indicates that, with an assumed average corrosion rate of 2 mils 

per year, the fuel element cladding will constitute the' most significant source 

of activation-corrosion activity. With this assumed corrosion rate, the loss 

of cladding is W = 4.6 x 10- 2 g/sec; and the incremental loss of cladding during 
'• . . "" . ~ ,. 

a short. time interval, dt, is Wdt. The activity produced in this increment of 
:>:~ 

cladding up to the time, t, of its entrance into the coolant stream is: 

>:<Assuming steady power operation 
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where 

ll . fh .th·. -1 . = activity o t e 1 1sotope (sec ) 
1 

. -2 - l cp = average neutron flux in the cladding (em sec ) 

:E.= effective macroscopic cross section for the r~action (cm-
1

) 
1 

W - corrosion rate (g/ sec) ' 

.. . 3 
. p = cladding density(g/cm ) 

... (4) 

The decay of the initial activity iri the increment of cladding (as~uming it escapes 

the core and is no longer irradiated) gives an activity at a later ;time T, mea

sured from startup of: 

. Wdt [ --'\t] -\(T-t) 
dll. = cp:E. -- 1 - e e 

1 1 p . ... (5) 

The total activity at time T,. of all. the cladding removed by corrosion up to that 

time is: 

T I d/li = 
0 

T . . 

I W ( -A}) -\(T-t) 
cp:E . - l - e e d t 

1 p . . 
0 

which when integrated yields: 

ll. = cp:E ~ ~ [__!_ - (_!_ + T) e- \ T ] 
1 1 p A.. A.. 

1 1 . 

.•• ( 6) 

.•• ( 7) 

In performl.ng· the above· calculations,- the resonance integral for each iso

tope was evaluated over the flux spectrum of a typical LMFBR. The activity 

contribution from each of the significant stainless steel components with suf-
~ . . . 

ficient half-life and energy to cons.titute an appreciable after-shutdown radiation 
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contribution was then obtained, and results are shown in Figure 4. This figure· 

also shows the growth of 
22

Na activity co.ncentration (assuming fresh sodium) 

and the concentration of some of the more important fission products, assuming 

one ye.ar of reactor ope.ration, 10-
5 

release fraction at the end of one year and 

no decay or depletion. 

Figure 4 indicates t.hat, for the assumed corrosion rate of 2 mils/year 

(which is probably high) and the assumed fission product release fraction, the 

activity of corros.ion products in the coolant, if not deplete.d by. some mecha

nism, will predominate over all of the other activities. Moreover, since the 

corrosion product activity is directly proportionar to the corrosion rate, as 

can be se~n from the above equation, Figure 4 shows that, even if the corrosion 

rate were one :-tenth the assumed value, the corrosion product activity, if not 

depleted, would still be dominant. Evidence obtained from post-operational 

examination of the S8ER, however, indicates that most all of the a.ctivated cor

rosi.on products are, in fact, depleted.from the coolant stream by deposition 

on primary system surfaces. (5 ) Indeed, a similar finding was also. made rela-

.tive to the nonvolatile fission products- thereby lending support to the basic 

depletion factor concept. 

In conn~ction with the corrosion product activity, it is interesting to note 

that after about 2-1/2 years the 60co activity becomes dominant.· This is in-
. . 

teresting because Co is only ari impurity in stainless steels, and this activity 

arises from an assumed Co impurity' concentration of 0.05%. 

Two other activities which may arise from impurities are 134cs and 86Rb. 

These were found in the S8ER coolant and were attributed to 'activation of stable 

Cs and Rb impurities present in the NaK coolant. 

The 
22

Na activity is also of interest since it rapidly builds up to significant 

concentrations and cannot be selectively removed from the coolant. Further, 

although there are some uncertainties involved in calculating the 
22

Na activity 

due to uncertainties in cross sections and fluxes, these uncertainties are less 

than those associated with prospective corrosion rates, and clearly less than 

the speculative uncertainties associated with fission .product release fractions.· 

Accordingly, it is apparent that, after extended operation, 
22

Na will be one of 
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the most important activities in the coolant stream. Further,· this activity will 

not be substantially reduced without replacing a major fraction of the primary 

system sodium. 

The greatest uncertaintyis associated with the calculated fission product 

concentrations. This arises because of the uncertainties associated with the 

extent of fuel cladding failure and the limited understanding of the mechanisms 

of fission product migration out of the fuel. Throughout these studies we have 

arbitrarily assumed that the cladding simultaneously fails on l% of the fuel pins 

and that 0.1% of the fission product inventory existing at that time escapes from 

the fuel. Both of these values, however, are highly -arbitrary, as is the as-' 

sumed instantaneous release. Further, no accounting is made for depletion of 

the fission product concentrations by various mechanisms currently under study. 

The result is that the above estimates of fission product activity are highly 

speculative, are based on a rigid release model which may be ve~y unrealistic, 

and are incomplete in that removal mechanisms are not considered. The 

development of the Source Term Model (Section li-E below) is ~ndertaken in 

an effort to improve realism·, flexibility, and accuracy. 

D. FISSION PRODUCT GROUPING 

Definition of the behavior of fission products in sodium is necessary in 

order to evaluate the radiation hazard associated with plant operation and main

tenance. By successfully grouping fission products as to their chemical be-

. havior, the analytical effort re.quired for the prediction of radiation levels is 

reduced in proportion to the number of chemical species and the number of 

analogue groupings. 

As shown in Figure 1, fission products may ultimately remain in solution 

in the sodium, vaporize into the various gas spaces, or deposit on system 

walls. In order to establish an initial analogue grouping, the following poten

tialities were considered: 

1) Do the isotopes form oxides that are stable relative to sodium oxide? 

2) Do the isotopes form·intermetallic compounds with the major con

stituents of ·Type 304 stainless steel? 
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3) Are the isotopes volatile? 

4) To what extent are the isotopes soluble in sodium? 

Table 2 presents data on solubility in sodium and vapor pressure for the 

elemental forms of various fission products, fuel materials and major con

stituents of Type 304 stainless steel (iron, nickel and chromium). The Free 

Energies of Formation of the most stable oxide and carbide for the same ele

ments are· also reported. Pr.ediction of fission product behavior based on 

carbide data has not been made because of the uncertainty as to the chemical 

nature of carbon in sodium. Table 3 presents information on the ab:l.lity of. the 

various fission products. to form binary compounds with iron, nickel and· 

chromium. 

Based on the above considerations and data, fission products have been 

divided into six analogue groups (Table 4 ). 

1. Cl?!sbJm 

Volatilization should be the only removal mechanism for cesium. The most 

stable reported oxide of cesium is less stable .than sodium oxide; cesium is 

miscible with sodium; cesium is not reported to form intermetallic compounds 

· with iron, nickel or chromium; and elemental cesium has a high vapor pres

sure. However, cesium has been experimentally studied relative to its deposi

tion tendencies (the only one so studied), and it has been shown that cesium can 

be cold-trapped from sodium. The need for experimental confirmation of all 

analogues is therefore clear. 

2. Barium and Strontium 

I~ is expected that these isotopes will deposit as oxides or be mechanically 

separated (filtered or centrifuged), assuming a low solubility for the oxides. 

Barium and stron~ium form stable oxides, have suitably low vapor pressu~es, 

and are not reported to form intermetallic compounds with iron, nickel or 

chromium. 

· 3. Molybdenum, Ruthenium, Antimony and Silver 

It is expected that these fission products will deposit on system walls, e. g., 

piping, vessels, hot and cold traps. They do not form stable oxides, have low 
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TABLE 2 

SOLUBILiTY OF METAL ELEMENTS IN SODIUM AND FR,EE ENERGY OF 
FORMATION OF OXIDES AND CARBIDES AT 800 oK 

Elemental Elemental 
Solubility 

Vapor 
(ppm, unless 

otherwise 
Pressure 

stated)* 
(rnm Hg)t 

Ag 25' w /o Low 

Ru (< 1 0) Low 

Te 35 w/o 1.4 

Sb 30 w/o 8 X 10-3 

Ni < l Low 

Co < 1 Low 

Cs High 140 

H High High 

Mo (< l) Low 

Fe -5 Low 

Cr (< 5) Low 

Nb (< 10) Low 

Na - 7 

Zr < l Low 

Pu ? Low 

u (l 0 to l 00) Low 

Ba 3 w/o 7 x 1 o-4 

y {l 0 to l 00) Low 

Sr (3 w /o) 8 X l 0-3 

ce (l 0 to l 00) Low 

La (lo to foor Low 

Nd (1 0 to l 00) Low· 

*References 10 and 11· 
t Reference 12 

Oxide 

Ag 20 

Ru02 
Te02 
Sb02 
NiO 

CoO 

Cs2o 
H 20 

Mo02 
Fe

3
o

4 
Cr 2o

3 
NbO 

Na2o 
Zr02 
Pu2o3 
uo2 
BaO 

Y203 

SrO 

Ce
2
o

3 
La2o3 
Nd2o3 

§References 13, 14, 15, 16, and 17 

Free Energy Free Energy 
of Formation§ Carbide of Formation§ 
(kcal/ g atom 0} (kcali g atom C} 

+5 - + 

-12 - ' (0) 

-21 - -
-35 - + 

-40 NiC 3 
(0) 

-43 CoC 3 
(0) 

-45 Cs 2c 2 + 

-48 - -
-49 Moc 2 {0) 

-51 Fe3C +2 

-74 Cr4C -18 

-80 - Nb2C -39 

-82~'~' Na2c 2 (-1) 

-112 ZrC -45 

-113 PuC -10 

-113 uc -23 
' ' 

( -4) 
'-

-115 BaC 2 
-120 ·YC ' (-l-0) 

-- . 
-122 SrC (-5) 

-124 CeC - ( .:20) .. 
-124 LaC (-20}" 

-'124' NdC ( -20) 

**At 5 ppm oxygen in sodium. Free energy of formation in oxygen in saturated sodium is 
-73kcal/gatom0. · · ·· · ' ··· · ·· · · · 

~OTE: Values .in parent~eses. are estimated. 

•. 
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TABLE 3 

REPORTED EXISTENCE OF BINARY COMPOUNDS OF 
FISSION PRODUCTS AND MAJOR CONSTITUENTS 

OF TYPE 304 STAINLESS STF.F.T. ( lR; 19) 

Iron Nickel Chron1.iun1 

Ag (soluble) Yes Yes 

Ba Probably No N.D.t N.D.· 

Ce Yes Yee No 
Cs No N.D. N.D. 

,,_ ,,_ ,,_ .,, .,, .,, 
I Yes Yes Yes 

La Yes Yes Probably No 

Mo Yes Yes Yes 

Nb Yes Yes Yes 

Nd Yes Yes Probably No 

Ru (soluble.) Yes Yes 

Sb Yes Yes Yes 

Sr No N.D. N.D. 
-·- -·- ,,_ 

Te Yes 
.,, 

Yes 
.,, 

Yes~·-

Zr Yes Yes Yes 

>:<Less stable than the corresponding sodium compound. 
tNo data. 

TABLE 4 

ANALOGUE GROUPING AND EXPECTED FATE OF 
V ARIQUS FISSION PRODUCTS 

Analogue Grouping 

Cs 

Ba, Sr 
-·-Mo, Ru, Sb, Ag··-

Ce,La,Nd,Y,Zr 

Nb 
3 . H , I, Te 

Expected Fate in Stainless. Steel System 

Volatilization or deposition as· complex "oxide 

Deposition as oxide 

Diffusion into stainless steel 

Deposition as oxide or diffusion into stainless steel 

Deposition as oxide or diffusion into stainless steel 

Vaporization or diffusion into stainless steel 

>:<May not be a successful ,analogue grouping. 
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vapor pressure, and form intermetallic compounds with stainless steel. Isotopic 

dilution may be most successful with this analogue group in reducing radiation 

levels in operating equipment. 

4. Rare Earths, Yttrium and Zirconium 

These fission products may be removed by deposition on the system walls 

or by mechanical separation (filtering or <;:entrifuging), assuming the oxides 

have low solubilities in sodium. They form stable oxides, intermetallic com

pounds with iron, nickel and chromium, and have low elemental vapor pressures. 

5. Niobiurn. 

The stability of niobium oxide relative to sodium oxide depends upon the 
' . . . . 

oxygen concentration. In regions where sodiun1 is nearly saturated in oxide 

(such as the cold trap), niobium oxide will probably form, and niobium may 

therefore be removed by deposition as oxide or diffusion ii!tO stainless steel. 

In regions of low oxygen concentration (oxide-gettering hot traps), metallic 

niobium will probably be deposited on the system walls. 
' 

6. Tritium, Iodine and Tellurium 

These fission products have high solubility in sodium and, at least at low 
. . 

concentrations, probably exist. as the corresponding. sodium compound ( experi-

mentally verified for iodine). These compounds have moderate vapor pres

sures, so vaporization should be one of the active removal processes. Deposi

tion on the system walls should also occur. 

E. SOURCE MODEL FORMULATION 

A generalized source model is currently under dev~lopment. It· is the ob-
. ' . . . .. 

ject of this model to provide a quantitative, flexible accounting of all of the 
. ' . 

important processes which affect the radioactivity of.the sodium coolant of an 

LMFBR, the radioactivity of the cover g~s,and the contamination-induced, 

residual radiation levels of equipment for which contact maintenance may be 

required. Many o£ the constants and, functional relationships for some of the 

processes in the model remain to be determined. However, such a model will 

be of considerable value- in asses sing the- relative importance of the various 

processes which are known and in establishing"'llmits of importance for ·the 

processes under study. 
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In general, a model is needed which will account for the processes in 

Figure ·1, which significantly affect the distribution of radioisotopes. Basically, 

this involves quantitative treatment of radioisotope production processes, an,d 

u£ transport and removal processes. With· respect to the coolant, a general 

equation of the following form is being used as a starting point, 

where 

N."'a. k 1L 1, 
k 

·N. = number of atoms of isotope i in coolant 
1 

R ... = rate _of introduction of isotope i into coolant by process j 
1,] 

.•. ( 8) 

a. k = fraction of i removed from coolant per unit time by process k, 
1, 

The production term "[R . . includes all important processes by which 
0 1 J 

radioactivity is introduced Jint~ the coolant,. including: fission product leakage 

from failed elements; absorption of gaseous fission product leakage from vented 

elements; activation of core materials and subsequent corrosion; activation of 

the coolant itself, and of coolant impurities; fuel contarnination of the coolant 

stream; and fission products resulting from fission of the fuel in the coolant 

stream. 

The removal term N. L ·a. k implies that all removal processes are con-
1 k 1, 

centration dependent. While this is true for radioactive decay (where a. 1 =A.., 
1, 1 

the radioactive decay constant) and for diffusion removal processes, and ap-

pears consistent with the "depletion factor" concep~ discussed in Section V, it 

ma-y: or may not be correct for a number of other processes, such as adsorp

tion, surface chemical reactions, loss to cover gas,and various filtering and 
. . . 

trapping processes. Even where a concentration-dependent process is appro-
. . 
priate, there is ~he problem of evaluating the various ai,k' This is bec:;ause, 

with the e~ceptic;m of the ra~ioacti ve decay constant, most of the a i,k are likely 

to be functions_ of temperatu:re, surfac·e a_rea, material composition, surface 
. . 

condition, etc. However, as more data become available it will be possible to 
. . 

make quantitative estimates of the a. k for various systems and add additional 
1, 

functional relationships to the removal term .. 
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·------

In order to obtain the desired analytical tool it is planned to apply the above 

generalized equation, including the constants derived for the various depletion 

processes, to a typical LMFBR primary system as depicted in Figure 5. The 

resulting equations will then be programmed for digital computer solution so 

that the effect of a variety of parameter variations can be quickly and economi

cally investigated. 

OVERFLOW 
TANK 

6-10-68 UNCL 

RADIOACTIVE GAS 
HANDLING SYSTEM 

+ 
I H-------- COLD TRAP 

11 
I Lr-.----, 
I 
I 
I 
I 
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I r---, 
I : : 
I '------' 
I 
I 

PRIMARY 
PUMP 

t------- -.----, 
J I I 

.......--+---+-1 --h L 

Figure 5. Primary and Auxiliary Loops for 
Assumed 11 Typical" LMFBR 

7702·4587 

Inspection of Figure 5 shows the principal components and systems that 

will be considered in the model. These are: ( 1) the main primary coolant loop, 

(2) the auxiliary by-pass loops, and (3) the radioactive gas handling system. As 

indicated above, the value of a or the controlling functional relationship will 

have .to be determined or estimated for each of the components in each of these 

systems, and for each of the important isotopic species. These can then be 

inserted in the source model code to obtain estimates of system behavior. It 
. . 

is anticipated, however, that even before approxilnate values are available for 

all components and processes, the computer program will still provide valuable 

program guidance as to the general behavior of the system and the relative im

portance of various processes. 
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Within the framewprk of the above preliminary model some initial study 
I / : • •' 

has been directed toward determining the effect of the manner of release of the 

fission product inventory to the coolant. This study has assumed that the fis-. . ' 

sion products enter the coolant by way of cladd~ng defects and are removed by 

radioactive decay and by a concentration-dependent plating process wherein the 

fission products are deposited on the steel surfaces of the primary system. For 

this study we have let a. 
1 

= A.., the radioactive decay constant, and a. 2 = a., 
. . . 1, . 1 . . 1, 1 

the depletion constant. For simplicity we hav:e also dropped the subscript "i." 

We consider three means by which fission products can be released to the 

coolant: 

Case 1. After a period of operation of time T, there is, due to an over

power situation, an instantaneous ~ailure of the cladding in a frac

tion, f 
1

, of the fuel pins and a fraction, f
2

, of the inventory of the 

isotope of interest in the failed pins is instantly released to the 

coolant stream. The reactor is then shut down, but circulation 

of the coolant is continued. 

Case 2. The reactor starts operation with cladding· failures already present 

in a fraction, f 1, of the fuel pins, and a fraction, f
2

, of the isotope 

·of interest in the failed pins is instantly released to the coolant as 

.soon as it is produced. The reactor continues to operate until 

time, T, ·when it is shut down, but circulation of the coolant is 

continued. 

Case 3. The reactor commences operation with no cladding failures, but 

failures occur progressively until at time, T, cladding failures 

have occurred in a fraction, f 
1

, · of the fuel pins. With the onset 

of a cladding failure, a fraction, f 2 , of the isotope of interest .in 

the failed fuel pin is instantly released to the coolant stream and 

a fraction, f
2

, of all of the isotope of interest produced thereafter 

in the failed pins is released to the coolant as it is produced. The 

reactor is shut down at t~me, T, but circulation of the coolant is 

continued. 

Of the three mechanisms described above, the first two have been analyzed, 

and the results are presented below. 
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--- ----- ---------~~---~----~~---------, 

In the absence of a chemical depletion process and for a constant rate of 

production, R, the instantaneous rate of production of the isotope of interest, . 
N (atoms I sec), is given by the familiar expression, 

. 
N = 'R- A.N ••• ( 9) 

where N is the number of atoms of the isotope of interest. After a period of 

time, T, N(T) is given by, 

N(T) = N( T) I w u 
... ( 10) 

where the subscript wlo denotes the absence of a depletion mechanism. Since 

there is no depletion mechanism, Equation 10 corresponds to the basic inventory 

of the isotope of interest that would be subject to release to the coolant should 

simultaneous cladding failures occur at time, T. This, then, corresponds to 

the. situation in Case l, above. The number· of atoms of the subject isotope re

leased to the coolant when the cladding fails at time T, NN. I (T), is then 
a,w o 

given by, 

... ( 11) 

where N
1
(T) is introduced to simplify subsequentdiscussion. 

For the mechanism described under Case 2, the instantaneous rate of pro

duction of the subject isotope in the coolant for the same basic production rate 

is given by, 

where a is the depletion constant. Thus 
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-------I£-kT->-5-,·-so-that-the-exponent-ia-l-te-rm-s-in-Equations--l-1--and-L3-ar_e_ne.gli=--

gible, the ratio of the number of atoms of the subject isotope in the coolant at 

timeT forCases land2isgivenby N 1(T)/N
2

(T), 

A.+ a 
A. 

..• ( 14) 

After time, T, the coolant inventories denoted by N 1 ( T) and N2 ( T) will be re

duced according to e -(A.+a)t The results for a= X and a= lOA. are shown in 

Figure 6. From these results it is clear that, when there is a dep!'etion mech

anism operative in the primary system, it is necessary to specify not only the 

release fractions but also the temporal character of the release. 

Building upon the preceding devel<?pment it is also of interest to examine 

the plated inventory, i.e. the number of atoms of the subject isotope adhering 

to the primary system surfaces. This inventory will be denoted by N lw for the. 

Case 1 release mechanism. and N2w for the Case 2 release mechanism. 

For Case 1, Nlw = 0 until cladding failure occurs at a time, T. After this 

... ( 15) 

-(A.+a)t where N 1 (t) = N 1 (T) e and t is measured from time, T. Equation 15 has 

the solution, 

... ( 16) 

and N lw reaches a maximum of 

( 
A. )A./a 

N 1w(max") = N 1(T) A.+ a 

when 

. . -2 
N

1
w(t)/N

1
(T) is plotted versus time in Figure 7 for A=· 1 x 10 where a= A. 

and a= lOA.. It is to be noted that_N 1(T) is the coolant inventory of the subject 

isotop~ upon the occurrence of fuel failure. A value of A.T > 5 was also assumed. 
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___ _____,F~o r Case _2_,_is_o_to_p_e_depo.sition-on-s-ystem-su-r-fac-es-commenc·e-s-at-th·e-b-e·---

ginning of reactor operations. Thus, for t < T, tl:ie instantaneous rate of 

change of the wall inventory is- given by, 

... ( 17) 

where, N 2(t) is given by Equation 13, with t replacing T. Equation 17 has the 

solution 

N2w(t) = f f R( a - ..! -At+ _1_ -(A+a)t] . 
1 2 A( A+ a) A e A+ a e · .. . ( 18) 

Again, if AT > 5, the exponential terms become insignificant and, 

... (19) 

After the time, T, the instantaneous rate of change of N 2w is given by: 

... (20) 

where N2 (T) is a constant as indicated in Equation 13 and time is now mea-sured 

from T. 

Equation 20 has the solution, 

N (t) = ·N2(T)(e-At_ e-(A+a)t] + aflf2R -At 
2w A(.A+a) e ... (21) 

The value -of N2w(t)/N 1 ( T) for t > T is also plotted in Figure 7. Inspection 

of the figure indicates that the time behavior of the release also has an important 

effect on the plated fission product activity, particularly during the first few 

weeks after shutdown, which may be a critical period if contact maintenance is 

desired. 
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The abov_:e relationships permit a more accurate assessment of coolant and 

deposited fission product activity levels as a fun~tion oftime ~nd therefor~.will 

be included in the Source Term Model. The relationships for the Case 3 re

lease mechanism will also be added as soon as they are completed. 
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IV. EXPERIMENTAL STUDIES 

A. . CESIUM AND. IODINE VAPC).RIZA TIO~ FROM SODIUM 

· The purpose of this section is to· summarize experimental and analytical 

work performed as part of a fundamental study of the distributional" behavior of 

fission products released to the sodium coolant of a fast reactor during normal 

operation. The information obtained is intended to permit evaluation of normal 

operating hazards and to ·support efforts to develop trapping or other fission 

product contamination control devices. 

It was concluded from the analysis conducted for the initiai source term 

studies that fission products released could correspond to concentration incre-
. . . -6 . . -9 . 
ments of the order of 10 to 10 mole fraction, and that of these cesium would 

be among the more abundant·. It was on this basis, and because of its relative 

radiation index after prolonged shutdown, that cesium was selected for study. 

The selection of iodine for study was bas.ed on its radiological importa;nce in 

the event of its release by leakage through the top shield. 

It should be noted that, with the exception· of the noble gases and rubidium 

and perhaps tellurium, cesium would be the only element likely to be sufficiently 

volatile that vaporization would be an important distributional mechanism. ·It is 
. . 

much more likely that, at the low concentrations likely to be found in the reaCtor 

coolant, various plating mechanisms and/ or interactions with. particulate matter 

or corrosion products would account for the ultimate fate of the isotopes. The 

primary objective of this task is to investigate such interactions, including the 

effect of oxygen. 

A method of investigation well- suited to the study of cesium and iodine inter

actions is to observe changes in vapor equilibrium at given nominal concentra

tions as a function of the amount of additive or surface. For this method to be. 

feasible, however, requires that the experimental procedure be sufficiently pre

cise to detect changes that may be relatively small. It has therefore been neces

sary to select and perfect a technique having the required precision. The cri

terion in this respect was taken as 10% or less experimental uncertainty. It 

might be noted that a secondary, but scientifically valuable, result of this work 

was that development of data for vapor-liquid. equilibria for solutes in sodium 

would permit deduction of solution thermodynamic properties. 
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Two experimental techniques were selected for use. The first was the 

transpiration method, which is well developed and quite suitable for the anti

cipated temperature range. The second was a vapor density method which was 

selected to serve as an alternate because of its potential simplicity. To ensure 

that the solutes would behave according to Henry's Law (in orde.r to have a ther

modyr,tamically well-defined system) and to minimize extrapolation .in later work, 

it was desirable to work at fairly low solute concentrations, i.e. mole fraction 
-6 -4 of.the solute.in the range from about 10 to 10 Initial analysis, however, 

made it quickly apparent that tracer techniques would be necessary for this 

concentration regime. Finally, the range of coolant temperatures expected 

according to present LMFBR concepts is from about 650 to 900°K, and it was 

considered desirable to conduct experiments within this range, where possible. 

1. Analytical Studies and Supplementary L;i.terature Data 

The vaporization behavior of these systems is conveniently des·cribed by · 

the relative volatility, designated here by' the syrtlbol "Kd" and defined as the 

ratio of the mole-fraction of the solute in the vapor, Y
2

, to its mole-fraction 

in the liquid, x 2 , or Kd = Y2 /x
2

.. Experimentally this ratio may be determined 

using tracer techniques by determining the ratio of specific activity, A, in the 

vapor to that in the liquid, Kd = Y2 /x2 = Ag/ A 1. The derivation of an analytical 

expression for iodine (or more accurately, Nai, is given below. 

Referring ·again to the definition for Kd' 

we may note that at low solute concentrations, 

where 

. y = 
2 

... ( 1) 

•..• ( 2) 

P~a = the pres sure .of sodium vapor (containing about ·3 to. 7% dimer.) 

over essentially. pure s'odium liquid 
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PNa = partial.pre_ssure of sodium monomer in the vapor 

P = partial pressu.re. of sodium dimer in the vapor 
Na2 

PNai = partial pres sure of sodium iodide in the vapor. 

It should be noted that the iodine would be expected to be predominantly in 

the form of Nai in the vapor, with negligible dissociation or mixed halides. Ex

pressing PNai as a function of concentration. 

.. • (3) 

where 

y = activity coefficient 

~P~ai = vapor pressure of sodium iodide 

and substituting in ( 1 ), 

... (4) 

Since the Nai concentration of interest in this work will be in the "Henry's Law" 

region, the activity coefficient will be a function of temperature only. In order 

to use literature data, it is convenient at this point to take logarithms: 

0 0 
Log Kd = Logy+ Log PNai - Log PNa ••• ( 5) 

These q~antities are given fairly accurately over moderate temperature ranges 

by the familiar linear expres sian, 

where 

Log P (or y) = A/T.+ B , 

A and B = constants 

T = absolute temperature. 
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Data for sodium have·been taken from the compilation o(Stull and S.inke( 2 0) for 

the elements by calculating the total pressure due to sodium monomer and dimer 

at 700 and 900°K and determining (by the "two point 11 method) the expression, 

0 
Log PNa = 5373/T + 4.65 . 

Bauer and Porter( 2 l) give data for the free energy of vaporization of alkali 

halides in the form of free energy functions and standard heats of vaporization 

at 298°K, 

= - - t 29 8. T + AHO 
( 

AF
0

- AH
0

. ) 

T T 298 
= -4.576T log P

0 
• : .":{6) 

Free energy function differences do not change rapidly with temperature, so 

that the value for 800°K may be substituted, and, solving for Log P 0
, · 

0 
Log P N al = 1 0, 50 0 I T + 7. 5 1 . • •• ( 7) 

To evaluate the activity coefficient of sodium iodide, one may note that 

Nal i·s not very soluble in sodium below about 900°K. If it is assumed that the 

activity is equal to the fractional saturation, 

activity = concentration = yX2 solubility ... (8) 

where concentration and solubility are expressed as mole-fractions (X
2 

and X~ 

respectively); then y = 1 /X~. The solubility data of Bredig, Johnson, and 

Smith(
22

) for Nal in sodium for the temperatures below melting have been 

treated by least squares to give, 

Log X~ = - 9 3 0 0 IT + 8. 19 = - Log ( 1 I y) . . •. ( 9) 

Substituting for the logarithms on the right hand side qf Equation 5 and. simpli-. . . . . 

fying, the relative volatility of Nal in sodium can be expressed as, 

Log Kd = 4173/ T - 5.33 
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.The derivation of an. expression for Kd for cesium in sodium is much the 

same as for Nal,. the difference being in the manner in which the activity coef-

Hcit:"nt j,$ ~;>.vr~.lm=t.tP.n, Th11:.:;, 

and 

= 

0 = Log Yes + Log Pes 
0 

Log PNa ... ( 11) 

As is true with other alkali metals, cesium vapor in equilibrium withliquid 

cesium contains appreciable dimer; however, at low concentrations in sodium, 

there would be very little dimer in comparison to the monomer, so that only the 

partial pressure of the monomer must be considered. Using the data for mona

tomic cesium from Stull and Sinke, (20) it is po.s sible to obtain the expres sian, 

pres sian, 

0 
Log Pes = - 3795/T + 3.900 . . .. ( 12) 

The vapor pressure of sodium liquid is from Stull and Sinke. (
2

0) 

The cesium.;.sodium system differs from the sodium iodide-sodium system 

in that cesium and sodium are essentially completely miscible above about 

100 oe. To evaluate the activity coefficient (which incorporates departures 

from ideal solution behavior), one may express the activity coefficient in terms 

of the excess free energy of mixing: 

4.576T Logy = aFE ... ( 13) 

Yokokawa and Kleppa ( 23 ) have measured heats of mixing of cesium and sodium 

over the composition range by calorimetric means, at 111 oe, and have stated . 

that for cesium mole-fractions less than about 0.5, the excess entropy of mixing 

is zero (i.e., the solutions are 11 regular 11
). An extrapolation of their data to 

zero mole-fraction (infinite dilution) cesium gives for the partial molar heat of 
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mixing of cesium a value of approximately 1900 cal/mole. The activity coef

ficient for cesium should t~erefore be given by, 

Log Yes = 1900/4.576T = 415/T . .. . ( 14) 

Combining the expressions for PC~' P~a' andy as for Nal gives 

Log Kd(Cs) = 1945/T- 0.668 . .. . ( 15) 

In using the relationship for estimating the relative volatility of Nai in 

sodium, it should be remembered that the assumption of Henry's law behavior 1s 

only an approximation, the uncertainty of which is unknown. Further, in using 

the solubility data for Nai in sodium at low solubilities, caution should be exer

cised since a small systematic error in the measurements would considerably 

affect the temperature dependence. In the case of cesium, the chief uncertainty 

appears to be the extrapolation of the heats of mixing, which may lead to an 

uncertainty of about 20%, corresponding to an uncertainty of about 300 calories 

in the heat of mixing. 

2. Experimental Methods 

With the exception of a few trial experiments conducted with a very simple 

vapor density apparatus, all vaporization experiments were performed with 

what proved to be a simplified version of a transpiration apparatus. Some com

ments, however, are pertinent to the vapor density apparatus, which is illus.;. 

trated in Figures 8 and 9. Two stainless steel chambers are connected by stain

less steel fittings through a stainless steel diaphrag·m-type valve.·· Provisions 

also were made to evacuate the chambers. The lower, or liquid, chamber, of 

about 45 to 50 ml capacity, was normally charged with about 25 ml of sodium. 

The upper, or vapor, chamber was given a preliminary hydrogen treatment in 

order to remove or reduce error due to presence of. oxidation products ori the 

surfaces. Usually, the apparatus was first charged and assembled in a glove 

box, then was attached to the various lin'es. The furnace could be pulled 'down 

over the assembly after being brought to temperature-~ 
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MARSHALL FURNACE 
(COUNTER-WEIGHTED) 

6-29-67 UNC 7702-4042A 

Figure 8. Schematic Diagram of 
Vapor Density Apparatus 

6-13-68 UN CL 7702-4020 

Figure 9 . Vapor Density Apparatus 
Removed from Furnace 
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The transpiration apparatus used in both Cs-Na and Na-Nai studies is 

illustrated in Figures 10 and ll. In this work, one of the concerns was that 

the solutions be adequately stirred in order to maintain uniform concentration. 

Otherwise, concentration gradients would be established which would give rise 

to a diffusion-limiting effect on one or another of the solution components and 

thus invalidate the results. The bubbler tube design was therefore adopted in 

order to maintain good mixing. 

The carrier gas was 99.999% argon. Volume measurements could be made 

by the combination of the calibrated 3 liter stainless steel ballast tank and cali-

brated pressure gauge, or by the gas collector burette; the results of both 

methods were in good agreement. A NaK bubbler was in the line to ensure car

rier gas puri ty. 

To ensure establishment of the equilibrium vapor concentration in the car

rier gas, the usual procedure was followed of making a series of runs at vari

ous flow rates. These runs showed that saturation with sodium occurred at 

least between 20 and 160 ml/min. At higher flow rates (260 ml/min), satura

tion also occurred but mechanical entrainment became a problem. In practice, 

flow rates between about 20 to 100 ml/min were used. 

a. Cesium- Sodium System 

In this work, the transpiration apparatus of Figure 10 was operated with 

the furnace in a horizontal position. To agitate the liquid, the furnace was 

slightly rocked manually at frequent intervals. 

To permit addition of a reasonably well-defined, but rather small, con

centration of cesium (usually at mole fraction levels of l.O x l0-
5

), a few 

grams of a "master batch11 of cesium- sodium alloy in the atomic ratio of l to 

10 was made up and stored in a plastic vial within an inert-atmosphere glove 

box. This allowed use of pieces sufficiently large to permit easy handling and 

weighing on a small semi-micro balance kept within the glove box. These 

small weighed samples, sufficient to dope about 175 to 200 grams of sodium 

solution, were transported in sealed polyethylene vials and irradiated in the 

Shield Test and Irradiation Reactor (STIR) to a level corresponding to about 
24 

l Mwt-hr of reactor operation. The Na was then allowed to decay over a 

period of several days before being brought back to the laboratory for incor

poration in the main batch of sodium. After the activated alloy was added to 
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Figure 10. Schematic Diagram of Transpiration Apparatus 
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the sodium, a sample was removed for analysis and specific activity determina

tion: Several transpiraticm cells were loaded with charges of about 23 gm each. 

About 5 mgm Na2o2 was added to provide an oxygen concentration of 125 ppm. 

Each cell was used for only a single run, to minimize· concentration changes 

and to have well-defined specific activities of the liquid from run-to-run in a 

given series. 

The runs were made in the temperature range·650 to 900°K to simulate.the 

expected range of coolant reactor temperatures. Carrier gas volumes were 

selected to give approximately the same amount of condensed sodium in each 

run, i.e., 10 to 25 gm. The transported vapor was condensed in a water

cooled collector tube and the amo'unt of sodium content was determined by a 

titrimetric or flame photometric method. The cesium activity was determined 

with a scintillation detector, pulse height analyzer system using the same 

geometry as for the liquid metal reference solution. Carrier gas volumes were 

measured and theoretical· sodium transports calculated for comparison with 

rneasured quantities as a check for gross experimental errors. The agreement 

was usually fairly good. 

b. Sodium Iodide - Sodium System 

The furnace shown in Figure 10 was used in a vertical position in these 

runs. To minimize the effect of ~urface absorption and exchange, a small 

quantity of carrier iodine, of the order of 1 to 2 atomic ppm was added. Since 

sodium iodide is only slightly soluble in sodium, especially at the sampling 

temperatures that could be safely used in the glove box, the following proce

dure was used to provide a sample that would be typical of a reactor coolant. 

About 10 me of 
131

1, in the form of l ml aqueous sodium iodide, were washed 

into a small beaker using 0.5 mgm of sodium iodide carrier and sufficient de

ionized water to give about 25 ml total volume. One ml was pipetted into a 

100-ml volumetric flask, together with a few mgm of sodium iodide, and was 

then diluted to the mark. Of the remaining iodide activity, 20 ml was then 

pipetted directly into the vapor chamber of the vapor density apparatus or 

into the bubbler part of the transpiration apparatus; a drop of 5% NaOH was 

added to prevent loss due to oxidation, and the solution was then evaporated 

to dryness. The chamber or bubbler was then transferred to the glove box, 

AI-AEC-12687 
49 



a. weighed amount of sodium metal was added, and the apparatus was then as

sembled. In this way a known concentration of iodine was added to the sodium 

(usually l atom-ppm), and an aqueous solution representing a known fraction of 

the liquid metal was obtained. 

In performing the iodine transpiration runs, the furnace was first brought 

to temperature, the bubbler was inserted and, as soon as the sodium became 

melted, a very low flow-rate of gas was begun in order to prevent back-flow of 

sodium and resultant plugging. When the sodium reacl:Yed the desired experi

mental temperature, the flow- rate was increased to 20 to 7 5 ml/min, until an 

estimated quantity of about l 0 to 25 mgm of sodium had volatilized. The flow

rate was then reduced to the earlier value. The bubbler was then removed from 

the furnace and allowed to cool. When the system had cooled enough to handle, 

gas flow was stopped and the cell with its collector and lead-in tube was re

moved. Sodium transport was determined with standard HC l and the specific 

activity of the iodine counted and compared against the reference. 

3. Experimental Results 

a. Cesium- Sodium System 

One of the difficulties encountered during much of the work with cesium was 

inconsistent liquid metal specific activity data. For example, on occasion the 

specific activity of the residue from a run might show a very substantially higher 

specific activity than found for the (apparent) initial specific activity. Part of 

the difficulty may have been due to inade'quate mixing of the tracer batch; how

ever one definite source of trouble was traced to segregation during the freezing 

with the resultant appreciable inhomogeneities existing in the cesium distribu

tion activities. This effect was corrected (after Series D) by dissolving the 

entire sodium sample in butyl alcohol and taking an aliquot (instead of cutting 

and weighing a piece of the residue as before). When residues from a number 

of the Series E runs ·were corrected for cesium activity transport, the calcu

lated initial activities· agreed well ( l to 2%) with the measured initial activities. 

Results ofthe Series D and E transpiration runs at nominal oxygen levels of 150 

ppmandcesiummole-fractions of l x 10-S and 8x 10-·s are su~arizedin Table 5 

and Figure 12 (Series E only). Much of the earlier work tends to cluster about the 
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Run 
No. 

Series D 

D-2 

D-4 

D-5 

D-6 

D-7 

D-8 

Series E 

E-1 

E-2 

E-4 

E-5 

TABLE 5 

RELATIVE VOLATILITY OF CESIUM AT 
,LOW CONCENTR,A 'I'10N IN SODIUM 

Temperature 
Calculated Observed Vapor Liquid 

(oK) Na Carried Na Carried ( cpm ) ( cpm ) 
(mgm) (mgm) gm Na gm Na avg 

898.5 50.4 34.3 6.18xl07 8.38 X 105 

822.5 17. (, 14.4 8.26 X 107 8.58 X 105 

892.7 46.1 40.9 3.84xl07 8.50 X 105 

836.0 25.0 22.4 7.33xl07 8.47 X 105 

769.0 29.2 30.0 9.6 X 10 7 8."21 X 105 

698.0 30.7 32.6 13.6 X 10 7 7.87 X 105 

731.8 18.2 19.8 6.45 X 106 0.99 X 10
5 

775.0 16.5 21.3 5.18 X 106 1.00 X 105 

868.5 28.8 34.7 3.65 X 106 0.99 X 10
5 

680.0 14.7 7.60 X 106 1.00 X 105 

Kd 

74 

96 

45 

87 

117 

137 

65 

52 

37 

76 

After loading sample 5, 500 ppm normal Cs was added to give X= 8 x lo-5, and another 
specific activity determination made, giving 0.92 x 105 cpm/gm · 

E-6 736.5 18.9 28.0 6".16 X 106 0.98 X 105 63 

E-7 773.5 15.1 18.4 5.85 X 106 1.00 X 105 59 

E-9 868.5. 30.1 31.8 3.82xl06 0.99xl0
5 

39 

E-10 684.0 16.3 19.1 9.1 X 106 0.99 X 10 5 93 

2.2r--------..----------r---------.-------, 

1-12-68 

12.00 

Log Kd = 
1945· - 0.668 

(cal'd) T ~ 

~ 

:>--"" ,..,. 

' 987 ""'Log Kd =r+ 0.49o 

!;:,. 60 ppm Cs 
~ 500 ppm Cs 

. 13.00 
..!.. x 104 
T 

(exp) 

14.00 

Figure 12. Cs-Na System, Calculated and 
Experimental Relative Volatility 
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experimental Log Kd vs ll T curve, but is not shown because of various diffi

culties, including those mentioned above. In the table, the column headings 

need little explanation. In computing the Kd values, the measured soc:lium 

transport was used in calculating vapor specific activity in order to reduce ef

fects of gas measuring and temperature errors. In addition, it should be noted 

that, although rather small fractional sodium transports were used, i.e., about 

0.1 %, the resulting changes m cesium activity (or concentration) in the liquid 

were sometimes as high as 15 to 20%. Accordingly the average liquid metal 

specific activity was calculated, based on the initial specific activities of the 

batches and transports during the run. 

The slopes of the curves obtained in the two series are in very good agree

ment. Least squares treatment of the data for Series D gave Log Kd = + 997 IT + 
0. 7 50, while similar treatment of the Series E data gave Log Kd = + 987 IT + 
0.490. A second feature shown in Figure 12 is the excellent agreement between 

-5 
the two groups of runs in the E series, that is, the group with xes = l X 10 

and the group with xes= 8 X l0-
5

. Thelatter fact is evidence that Henry's law 

is obeyed, as was expected. Apparently the experimental precision within a 

group or series is quite good, but this fact, and the vertical displacement be

tween Series D and Series E, suggests some error in the determination of the 

liquid metal specific activities. 

b. Sodium iodide- Sodium System 

·The results of the transpiration series, designated here as the iodine 

Series F, are sum,_marized in Table 6 and plotted in Figure 13. The temper

atures listed in the first column of Table 6 are average temperatures estimated 

from visual inspection of temperature-time data and are subject to uncertainty 

of 6 to 7oe. The difference· between the observed and calculated sodium trans

ports is in part the result of the temperature and gas volume uncertainties, 

and in part the result of extraneous transport due to diffusion duri11g the heating 

and cooling phases of the experiments~ ··such differences do not affect the results 

since the effects would apply to both sodium and iodide and would thus cancel 

each other. Because of the short haif-life of i-131 as. cornpar.ed t~ es-134, it 

was necessary to count the reference solution at the same time as the experi

mental transports, and these counts are shown in the table. The Kd values were 
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Run 
No. 

F-2 

F-3 

F-4 

TABLE 6 

RELATIVE VOLATILITY OF SODIUM IODIDE IN SODIUM 
(SERIES F) 

Average 
Temper-

ature 
(OK) 

754 

863 

695 

--:;:. 
<=. 
1-
z: 
UJ 

C3 
u. 
LL 
UJ 

Sodium Transport 
(mgm) 

Calcu-~ by I by Flam_e 
lated Titration Photometer 

9.1 16.2 16 

31.8 41.0 44 

5.9 10.4 11 

Measured cpm/47.5 mgm Condensate 
(cpm) Liquid Sodium 

82,720 

156,800 

123,400 

/ 
I 

I 

229,200 

229,200 

224,600 

(log Kd = 4173/T- 5.33)- ~ 
CALC. - 7 

I 
I 

I ~ _EXP. 
log Kd = 1840/T - 2.34 

8 1.01----------------/'..:....__=-._ _________ ___, 
z: 
0 
i= 
:::::> 

"' ii: 
I
V) 

i5 

REF. 27 ""'- I 
·-·-·-~·-·---J- _____ ------

1 - 7 
I EXTRAPOLATED 

FORT <940°K 

I 
O,J _____ ,__ __ ........ _......, _ ___. ___ --:-'--___ __.... ___ ....... ___ _, 

~ 10 11 12 '!3 

6-19·68 UNCL 

14 15 
1/T X 104 (°K'l) 

Figure 13. Nai-Na System, Calculated and 
Experimental Relative Volatility 
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calculated using the experimental vaiues of sodium transports, for the same 

reasons as for the cesium work. 

A "best line" through the three available points gives for Kd; 

Log Kd = 1840/T - 2.34 ... ( 15) 

4. Evaluation of Results 

Experience to date indicates that the vapor density method is not well 

adapted for .the investigations involving cmnponents which are very active 

chemically at the low temperatures (and therefore low vapor den~ities) of 

interest in this work. The effects of extraneous and side reactions are diffi

cult to control and are o£ sufficient magnitude to obscure the desired effects. 

In contrast, the transpiration method appears to be much less inherently sus

ceptible to such errors, and the experimental procedures are capable of the 

desired precision although there is an unidentified systematic error in the 

cesium determination. (This matter is discussed below.) The transpiration 

data for the iodine system are too few to permit drawing estimates of precision, 

although such data as are available seem to be thermodynamically credible. 

In examining the data for the two systerJ:?.s, it is convenient to compare the 

experimentally derived activity coefficients with those estimated in Section IV

A-1. These values are given for ·605 and for 900°K in Table 7. The experi

mental values were calculated from the defining Equation 4 using the experi

mental values chosen from the curves of Figures 12 and 13. The calculated 

activity coefficients were obtained from Equations 9 and 12. The data for Cs 

Temperature 
(OK) 

650 

900 

TABLE 7 

ACTIVITY COEFFICIENTS 

Cs-Na Nai-Na 

Calculated Experimental Calculated Expe ~imental 

4.4 

2.9 

1.9 

. 3 .. 5 
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show a discrepancy in that the activity coefficients would ordinarily tend toward 

unity with increase in temperatU-re, as is the case for the Nal. One possible 

explanation for the trend may be due to the level of oxygen (e.g; 125 ppm) in 

the sodium for the cesium runs. That there does seem to be some kind of in

teraction between cesium and oxygen in so~ium has been observed in cold trap

ping studies which are discus sed in Section IV -B -1. Additional data on Cs 

vaporization obtained with sodium having low oxygen levels (e. g. <5 ppm) could 

confirm this effect. 

The data for Nai, although exhibiting somewhat lower temperature dependence 

than predicted, seem to be quite reasonable and in fair agreement with work of 

Saroul,(Z4 ) Clough,(ZS) and Koontz.(Z 6 ) The data for the Nai-Na system is not 

in agreement with the experimental and theoretical work of Castleman. (
27

) As. 

shown in Figure 13 the BNL curve (for the region 940 to 1200 °K) has a con

siderably different temperature dependence for Kd and, although agreement 

with the present ~ork is obtained at 1000°K, the departure between the two 

investigations is considerable when the BNL curve is extrapolated to 700°K. 

The BN.L experimental equilibrium vapori~ation data for the Nai-Na system 

were obtained with a carrier-free Nai-Na system, whereas in the AI ~ork 6 ppm 

of Nai carrier was present. The difference between the results of the two in

vestigations may be due to the fact that the present study was conducted at con

centrations approaching the Nai solubility in sodium at the lower temperature. (
28

) 

However, at the lowest temperature studied, 700°K, the reported solubility of. 

Nai in Na is ,.....,1.2x ~o- 5 molefraction, compared with the 1 x 10- 6 mole fraction 

of Nai employed in the present studies. Thus it is not _apparent that solubility 

limitations have affected t]).e results, unless Henry's law does not hold at this 

concentration ( ,.....,0.1 saturation), so that the activity coefficient is not concentration

independent as assumed. 

B. DEPOSITION AND TRAPPING STUDIES 

1. Cold Trapping _of Cesium in Sodium 

Traps are used in .liquid metaJ systems .to ·control corrosion by oxygen and 

embrittlement of· stainless steel by carbon. However, cold-trapping also ap

pears to offer possibilities for control.of fission product contamination. Hart( 1 ) 
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and Hansen( 29 ) examined parts of the SRE after shutdown and found a high de

gree of preferential segregation of fission products in the cold trap. (See 

Section V-A for amplification. ) 

The apparent scavenging of cesium in the SRE cold trap cannot be readily 

explained by thermodynamic equilibrium considerations. In the analogues 

Na- K- 0 (or NaK- 0), the sodium. and potassium may be assumed to be at 

comparable activities of the order of, but less than, unity. ·Since sodium oxide 

is more stable than is potassium oxide, the sodium oxide might be expected to 

precipitate first as the oxygen concentration is increased; or if the tempera

ture is lowered, the solution would first become saturated with respect to Na2o. 
This behavior has been observed. In such experiments, there is no significant 

solid solubility of K in the Na
2
o. Inspection of the data in Table 2 shows that 

Na2o is also considerably more stable than Cs 2 0 and, since the solubilities of 

K and Cs in Na
2
o should be similarly low, similar behavior of Cs with respect 

to oxygen might be expected. Unless the distribution coefficient for Cs between 

the Na (liquid) and Na2o phases is markedly different at very low Cs concen

trations, there should be no stabilization of Cs in the Na
2
o lattice and hence 

no preferential removal of Cs from liquid Na in a cold trap. As was noted 

above, a high distribution coefficient is actually found. It seems reasonable 

therefore to assume that some other mechanism exists other than simple co

precipitation by oxygen. 

One possibility is adsorbtion on surfaces, presumably oxide surfaces. To 

test this hypothesis, cesium cold-trapping studies were initiated. In the first 

of these loop experiments, the objective was to· study the relationship between 

the radioactivity deposition in the cold trap and the amount of sodium oxide re

moved from the coolant stream by the cold trap and· presumably deposited on 

surfaces. The. apparatus consists of a small loop of stainless steel tubing of 

98 ml capacity (Figure 14). The loop includes a cold-trap section, a loading 

and thermal expansion chamber at the top for insertion of oxide and radioactive 

material, and a small electromagnetic pump to provide circulation. An immer

sion heater of 500 watt capacity is provided in the leg adjacent to the cold trap. 

The remainder of the loop system is traced with resistance heaters, appro

priately insulated; and thermocouples are provided at key points in the circuit. 
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PUMP ELECTRODES 
/ 

I 
0 I" in. 
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7702·4045A 

7702-4046A 

Figure 14. Schematic Diagram of 
Cold Trapping Apparatus 

Cooling is accomplished with a small air jet which is directed at the side of the 

cold trap. Continuous radioactivity monitoring is provided by a shielded scintil

lation detector. 

In the preliminary scoping experiments, it was observed that the cesium 
. . 

deposition in the cold trap was reversible, i.e. that increasing the cold trap 
- . 

temperature decreased the radiation level of the trap, and that decreasing the 

cold trap temperature increased the radiation level. The first series of experi-:

ments were performed by first equilibrating the system containing 75 gm of 

sodium, 50 mg of sodium oxide, and about 5 mg of cesium t-raced with Cs 
134

. 
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at 9 00 oF. The equilibrium radiation levels were then observed as the cold trap 

was successively cooled in finite temperature increments from the isothermal 

system temperature of 900 to 250 °F. At each temperature level, the system 

was equilibrated for approximately 30 minutes. The temperature data for a 

typical run are shown schematically in Figure 15. These data show that opera

tion of the cold trap caused a slight decrease in the temperatures in the balance 

of the loop. 

w 
0:: 
=> 
I
<( 
0:: 
w 
0... 
::;;;; 
w 
I
:;: 
=> 
0:: 
<D 
::::::; 
=> 
0 
w 

1000 

200 

LOW OXIDE RUN 10-24-67 
OXYGEN = 5.0 ppm 
CESIUM= 65 ppm 
FLOW= f.a in./ sec 
CYCLE TIME = 38 sec 

SOLUBILITY 

DATA COLLECTION POINTS· 

1·15·68 UNCL 7702·4563 

Figure 15. Tempera1;ure Data for Typical 
Cold Trap.ping Run 

In principle, data on the solubility of oxygen in sodium permits estimation 

of the amount of oxide which can be retained in solution at each temperature, 

and thus deduction of the quantity of o~ide deposited ~n the cold-trap sur!aces. 
. . . . . . 

Comparison of the radiation curve and the oxide deposition curve for various 

ox~de levels should then provide some. indication of the ~s20-Na2o relationship. 

Early experiments of this type, while showing correlation between temper

ature and radiation, were only partially suc~essful in determi~ing the correla
r 

tion between amounts of cesium and sodium oxide trapped. Obviously to 
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investigate the effect of adsorption on oxide deposition, the effect of oxide con

centration (at various starting concentrations) should also be evaluated. This 

was done in the n~xt series of experiments. 

The lowest oxygen concentration (as oxide) was approximately 5 ppm and 

was limited by the purity of the sodium employed. Following a typical tempera

ture plateau run as described above, a sufficient quantity of oxygen was added 

to raise the level to 25 ppm. Similar procedures were employed in 25 ppm in

crements until the cesium trapping had been observed in sodium containing up 

to 150 ppm of additional oxygen. The results for 5 to 105 ppm of oxide are 

shown in Figures 16 and 17. The data in Figure 17 were obtained by increasing 

the ai:n.ount of stable cesium in the loop after the 155 ppm oxygen run from 65 to 

. 330 ppm and indicate, to some extent at least, a probable exchange or dilution 

phenomenon between the radioactive cesium removed by the cold trap and the 

additional stable cesium added. 

The third series of experiments was performed to verify the effects and 

trends observed in the other two. For example, the flow rate was varied for 

the low oxygen concentration run and showed little change in results. A "blank" 

run was also made with no radioactivity in the sodium to verify that the tem

perature variations of the cold trap had not been affecting the detector response. 

The results of the screening studies performed on the small loop seem to 

indicate at least an observable trend of trapping characteristics for cesium 

under various levels of oxygen concentration in the sodium. These preliminary 

experiments imply a trapping mechanism which is operative even at tempera

tures at which the oxygen would presumably be in solution. This might indicate 

that deposited Na2o in the cold trap may not be the primary mechanism related 

to the trapping. Speculation may imply a mechanism related to the reaction of 

the oxygen with steel constituents and a consequent effect on the trapping char

acteristics. The experimental data obtained for the two cesium concentrations 

are too limited to allow a conclusive evaluation. However, the data do indicate 

that the introduction of stable Cs provided a possible mechanism for exchange 

of stable Cs with radioactive cs; thus possibly explaining the decrease in radio

activity and relative trapping efficiency. Further studies may explore this pos

sibility. In summary, the purposes of the existing loop were fulfilled in outlining 
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problem areas which will be more amenable to solution in the more sophisticated 

and flexible loop presently being prepared (see Section IV -B -2 ). 

2. Fission Product Hehavwr Loop 

The Fission Product Behavior Loop (Figure 18) is intended to study the 

deposition tendencies of the various fission products. The loop consists of a 

surge tank; 3/ 8-in. diameter interconnecting tubing; two stainless steel packed 

traps capable of operating independently over the temperature range of 300 to 

1200°F; and a series of by-pass stations to be used to inject individual fission 

products, to condition loop sodium, and to collect samples for chemical analysis. 

With the exception of Type 316 stainless steel valves, the loop is constructed 

entirely of Type 304 stainless steel. Design parameters for the loop are pre

sented in Table 8. Gamma counting will be used to determine, in situ, the dis

tribution of the fission products. Table 9 presents the radioisotope·s to be used 

for the initial set of experiments. These experiments are designed to provide 

insight into the following problems: 

1) In thoroughly cold-trapped sodium: the reversibility of deposition of 

fission products on system walls and the effect of system tempera

ture gradientl:> on this deposition. 

2) In sodium containing appreciable oxygen: fission product deposition 

sites, the reversibility of the deposition, and the effect of system 

temperature gradients on deposition. 

3) Evaluation of the effectiveness of stainless steel in hot and cold traps 

for the removal of fission products from sodium. 

The loop is presently in the final stages of preparation for initial tests. 
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TABLE 8 

DESIGN PARAM ETERS FOR FISSION PRODUCT 
BEHAVIOR LOOP 

Loop Temperature (oF) 

Trap Temperature (oF) 

Sodium Volume (cc) 

Sodium Flow Rate (ft/ sec) 

Loop Tubing 

Annular Section of Trap 

Unpacked Trap Section 

Purnp Throat 

Material of Construction 

l\llf•--=:E:5!111:11r;;;i- - -=~--:-LO;:;;C-:-:;ATION FOR FUME 
~--INSTA LLAT I ON OF OXYGEN 

METER 

Figure 18. Fission Product 
Behavior Loop 

TRAP 
NO. I 

7702-4065A 

300 to 1200 

300 to 1200 
(independently variable) 

200 

0.3 to 3.0 

0.3 to 2 .6 

0,04 to 0.4 

0. 7 to 6.2 

Type 304 stainless steel 
(except valves, Type 316 
stainless steel) 

TABLE 9 

RADIOISOTOPES FOR FISSION 
PRODUCT BEHAVIOR 

LOOP STUDIES 

Analogue Group 

Cs 

Ba, Sr 

Mo, Ru, Sb, Ag 

Ce,La,Nd, Y,Zr 

Nb 
3 H, I, Te 

Radioisotope 

134Cs 

133Ba 

1 03Ru' 124Sb 

141Ce 

182Ta 

75Se 
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V. SYSTEM STUDIES 

A. REDUCTION OF FISSION PRODUCTS OBSERVED IN SRE SODIUM 

The depositi'on of fission product radioactivity at various points in an 

LMFBR system may result either from operation with defective fuel elements 

or, in the case of a vented fuel design, may occur as a result of the solution 

in sodium of ·the radioactive daughter ·products ·of volatile or gaseous fission 

products. 

The concept of a "system depletion factor" provides an interim method for 

estimating this deposition. The preliminary observations which.form the basis 

of this study were obtained as a result of evaluating the time-dependent fission 

product concentration in the coolant of the SRE, and the Fermi reactor.( 4 ) 

Table 10 shows the decrease in radioactivity with time for certain isotopes 

in the SRE primary sodium, as reported by Hart. ( 1 ) . 

TABLE 10 

TIME-'DEPENDEN.CE OF FISSION PRODUCT CONTAMINATION 
IN SRE PRIMARY SODIUM 

Fraction of Original 
Fission Product Contamination 

(IJ.c/g Na) 
Radioactivity Remaining 

in Coolane:' .. 
Isotope 

August 2, I October 31, I July 26, 

I 
October 

1959 1959 1960 1959 

137 
l-.26 0.45 

-2 
3.6 X 

10-1 Cs ' 1,2 X 10 

Cs 
134 

0.02 0.00'6 Not observed 3.0 X 10- 1 

Sr90 0.97 0.060 Not observed 6.2 X 10- 2 

Sr 89 19.0 0.25 · Not observed 1.32 X 10 
-2 

I 131 0.42 0.00012 Not observed 
. -4 
2.86 X 10 

Ce 
141 

3.7 0.000088 Not observed 2.38x 10 
-5 

Ce 
144 

5.1 0.00031 Not observed 6,08 X 10 
-5 

Zr 95 and 13.0 0.0067 Not observed 5,15 X 10 
-4 

Nb95 

Ru 
103 0.85 0.0045 Not observed 5,3 X 10 -3 

*On the basis of the radioactivity in the August 2 sample. 
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9.55 X 10 
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These data are plotted in Figure 19 as a. function of time after the first 

measured concentration. Since the three Cs 
137 

points represent a fairly 

straight line on semi-log paper it was theorized that the radioactivity remain

ing in the sodium coolant at any time (t) may be represented by an equation of 

the form: 

ll = A. e~(A.+a)t 
0 

... ( 16) 

where 

A. -·· radioactivity present at t (J.Lc/g) (in this case August 2, 19 59) 
0 0 

A. = radioactivity present at some later time t(J.Lc/g) 

t = time (days) 

system depletion factor 
- 1· 

0! = (days ) 

A. = radioactive decay co~s.tant (days -l) 

{3 - 1 
(=a+A.) = total depletion factor (days ), 

It was next postulated that, since the radioactivity decay constant is known 

for each isotope, the SRE may be vie~ed as a system having isotopic depletion 

characteristics associated with only the system depletion factor a. (It is 

recognized that this coefficient may be associated with trapping, deposition, 

plating, combinations of these parameters, or other physical/chemical processes 

which would modify the radioactive concentration in the coolant.) 

Table 11 presents the total and system depletion factors for the specific. 

isotopes which were measured in the SRE as well as the radioactive decay con

stants associated with each. The last coiumn ·presents the system depletion 

factor which was obtained fron1 the exponential expression, 
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> 
1-< 
I 

> 
M g:o 
I 

...... 
N 
0' 
(X) 
-J 

Isotope 

137Cs 

134Cs 

90Sr 

89Sr 

131 . 
I 

141Ce 

144Ce 

95zr-Nb 

103Ru 

TABLE 11 

TOTAL AND SYSTEM DEPLETION FACTORS FOR SRE SYSTEM 

Depletion 
Time After 

Exponential Total _Radioactive 

Factor 
Initial 

Expression, Depletion Decay 
Measurement Factor .Constant (ll/l\

0
) (days) {3t (days -1) '.(days-1) 

0.5 60 0.693 1.16 X 10- 2 
7.2 X 10 

-5 

0.5 51.5 0.693 1.35 X 
10-2 . -2 

0.095 X 10 

0.5 22.0· 0.693 3.14 X 10- 2 -5 
1 X 10 · 

0.5 13.7 0.693 5;05 X 10- 2 
1.3 X 10 

-2 

2.86 X 
10-4 90.0 8.16 

. -2 
9.07 X 10. 8.62 X 10 

-2 

2.38 X 
10-5 90.0 10.65 1.18 X 10-1. 2.13 X 10 -2 

. --5 
6.08x.10 90~0. 9.72 

. -1 
1.08 X 10 

. -3 
2.43 X 10 

5.15x 10 
-4 

90.0 7.08 
-2" 

8.4x 10 · 1_.07x 10 
-2 

5.3 ;K 10-3 90.0 5.23 
... -2 

5.81 ·X 10 
. . . -2 

1.73 X JO ., -

System 
Depletion 

Factor 
(days-1) 

1.16 X 
10-2 

1,26 X 10- 2 

3.14 X 
10-2 

3.75 X 
10-2 

2.8x 10 -3 

6 -2 9. 9 X 10 

1.05 X 10-l 

7.34 X 
10-2 

4.10x 10- 2 

- ' ... 

' 
I 

"! 



Figure 20 presents a plot of the system removal characteristics for each isotope 

obtained by plotting the curve 

ll/ll 
0 

-ul = e .•• ( 18) 

where a now represents ·the system removal factor for the isotope of interest. 

B. LMFBR SYSTEM BEHAVIOR 

With the above observations on the behavior of .solid'fission products in 

sodium it is of interest fo apply the depletion factor concept to a typical oper

ating reactor. To do this, a set of operating conditions is specified together 

with some (hopefully) realistic assumptions. Specifically, a 2120 Mwt FBR 

which has qperated for an extended period of time with one percent fuel pin 

cladding failures is examined. A design objective for this reactor would be to 

allow entrance to one of the three intermediate heat exchanger cells (IHX) 

shortly a'fter reactor shutdown. This is to be accomplished by valving off the 

particular IHX cell. The reactor continues to operate at something like 2/3 of 

full-power for a pre-determined length of time and is then shut down. It. is 

desired to enter the IHX cell immediately. 

T~e radiation level wl.thin the IHX just prior to personnel access, is as

sumed to be due to.the following sources:* 

1) Na 24 and ·Na 22 Activity- From sodium-filled heat exchangers and 

piping;· or, in the event the heat exchanger is drained, activity will 

be due to the sodium which adheres to the metal surfaces. 

2) Fission Product Activity -,F·ro~ fission products which escape from 

failed fuel pins and sub-sequently plate out on metal surfaces and/ or 

ren1ai.n dispersed in the sodiUln. 

>:<While it is shown in Section III-C- 3 that corrosion products may be of major 
importance as regards coolant contamination; they are neglected in this ex
ample since we are merely concerned with illustrating the use of the depletion 
factor concept. 
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The additional assumptions used in the analysis are as follows: 

1) The fission products considered most significant from the standpoint 
. . 95 95 140 140 >!< 137 

of after-shutdown rad1ahon are Zr -Nb , Ba -La , and Cs -

B 
137m · · 

a . 

2) The quantity of these fission products released into the coolant is 

based on cladding failures in 1% of the fuel pins and release of 0.1% 

of the isotope inventory from the failed pins. 

3) When the fission products are ?-Ssumed to plate out, they plate out 

uniformly·on all metal surfaces outside the reactor vessel. 

4) When the fission products are assumed to remain in the sodium, they 

remain uniformly dispersed in the. primary coolant. The quantity of 

sodium adhering to metal surfaces after draining is assumed to be 

0.011 lb/ft
2

. 

5) The total surface area available for fission product plating or for 

sodium adherence is 80,000 ft
2

. The corresponding surface area of 

a heat exchanger (one of three) is 25,000 ft
2

. 

6) A heat exchanger is assumed to be 35-ft long by 5 -ft in diameter. 

The· radiation levels indicated in Figure 21 are based on a line source 

located in the center_ of the heat exchanger without any self-absorption 

of the gamma- rays. Due to the vast quantities of sodium present when 

the IHX is not drained, the radiation levels shown in Figure 22, are 

based on a line source with sodium attenuation for the plated fission 

products and on an infinite pool of sodium for the fission products in 

sodium. 

>!<Because the Ba 140 activity. had decayed below the limit of :detecti~n· in'the SRE 
measurement's, itwasnotpossible to ·d~termine a depletion factor for this iso
tope from these data .. However, two measurements were recently obtained for 
Ba 140 radioactivity in the sodium coolant of the Fermi reactor. While it is 
'recognized that gross system differences exist between the two reactor sys
terns' the Fermi depletion factor for Ba 140 (a = 2.61 X 1 o- l day- 1) has been 
used in this example, because of the importance of this isotope . 
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24 22 
7) The equilibrium specific activity of the sodium due to _Na and Na 

. 8) 

is as follows: 

··-

Na22 -·2.49 x 10- 6 curies'per cc 

The reactor has operated for 30 years with the fuel failures specified 

abo.ve. -·The isotopes 24Na, 
22

Na, 95 Zr- 95Nb, and 140Ba- 140 La have 

reached their equilibrium activities. 
137 

Cs, with a half-life of . . . 

30 years, has reached l/2 its equilibrium co~centration. 

The results obtained using the above assumptions are shown in Figures 21, 22, 
. ' ' 

23, and 24. 

Figure 21 shows, as a function of time after isolation, the calculated radi

ation level 3 ft from a he.at exchanger which has been drained of sodium and 

isolated from the primary coolant flow. The 11 fis sion products plated11 curve 

depicts the calculated radiation levels assuming 100% of the fission products 

have been removed from the sodium and deposited on the piping surfaces. The 
11 fis sion products remain in sodium11

. curve shows the estimated radiation levels 

assuming there is ho fis'sion proquct deposition or plating, so that the entire 

dose is due to the 0.017 lb/ft
2 

of N~ adheri~g. to the heat exchanger surfaces. 

By comparing these two curve·s it is seen that th_e eff~ct .of complete plating is 

to increase the radiation level from a drained heat exchanger by a factor of 

about 10
3

. 

The 
24

Na and 
22

Na activities are also shown in Figure 21. As would be 

anticipated 24Na is a matter of concern only for the first few days. It is also 

seen, however, that 
22

Na could become important approximately.one month 

after isolation, but only if all of the fission products were to remain in the 

sodium; 

Figure 22 shows the .expeCted radiation levels assuming the heat exchanger 

is not drained. Here l.t is seen-that the effects of fission product plating is 

much less marked, causing an increase 1n radiation levels of only a factor of 

3 to 4 over the no-plating case ... 
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As indicated, the above curves provide dose rates only for the cases of 
: • t" 

100% or O% fission product deposition. The depletion factor concept, however, 

theorizes that the degree of fission product deposition is a function of time and 

of the isotopic species inyolved. To apply this concept, :it is therefore neces

sary to identify the isotopes responsible for the radiation levels given in Fig

ures 21 and 22 and to apply the time "fador as it affects deposition. 

Figure ·23 provides the identification of the isotopic species primarily re

sponsible for the fission product radiation levels and their relative contri'butions 

to the dose rate as a funCtioi?- of time. These numbers were directly derived 

from the dose rate calculations. 

Finally, the degrP.P. of deposition of each of the isotopic species identified 

above, assuming continuous rel~ase of fission products from the fuel, is given 

by Figure 24. · The ·plotted quantity in Figure 24 is the fraction of the available 

inventory removed from the sodium, £.. This quantity was obtained in the fol-
1 

lowing manner: Let the number of atoms of isotope 11 i 11 entering the coolant 

stream per unit time be a constant R.. Then, in the absence of a depletion 
1 

mechanism, the number of atoms of 11 i, 11 N. I d 1 is 
1,w o ep . 

Ni,w/o depl. 

R. 
= .2 (1 

A.. 
1 

With a depletion mechanism present, the number of atoms of 11 i, 11 

R. ( -{A..+o:. )t) 
:Ni,w depl. = A. /a. 1 - e 1 1 . 

1 1 

... { 19) 

N. d 1 is, 1,w ep . 

.. • {20) 

The fraction of 11 i'' removed from the coolant is then the number of atoms 

that would be present in the absence of depletion minus the number that are 

present with depletion, the difference divided by the total inv~ntory, or 
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I ____ _ 

r 
-----·--- ... ~ 

-N I ·- N . 
f. = 

i 2w odepl i 2wdepl 
1 . N . 

i,w/o depl 

e-\t) 
' R. -(>...+a. )t) 

~ (1 
1 

(1 
1 1 

>... >..: + a. c . 
1 1 1 

= 
R ->...t 

1 - e 1 

r.. 
. 1 

>... 
(1 -(A. +r>. )t) I ( . -:-\t) 1 1 e 1 1 . 1 = e . 

>... + Q!. 
1 1 

... ( 21) 

This is the relationship plotted in Figur~ 24. Figure 24, however, covers 

operation up to only 1000 days. For the assumed 30 years of operation, f. 
1 

essentially reaches its asymptotic value, 

Q!. 
1 

f.(oo) = 
1 ·>._. + Q!. 

1 1 

... ( 22) 

for all important isotopes except 137cs. In the case of 
137

cs the reactor has 

operated for one half-life, so that, with 0! 137cs >> A.137cs' 

fl37 ~ 1 -
Gs 

= 

The resulting removal fractions are then as shown in Table 12. 

••• ( 2 3) 

Based on the foregoing discussion, it is posf:iihle ~o estimate the' dose rate 

3 ft from a heat exchanger, 10 days after it has be~n isolated and drained. Con

sidering 95 zr- 95Nb, the total dose rate due to deposited fission products (assum

ing 100% deposition) 10 days after isolation is, from Figure 21, 120 r/hr. Of 

this total, however, Figure 23 indicates that only 40% of this dose, or 48 r/hr, 

is due to 95 zr- 95 Nb. Furthermore, Table 12 shows that only 87% of the 
95

zr-

95Nb is deposited, so that the dose due to the deposited fraction of these isotopes 
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TABLE 12 

FRACTION OF AVAILABLE INVENTORY REMOVED FROM 
SODIUM, 30 YEARS OPERATION, CON ':f'INUOUS 

FISSION PROD1T\. T R F. T ,F:ASF: 

Isotope f. 1 - f. 
1 1 

95Zr-95Nb 0.87 0.13 

140B 140 L .. a- a 0.83 0.17 

137c 137mB s- a 0.99 0.01 

is 42 r/hr. · Since the heat exchanger is drained, the dose due to 95zr- 95Nb in 

the residual sodium will be down by a factor of at least three orders of magni

tude and so may be neglected. A similar assessment for the other two isotopic 

species gives values as follows, 

120 r/hr x 0.48 x 0.83 = 48 r/hr 

137cs- 137mBa: 120 r/hr x 0.12 x 0.99 = 14 r/hr 

The total dose rate 10 days after isolation is therefore 104 r /hr. 

Referring to Figure 22, a similar calculation performed for the case of a 

heat exchanger filled with sodium 10 days after isolation gives the dose rates 

shown in Table 13. 

In both of the above examples the deposited fission products make a domi

nant contribution to the residual radiation levels. The limitations of the ex

ample, however, should be reiterated. It is presented merely to introduce 

and illustrate the potential usefulness of the depletionfactor concept. Insofar 

as accuracy is concerned, this is probably very low at the present time, be

cause the depletion constants, a, were based on very limited data from two 
' 

reactor systems which bear little detailed resemblance to projected LMFBR's. 

Further, the assumption of uniform plating· seems highly questionable, since 

one would normally expect some preferential plating in either the cold or hot 
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T.ABLE 13 

DOSE RATES 3 ft FROM SURF ACE .OF HEAT ·EXCHANGER 
CONTAINING PRIMARY SODIUM; 10 DAYS AFT~R 

SHUTDOWN, FOLLOWING 30 YEARS OF 
REACTOR OPERATION . . 

Dose Rates 
(r/hr) 

Isotope 
From Plated 

I 
From Activity 

Fis sian Products in Sodium 

95Zr- 95Nb 65 X 0.40 X 0.87 = 23 17 X 0.40 X 0.13 = 0.88 

140B 140L. a- a 65 X 0.48 X 0.83 = 26 17 X 0.48 X 0.17 = 1.39 

l.37c l37m'B s- a 65 X 0.12 X 0.99 = 8 17 X 0.12 X 0.01 = 0.02 

24Na 7.0 

22Na 3.0 
- --
57 12.29 

Total 
Dose Rate 

(r/hr) 

23.9 

27.4 

8.0 

7.0 
·' . -

3.0 
--
69.3 

legs of the loop or in cold traps or other parts of the system. Finally, the ques

tion of corrosion .product activities has been neglected and, as shown in an 

earlier section, these activities might ultimately be dominant. Nevertheless, 

the Ciepletion factor concept is considered very useful as an interi~ or prelimi-
. ·. . . 

nary tool for the assessment of the effect of deposited activity. 
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