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FOREWORD

This report was prepared for the Environmental Protection
Agency by the University of Virginia, Department of Nuclear -~
Engineering, for the purpose of summarizing the available informa-
tion on radioactivity discharges from liquid metal fast breeder
reactors (LMFBR's). The Energy Research and Development Administration has
underway an extensive effort to perfect this reactor type for
commercial operation to produce electricity. While producing
electricity, the LMFBR will at the same time breed more fissile
mater1a1 than is consumed by the reactor. This is accomplished by
using excess neutrons from the fission process to convert the abun-
dant isotope of uranium (238U) to the fissile plutonium isotope 239
(Smaller quantities of other p]uton1um isotopes, some fissile and u
some non-fissile, are also produced in the process, by successive
neutron absorptions and beta decays.) The plutonium so produced
can then be extracted and used to refuel the LMFBR, or to provide
fuel for other LMFBR's or other reactor types. Present-day light-
water reactors operate by fissioning 235, which comprises SnTy ’
0.7% of natural uranium, the balance being Eggentia11y all
By converting this 138-times more abundant U isotope to fissile
material the LMFBR will effect a many-fold increase in the amount
of electrical energy which in principle can be produced from the
available uranium deposits.

This report is being published so that it will be available
as a resource to the scientific community and the general public.
The results of the report will assist EPA in assessing the environ-
menal impacts of the LMFBR program as a whole as well as those of
related individual facilities as they are developed. . The information
also will be used to assist EPA in developing generally applicable
enyironmental radiation standards for LMFBR-related facilities, and
may be of assistance in our evaluations of LMFBR accidents.

We solicit, and will appreciate receiving, any corrections or
critical comments on the information and conclusions contained in
this report. Please send any such comments to the Environmental
Protection Agency, Office of Radiation Programs (AW-459) Wash1ngton,

W. D. Rowe, Ph.D.
Deputy Assistant Administrator
for Radiation Programs (AW-458)






ABSTRACT

Sources of radioactivity from the normal operation of an
LMFBR, and the transport of this radioactivity, were studied.
Reliance was placed predominantly on published results although some
new calculations were made where needed. Results were normalized to
a 1000 MWe LMFBR and compared to values for a 1000 MWe LWR.

Sources of radioactivity which were studied included plutonium
and other transuranium elements, fission products, tritium,
corrosion products, activation products, and tramp fuel.

The study of the transport of radionuclides included reviews
of transport of fission products and fuel from failed fuel, behavior
of radioactivity in sodium and cold traps, and operation of gaseous
radwaste systems.

Operating experience for liquid metal cooled reactors
relating to radiocactivity was reviewed. Included were data from the
fast reactors EBR-II, Fermi, SEFOR, Dounreay, Rapsodie, and BR-5, and
limited data from the thermal reactors SRE, S8ER, and Hallam.

The authors conpleted this study in September, 1973. Since
that date a number of technical papers, reports, and studies have
been published which might serve to extend or refine some of the
conclusions of the present study (and in some cases may even refute
results in this study). Therefore, the users of this report
are cautioned to keep in mind the September, 1973 "cutoff date"
for the references cited and used in preparing this study.
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1. INTRODUCTION

1., Objectives of the Present Study

Radioactivity produced in a Liquid Metal Fast Breeder Reactor
(LMF3R) must either decay or ultimately leave the reactor site (or
remain at the site after decommissioning the plant.) The surpose
of this study is to examine all sources of radioactivity in an
LMFBR power reactor and to determine the ultimate fate of this
activity during the normal operation of the plant. This investigation
is concerned with the quantity and form of the radioactivity that
ieaves the site. The "environment" is defined as anything beyond
the site boundary, so all radiocactivity leaving the site enters thne
"environment". Nearly all of the radioactivity leaving will be
contained; but then this radioactivity becomes the source at the
next stage in an environmental study. An attempt is made to
identify the smail amounts of radioactivity that leave the site un-
contained and enter the atmosphere and water directly.

It should pe emphasized that the study is limited to normal
operation and therefore does not include accident situaticns. Normal
operation does assume operation with some failed fuel, however.

The study aiso inciudes numerous comparisons between the
operation of an LMFBR and a 1ight water reactor (LWR).

Numerical results are based on a 1000 MWe plant. For the
LMFBR, and efficiency of 40% was assumed, so that the thermal power
was 2500 MW(th). For the LWR an efficiency of 34% was assumed, which
gives a thermal power of 2940 MW(th).

Environmental statements for the LMFBR Demonstration Plant
(WASH-1509) and for the FFTF (WASH-1510) were published in April, 1972
and May, 1972. The statement for the Demonstration Plant contains
a general description of the LMFBR program, including history, the
projected U. S. program, and European, USSR, and Japanese programs.
Therefore, this type of discussion is not presented in the present
report.

A study related to parts of the present one, and which also
inciuded a review of accidents, was reported in March, 1969 by
ORNL (G. W. Keilholtz and G. C. Battle, Jr., "Fission Product Release
and Transport in Liquid Metal Fast Breeder Reactors," ORNL-NSIC-37,
March, 1969). Since that time much has béewn reported-and further
experience with several fast reactors has been obtained; this new
material in addition to the old is included in the present report.

The present study iicludes a review of operating experience
with 1iquid metal cooled fast reactors and aiso some data from
sodium cooled thermal reactors. The reactors reviewed include:



U.S. Fast Reactors:
Experimental Breeder Reactor-II (EBR-II)
Enrico Fermi Fast Reactor (Fermi)
v Southwest Experimental Fast Oxide Reactor (SEFOR)
U. S. Thermal Reactors:
Sodium Reactor Exper1ment (SRE)
Hallam Nuclear Power Facility (HNPF)
Snap-8 Experimental Facility (SBER)
UK Fast Reactor:
~ Dounreay Fast Reactor (DFR)
French Fast Reactor:
Rapsodie
USSR Fast Reactor:
BR-5

A1l of these reactors were sodium cooled except Dounreay and
S8ER, which were cooled by NaK. It was more useful to treat various
results from the operation of these reactors throughout the report
under the different functional sections rather than to devote a
separate overail section to operating reactor experience.

1.2 Some General Resuits of the Study

Despite the vast amount of material reviewed and discussed in the
present report it is cliear that there is still much to iearn
concarning transport of the radionuciides produced in an LMFBR. The
quant1t1es of the radionuclides produced in an LMFBR, which include

the isotopes of piutonium and other transuranium e1ements (Section 3)
ana the contained fission products (Section 4) are fairly accurate
and well defined. Their disposition and safeguarding are of
concern with respect to the reprocessing and fuel fabrication

~tants, transportation, and the waste disposal systems. The areas
wnich are still poorly defined concern fuel failure during normal
operation (Section 6), the transport of fission products from failed
fuel (Section 6), and the fate of the non-noble gas fission
products in the sodium (Section 7). The status of knowledge on
tritium and corrosion products (Section 5) is better than that of
the above problems, but still is not adequate. Only Tong-term
operation of power LMFBR's {for examplie, the Clinch River Breeder
Reactor Plant, the Fast Flux Test Faciiity, and the currently
operating demonstration plants in the U. K., France and the USSR)

i1 provide experience in these probiem areas to repiace the early
estimates reported here.

If an efficient casecus radwaste system is used on all fast
power reactors, as orcsosed for the FFTF, it is expected that during
normai operation the gasecus effluent released to the environment
\i.2. to the atmosphere at the reactor site) can be made as Tow
as required. In a sodium reactor leakage of coolant to the envirosment
cannot bé permitted during normal operation. The only liquid
waste (other than trwt1ated water) will come from experimeniz] anc

cieanup facilities, which can be made to contain littie waste if



necessary as in .ne case oY EBR-II (Section §,;. The only mejor scurce
of radioactivity reieased toc the atmosphere and water at the piant
site which is di7ficult to eiiminate is tritium, but even here the
cold traps in an LMFBR appear to provide a reduc:ion beiow &7fiuent
leveis typical for Tight water reactors. Based ca EBR-II ex-

perience (which is a very limited pasis for extrapoiation tc & large
power reactor) and the estimated tritium sources in a large plant,

the arnual tritium release rate to the surrounding atmosphera from
1000 MWe LMFBR is of the order of 100 Ci/yr and 'is less than _

10 Ci/yr to the condenser water (Section 5.1). This Tiquid ¢Ffluent
rate compares to predicted tritium releases of 100 Ci/yr and 600 Ci/yr
in the liquid effluent of a 1000 MWe BWR and PWR respectively

(Section 5.1)

For these reasons, it appears that the principal environmental
probiems for normal operation of an LMFBR will involve offsite
handiing of the larger amounts of piutonjum and transuranium
elements and fission products shiEped away from the site in the
irradiated fuel, storage of the 85, storage of the cold traps
shipped away from the plant, and storage of sodium and primary
system equipment after decommissioning of the power plant. The
prcblems concerning sodium and sodium cold trap disposal do not
exist, of course, for water reactors. The quantities of plutonium
and the decreased 240py in radial blanket material lead to a
worsening of the plutonium problem for the LMFBR over the "Pu
Recycie LWR", but not greatly so (Section 3). The other environmental
probiems from normal operation of the LMFBR (e.g. fuel reprocessing,
transportation, long-term storage of fission products) are similar
to those of a light water reactor.

2. SUMMARY

2.1 Objectives and Methods

The purpose of this investigation was to examine all sources of
radioactivity in an LMFBR power reactor and to determine the uitimate
fate of this radioactivity. Only normal operation was considered.
There was particular concern with the form and quantity of radio-
activity which leaves the reactor site; this radioactivity was
considered to enter the "environment", meaning that this activity
must be dealt with at a reprocessing plant, a storage facility, or
elsewhere.

The method of the study was predominantly to obtain numbers
from published values i1 the i1iterature. These were augmented by
some original estimates where needed. Operating experience of liquid
metal cooled reactors wus reviewed, including EBR-II, Fermi, SEFOR,
Dounreay, Rapsodie, BR-5, SRE, S8ER, and Hallam. Numerical results



are presented on the basis™ of the normal operétion of a 1000 MWe
LMFBR. '

2.2 Sources

Radionuclides which are transported to the environment from
normal operation of an LMFBR include:

e plutonium and other transuranium elements

® fission products

o tritium

e corrosion products

e activation products (2%Na, Z22Na, 39a, 1A, 23Ne, cladding)
o tramp fuel

Transport to the environment refers to any transport from the
reactor site. Planned transport paths include shipments from the plant
of irradiated fuel, cold traps or other used primary equipment,
bottled gas from the gaseous radwaste system, wastes in water
solutions, solid wastes, and sodium and primary equipment after
decommissioning of the plant. Unplanned leakage to the environment
includes gas leakage through the building ventilation system and
tritium leakage through the secondary sodium system to the steam
systems and thence to the condenser water.

2.2.1 Plutonium and Other Transuranium Elements

Depending on the specific design, a 1000 MWe LMFBR will have
from 1100 to 1850 kg of plutonium loaded into it annually, and from
1540 to 2000 kg of plutonium will be unloaded annually. The maximum
plutonium inventory will be on the order of 3000 to 3300 kg. The
typical isotopic content of the discharged plutonium for the mixed
blankets and core is shown below.

Wt. % of
Isotope Total Pu
238Pu 1
239, 69
240Pu 22
241p,, 5
242p, 3

* In general, extrapolation of data to correspond to the 1000

MWe size LMFBR has been done by assuming proportionality to reactor
thermal power. Most parameters do chenge linearly in such a scale-up,
and the assumption of linearity is generally a good approximation.
However, there are some important parameters which do not change
linearly, and caution should be exercised in making any such
extrapolations.



For comparison, a 1000 MWe LWR will charge 0O to 730 kg of
piutonium annualiy, will discharge 25G to 43C kg annually, and will
have maximum piutonium inventories on the o-der of 500 to 2000
kg, depending on whether they are based on 235 fuel or plutonium
recycle.

The amounts and activities of uranium ind the various transuranium
elements discharged annually from core and blankets of a 1000 MWe
LMFBR are shown below for a plutonium discharge of 2000 kg.

At Discharge Ci atter
Element kg Ci 90 d
u 2x10% 7 7 4
Np 8 1.2x1o§ 1.2x107
Pu v 2000 1.5x10 1.5x10,
Am 17 3.4xiog 4.6x10¢
Cm 1 1.8x10 1.2x10

2.2.2 Fission Products

The important fissicn products still in the fuel one year after
the fuel is removed from an LMFBR (i.e. those of activities still
greater than 104 Ci/year in the fuel discharged from a 1000 MWe
piant) are

85, 1060, _gh 147,
895" 125 14488 o
90 1250, 147 v

Sr-Y Pm
91 127 151
Y Te-Te Sm
95 134 155
10327-Nb 13768 162EY
Ru-Rh Cs-Ba Gd-Tb

The total fission product activity in the fuel discharged
annuaily from a typical 1000 MWe LMFBR, together with the associated
fission product power, are shown below as a function of cooling time
after discharge.

Cooling Time

30d sod  150d 300d 30yr
Activity (Ci7yr) A 3XT08 7. 4x108 T80 8.6x10'  3.8x10°

Power (MW). 1.9 1.0\ 0,7 0.4 0.01




2.2.3 Tritium

Tritium is produced in ternary fission, but in an LMFBR nearly
all of this tritium escapes from the fuel. Tritium is also produced
in boron carbide control rods, but it is unciear how much of this
escapes to the sodium. The ananual estimated tritium production rates
are summarized as follows:

Source Annual Production Rate
(Ci/yr)
Ternary f1ss1o$0 20,000
Control rods: “B{(n,t) 24 7,000
Li(n,nt)a 2,500

Lithium contamination: 6Li(n,t)a

In fuel (maximum) 4,000
In sodium 100
TOTAL | ~ 30,000

Tritium leaks to the environment, both as a gas to the atmosphere
and as a liquid in the condenser water. Based on direct extrapola-
tion from EBR-II (60 MWth) to a 1000 MWe LMFBR, the annual leakage
rates would be "~ 60 Ci/yr of tritium to the atmosphere and ~ 3 Ci/
yr to the condenser water. This value compares to BWR and PWR

liquid effluent rates of " 100 C1/yr and ~ 600 Ci/yr, respect1ve1y.
Most of the tritium in an LMFBR is held up in cold traps, and is
eventua]]y shipped from the site with the cold traps.

2.2.4 Activated Corrosion Products

Activated steel cladding and steel structures in and near the
core are s10w1% corroded by sodium. The principal activated corrosion
products are 6U0co, 58Co and 54Mn.  Most of the corrosion products
plate out on the wa]]s of the primary system, while some are held
up in the cold traps and some remain in solution in the sodium.
Estimates of the corrosion products which will enter the sodium and
still be present in the primary sodium system after 30 years of
operation in the 1000 MWe LMFBR, together with the principal reactions
and the half lives, are summarized below.



Formation salf Primary-System Corrosion Product

Nuclide Reaction Life Activity After 30 Years
(Ci)
60¢ Pco(n,y)  5.26 yr 19,000
60ce(n,p) 1,000
8o BNi(n,p) 71 d 23,000
n te(n,p) 313 d 119,000
e Bre(n,y) 45 d 1,000
ey 0cr(n,y) 28 d 7,000
182r,  Blyan,y) 115 d <6,000

2.2.5 C(Cladding Activation

The cladding and channel walls are activated and the activity is
shipped to the reprocessing plant with the fuel. Estimates of the
cladding activity shipped from a 1000 MWe LMFBR annually with the
discharged fuel are given below as a function of cooling time:

Cooling Time

30 d 90 d 150 d 300 d 30 y

6 6 6

Activity (Ci/yr) 5x10°  3x10 ox10%  1x10 1x103

Two activation products not considered among the activated
corrosion products are 59; and @3y; (half Tives of 8 x 104 yr and

92 yr respectively) which contribute 20 Ci and 500 Ci respectively to
the 1000 Ci total at 30 years.

2.2.6 Sodium Activation

Sodium activates to 24Na (by an n,y reaction) and 22y, (by n,2n).
Sodium-24 has a relatively short half life (15 hr% but 22Na has a 2.6
year half life. At » 8 days after shutdown the 22N3 becomes
dominant activity. The equilibrium activities of the primary system
of az%OOO MWe LMFBR are ostimated at 2 x 107 Ci for 24Na and 3000 Ci
for ¢<Na.



2.2.7 Miscellaneous Activation Products

Argon-39 is produced by activation of 39K in sodium and is
significant because of its long half-life (269 yr). Although no
reported observations of 39p were found for operating fast reactors,
the calculated 39p production rate for a 1000 MWe LMFBR (assuming
300 ppm potassium in the coolant) is ~30 Ci/yr. '

Small amounts of the following activation products are found in
operating fast reactors:

41A, 23Ne -- Gaseous activation products always present in LMFBR's.

110
657n, Ag, 125Sb, 210Po -- Activation products observed in
some fast reactors.

Also, '*34Cs,]54 Eu, and several other isotopes listed in this
report under fission products are actually activation products
produced from activation of fission products.

2.2.8 Tramp Fuel

Tramp fuel will probably not be a concern in large LMFBR's,
Total tramp fuel inventories of the order of half a gram of heavy
metal atoms can be predicted based on other reactor experience.

This results in an equilibrium fission product inventory in the
primary circuit of about 300 Ci of fission products and 20 to 30

Ci of actinide activities. The long-lived isotopic buildup would be
to a few tens of curies of fission products and a few curies of
long-lived actinides over the plant Tife.

2.3 Transport of Fission Products and Fuel from Failed Pins

Estimation of the transport of activity from failed fuel pins
to the primary circuit is an extremely difficult problem. On the basis
of limited experimental results and operating experience, the following
conservative assumptions were used to calculate releases.

1% failed pins
90% of failed pins are leakers
10% of failed pins have gross cladding failures
75% of the noble fission gases are released from the fuel proper,
i.e., pellets, of failed pins

For gross failures, the escape fractions assumed are

Fuel 1%
Br, I, Cs 15%
Te, Ru, Tc, Mo 5%
A11 Others 1%

The plutonium fraction in the escaped fuel is assumed to be



only one-tenth of the >riginal Pu fraction because of the observed
preferential leaching of the U and the inward migration of Pu.

The releases calculated from the above assumptions can easily be
adjusted to other failure or release fractions if experience or
judgement dictates.

Annual releases of a few selected fission products and plutonium,
to the primary sodium or cover gas, together with the total released
activity still present one year after a 30 year operating period, are
given below.

Activity Present One
Year After a 30 Year

Radionuclide Annual Releasé \ Operating Period
(C3) : (C1)

85 1900 25,000
Ogp_y 30 \ 600
106g,-Rh 4600 6,000
125, - 40
125m | - o 10
134¢ - 350
137¢5ga 1100 30,000
148c0 pr 900 800
V47on 100 E 1500
1516, - 50
154, o .
195, - | 60
2475, (8) 20 400
Pu(a) 0.6 20

Pu 2.5 grams 75 grams




A reduction in failed pins from 1% to 0.1% and a corresponding
reduction in gross cladding failures from 0.1% to 0.01% would reduce
all of the above releases, including the 85Kr release, by a factor
of ten. If the assumption concerning relatively higher leaching
of uranium than plutonium is correct, this reduction in failure
rates would reduce the annual plutonium release to the same order
of magnitude as the plutonium in tramp fuel ( ~0.1 gm.). Also,
the fraction of fuel leached from gross cladding failures may be
significantly less than 1% in most cases, further lowering the
Pu release. :

2.4 Radioactivity in the Sodium System

The primary sodium system of an LMFBR becomes highly radioactive.
Fission products and small quantities of fuel enter the sodium from
failed fuel pins, tritium and activated corrosion products enter the
sodium, sodium becomes activated to 24Na and 22Na, and small amounts
of other activation products and tramp fuel are present. Sodium
leakage from the primary system (other than very small leakage to
the secondary sodium) cannot be tolerated. Hence, coolant leakage
is not a source of fission products in the environment as is the
case with LWR's. Activated sodium causes maintenance problems, but
only to plant personnel. An important environmental concern is the
periodic removal from the site of cold traps which contain radioactive
material. Also, after decommissioning of the reactor, the radioactive
sodium and contaminated primary system components must be removed
from the site and stored somewhere in the environment.

Many experimental studies on fission product behavior in
sodium have been reported, some of which are reviewed in this report.
One of the principal purposes for those studies is to determine the
activity in the sodium in the case of an accidental sodium fire or
sodium release, and these considerations are beyond the scope of
this report.

Cold traps are used in LMFBR's to purify the sodium. Although
the primary function of the cold trap is to maintain a Tow oxygen
concentration, cold traps also remove much of the radioactivity
from sodium during normal operation. These cold traps must be removed
periodically, shipped from the site, and stored somewhere in the
environment. Iodine and tritium are effectively removed from sodium
by cold traps. Much of the cesium is removed, but according to
EBR-II experience coid traps are not adequate for cesium removal.

At Tow temperatures, much of the cesium will plate out on the walls
of the primary system. Also, most activated corrosion products
plate out on the primary system. Nobel gases are volatile in

liquid sodium, except for small amounts that remain in solution, and
quickly escape to the cover gas.

A summary table of experience with the sodium (or NaK) system
of operating sodium (or NaK) cooled reactors is given on the next two
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nages. The table only lists radioactive isotopes that have been
observed. Further details on levels of activity are given in
Section 7 of this report. :

2.5 Gaseous Radwaste Management

Information on the gaseous radwaste systems of FFTF, EBR-II,
Fermi, SEFOR, Rapsodie, and Dounreay was reviewed.

The amount of gaseous activity released from FFTF is expected
to be trivial as a result of two factors: (a) a sophisticated
gaseous radwaste system is used, which includes charcoal delay beds
and a cryogenic distillation column, and (b) virtually no coolant
leakage is permitted from a liquid metal cooled reactor. In this
system, 85Kr will be bottled and shipped offsite for storage.

Assuming the same tgpe of gaseous radwaste system on an
LMFBR power plant, the 85Kr release to the atmosphere from a 1000
MWe LMFBR would be 3 Ci/year, based on scaleup of the FFTF projected
values and a§§uming operation with 1% failed fuel. In addition the
30 Ci/yr of ”7A (produced from 300 ppm potassium in the coolant)
would all be released to the environment.

EBR-II has a gaseous waste system that does not presently allow
operation with failed fuel. A proposed system using charcoal
delay beds and 85Kr storage, will allow operation with up to twelve
failed test oxide fuel pins.

For comparison, short-lived noble gas and 85Kr leakage to the
atmosphere is much higher for typical LWR's than for an LMFBR with an
FFTF-type gaseous radwaste system. For a typical LWR with 0.25%
defective fuel the 85Kr release rate is 800 Ci/year. Unlike the
LMFBR, an important source of fission product gas leakage to the
environment from an LWR is primary coolant 1e§§age. Gaseous radwaste
systems can be added to an LWR to reduce the ““Kr leakage to values
nearly as low as for the LMFBR, however, if required. The 39A source
is not present in a LWR.

2.6 Liquid and Solid Radwaste Management at EBR-II

The only fast reactor operating experience with liquid and
solid radwaste which was reviewed was for EBR-II. At present the
EBR-I] liquid radwaste system has a decontamination factor of 102
to 103. A modified system composed of a settling tank, evaporators,
condensers, filters, mist separator, centrifuge, and ion exchange bed
is being installed to increase the decontamination factor to 10%.

Low, intermediate, and high ievel solid wastes are processed
at EBR-II. About 13,000 cu ft/year are processed, most of which is
Tow level, 1In 1971, 1.5 x 106 Ci of high Tevel waste were processed,
with a volume of only 150 cu ft. Small amounts of plutonium
contamination were shipped from the site.

11



¢l

Table 2.1

— Radionuclides Observed in the Primary Coolant Svstem of Sodium (and NaK) Coolai Reactors {(other than ““Na and - laj
=S \‘
T Fermi BR-5 _ EBR-IT' Dounreay
Observed in Figsion Products 1+2Ba-La, '''Cs lusce, !*lce, '""pr, | !’cs, B lvlce, l4sce,. **2Te
Primary - f9gy, 11 140Ba1,a, 137Cs, 1ily, 103Ry, 1 CRu
Coolant . 1%6cg, 176Ru, "9sr,- 1321, 137Cg, *Zrehb
S, I59r-Nb, | i1 1u0ga-ia,” " ¥85Cs

Activated T RS

Corrosion Products

Other Activation -.654, T,

Products g

.
Thserved on Fission Products 14lee, 4 Ce, -7, luboe  1-lce, 348 “Cs ‘4 iBa-La ivice, fiTcg, U,
Primary 1‘35Ru, 352 -Nb XA‘O‘BE*LE,‘ Lilcs, Sier, ‘-’Ba-La,
System i, o Ru, %lsr, P re-Np, v,
Surfaces 35zr-nNb, FPlX $Cer-y
ctivated e *Mn, €°Co SeMn, S8Co,
Cnrrosion ?}‘@,uets = 3Co
_|.-other Activation 85zn, 1%:Ta 5Zn
" Products
Fission Products 10, 136cg, 31 1 iicg, fiscg “Cs
1331, 95%r-Nb, H, T
1357, 145paLa

Activated’ “Mn, 5%Co foMn, 8Co,

Corrosion Products £3Co

Other Activation 85zn, 124sb £52Zn

Products

_J
¢ 2




Table 2.1

Radionuclides Observed in the Primary Coolant System of Sodium (and NaK) Cooled Reactors (other than 24Na and 22Na)

el

Products

Fermi ER-5 EBR-II Dounreay Rapscdie
Observed in | Fission Products 140Ba~La, 137Cs likce, l4lce, l4%pr, [ 134cg, 3y 1blce, l44ce, 1321e | 137cs
Primary 83gr, 1311 140pa-1.a, 387Cg, ’ 131y, 103Ry, 106Ry
Ooolént ’ 136Cs, lOBRu’ SDSr' 1321' 137Cs, 952r-Nb
957N, 13T 140pa1a, 138Cs

Activated Sty

Corrosicn Products

Other Activation 65, 85zn, 124gp, 125gp, 110Mg, 210po

Products n 113g 113m 117m,

T, In, Sn,
21 OPO,

Observed on | Fission Products liloe, 1M4ce, 1331, | 1Ibbce, lblce, 4%pr, | 137Cs 140pa-1a lulce, 137cs, 1317,
| Primary 103y, 952r-Nb 140pa-ra, !37cs, 1327 140pa-rg,
‘System 1360y, 106Rry, 90gr, 95zr-Nb, 91y,

surfaces 95z r-Nb, 1311 s~y
Activated S, ®0%Co S4mn, 58Co,
Corrosion Products 60co
Other Activation 657n, 1827y 65n
Products

Obsexrved in Fission Prcducts 137cs, 136cs, 1314 137¢cg, 134%Cs 137¢cg .

Cold 1331, 95zr-Nb, 3, I

Traps 1357, 140Ba-Ta
Activated S4Mn, 69Co S4mn, S8Co,

N Corrosion Products . 60co :
Other Activation 65zn, 124gp 65gn
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Table 2.1. (continued - page 2)
Radionuclides Observed in the Primary Coolant System of Sodium (and NaK) Ccoled Reactors

SEFOR SRE S8ER Hallam
Cbserved in Fission Products 86RL 134pg, 137cs, 89gr,
. 9051‘, 131I, l‘-}lce,
Primary 4o, 103Ry, 106Ry, .
Coolant 97e-Nb 140Ba-Ta
Activated 80co Slor, Stwn, 56Mn, 60co
Corrosion Products 5%e, 60co
Other Activation §5zn, 124gp 125gy,
Preducts
11 OAg
Observed on Fission Products 835y, 90gr, lhkce, 89gy, 90gr, 103Ry,
. 95Zr_.Nb’ JOGRu IOGRu.Rh 1"1Ce,
Primary 1370g 14bcq, 9.§Zr-Nb
System 140pa-14
Surfaces
Activated 51ci, Shun, Siyn, S9Fe, S%vn, 60Co
Corrosion Products 5%e, 60co 58Co, €0co
Other Activation
Products
Observed in | Fission Products 137¢g, 1°6R111,
144, 110
Coid Ce-Pr, Ag
Traps
Activated {Cu, Fe, Cr, S4mn, S9Fe, _Stmn, S%e S4Mn, 89co
. : B 60
Corrosion Products Ni, Mn) Co,
Other Activation 125gp

Products




Page Intentionally Blank


mallaire
BlankStamp

mallaire
BlankStamp


el

Table .1 (continued - page

Radionuclides Observed in the Primary Coolant System of Sodium

2)

{and NaK) Cooled Reactors

SEFCR SRE S8ER Hallam
Ob\@\ze\rved in Fission Protucts TERb I3scg, ‘cs, A9sr
T S0gy, 1317, l4lce
Yy . - ’ ’ . ’
Primary . Q:~4Ce, U'ry, :Y6Ru,
Coolant . B SZr-Nb ivlBa-la
Activated = 53co S, Semp, Simn, *Co
Corrosion Pr ts 5%e, 53Co
Other Activation ¢5zn, 1 -sp 1255y,
Products N
IAx
Observed on Fission Products 39r, 99sr, I-ce, 89gr, 3Cgr, 13%Ry,
. ¢57r-Nb, !CSRu 106prRh, !Ce,
Dy -
Primary IJCS *:1“, QSZr—Nb
System " -Ba-La
Surfaces
Activated fici, Ttwn, Sanpe 0
Corrosion Products S%e, ©0Co
Other Activation
Products
Observed in Fission Products 137cg, 106Ry,
cold } lubce-pr, 11085 -
Traps
Activated (Cu, Fe, Cr, S4Mn, S9Fe, StMn, S%e Semn, €0Co
C ion P . 60
orrosion Products Ni, Mn) Co,
Other Activation 125gp,
Products




Both solid and 1iquid waste quantities from EBR-II are larger
than would be expected from an LMFBR power reactor due to the
extensive use of hot cells for experiments there.

3. PLUTONIUM AND OTHER TRANSURANIUM ELEMENTS

The LMFBR will have larger inventories of plutonium and other
higher actinides than are found in enriched-uranium-fueled light
water reactors (LWR's). 1In comparing LMFBR's and LWR's, it is aiso
interesting to consider LWR's fueied with recycled plutonium,
because plutonium recycle has already become a reality with the
Big Rock Reactor. All three types of fuel-reactor combinations
are considered in this section in the predictions of transuranium
element production. : o

There are important environmental concerns raised by the
increased plutonium inventories forecast for planned LMFBR's. 1
These concerns are related to the extremely toxic nature of plutonium ,
the possib}e diversion of plutonium for ¢landestine weapons
production¢, and the increased production in high-plutonium-content
fuels of other transuranium elements in the form of extremely high
specific activity nuclides.

The general conclusions of this section, which address most of
the concerns raised above are as follows:

(1) The average plutonium inventory in an LMFBR, while signifi-
cantly greater than that in a uranium-fueled LWR of the
same size, will be less than an order of magnitude greater
than in the LWR.

(2) The average plutonium inventory in an LWR fueled with
recycled plutonium will be about half the inventory in
an LMFBR, thus posing similar toxicity control problems.

(3) Plutonium derived from reprocessed fuel either from
uranium-fueled LWR's or from LMFBR's can be used to
construct an explosive nuclear weapon, The major differences
are that the LMFBR has "blankets" of 238y to increase
plutonium production, the plutonium from the radial
blanket of an LMFBR would be exceptionally good for weapons,
and the separate diversion of the radial blankets is
possible because of the normal physical segregation of
radial blanket and core.

(4) The overall implication of conclusions (1), (2), and (3)
above is that the plutonium problem, whether with respect
to toxicity control or fissile material safeguards, is
not created by the LMFBR but rather is aggravated by it.

(5) Of the transplutonium isotopes, only 24]Am and243Am will be
produced in kilogram quantities each year in a large LMFBR.
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However, the much smaller quantities of 242Cm and 244Cm produced
will yield higher alpha and neutron activities than both the
americium isotopes and the vastly more abundant plutonium isotopes
combined. (The plutonium will have a higher overall activity
because of the beta decay of 241pu). Indeed the spontaneous fission
activity from the curium isotopes will be much greater than that of
the plutonium isotopes in discharged LMFBR fuel despite the huge
difference in inventories. Thus the curium isotopes deserve

special attention in LMFBR fuels and pose even more of a concern in
plutonium recycle fuel from LWR's.

3.1 Plutonium Inventories

Calculated plutonium charges, inventories, and discharges for
four reactors are shown in Table 3.1. Results for a pressurized
water reactor (PWR) fueled w}th uranium and for a PWR fueled with
plutonium are both presented?.

Similar results are presented for two LMFBR conceptual designs:
the 1000 MWe Al Reference Oxide LMFBR4 and the GE 1000 MWe LMFBRO.

The AI LMFBR is considered here because it has been used as the
basis for many literature characterizations of the LMFBR. A design
such as the GE LMFBR is probably closer to that which will be seen
in the first generation of large LMFBR's.

The plutonium which is used in the fuel for the LMFBR's and
for the plutonium-fueled PWR shown in Table 3.1 is plutonium obtained
from uranium-fueled 1ight water reactors. 34,5 This would be the
situation for the first several years of a plutonium-fueled reactor
industry because of the available plutonium stocks. By 1985 there
may be as much as $1.7 billion worth of plutonium available from
reprocessing of uranium fuels.6

The fuel reloading schemes for the various reactors in Table
3.1 differ significantly as can be seen from the table. Therefore, the
most important factors for comparison are the maximum plutonium
inventories and the average amounts of plutonium charged and discharged
per year. The larger amounts associated with the LMFBR, as opposed
to the uranium-fueled PWR, are clearly shown. However, just as there
should be serious concern over the 3000 kg of plutonium present in
an LMFBR and the 1500 kg shipped to and from the plant each year,
there must also be appropriate concern over the 500 kg of plutonium
present in a uranium-fueled LWR and the 250 kg shipped from the LWR
plant each year. As stated previously, the plutonium problem
already exists with LWR's and is simply aggravated by the LMFBR.

Note also that the reduction in the amount of plutonium involved

in a plutonium-fueled LWR relative to an LMFBR is not nearly as
dramatic as for the comparison of a uranium-fueled LWR and an LMFBR.
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Tahle 3,1

- 1000 M Reactor Charges, Discharges, and Inventories of Plutonium

ruel Ave.
fraction Resi~ Pu Maxinem Ave. Amount of
replaced dence dis- Pu Pu Pu (Kg) ) //}\ve. Burnuy
) T per time charged * Charged * Inventory Discharued Charged” - of Core Fue!
Reactor e e Sharge (days) (Kg) (kg (Ka) per year ‘per/yea_r (M /MT)
i’ 1100 56 ; 256" —
(U~Fueled) o
3 o T aaa ) ,
PWR . . 1200 14z =02 Sl 4.3 gt
(Fueled with ’
Pu from
U~-Fueled PWR)
AT Ref,40xide Core and o -
LMFBR Axial Blanket 12 540 1270 M*-L@BO 2740 1716 1865 80,000
(Fuelel with - . .
Pu from Radial Blanket L28 gL 223 - 567 Kl -
U-Fueled PIR) - T - ‘ T
Total , 1493 1380 3300 2018 186"
GE LMFBR > Core and T
(Fueled with Axial Blanket .46 79¢ 1304 1094 2713 1304 - e 1094 100,000
Pu- from
U-Fueled BWR) ~+Radial Blanket .29 <1260 sy 356 157 o
Total 1461 1094 3069 1461 1094

* Refers to Pu charged or discharged at an actual refueling. Refueling recurred
annually for the PWR (U-fueled) and GE LMFER reactors so that these mumbers agree
with the average annual amounts for these reactors.: Refueling was not annual

for the PWR (Pu-fueled) and AT IMFBR reactors.
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1000 MWe Reactor Charges,

Table 3.1

Discharges, and Inventories of Plutonium

Fuel Ave.
fraction Resi~ Pu Maxirmm Ave. Amount of )
replaced - dence | dis- . Pu Pu Pu (Kg) Ave, Burnup-
1 per time charged * Charged * Inventory Discharged Charged of Core Fuel
Reactor charge (days) (Xg) (Kg) (Xg) per year per_year (MAd/MT)
R’ 1/3 1100 256 — 512 256 — 33,000
{U-Fueled) .
I’WR'3 1/3 1200 442 800 2042 403 730 33,00¢C
(Fueled with
Pu from
U~Fueled PWR)
Al Ref. Oxide Core and
LME‘B»R4 Axial Blanket 1/2 540 1270 1380 2740 1716 1865 80,000
{(Fueled with
Pu from Radial Blanket .28 970 223 - 560 302 —
U-Fueled PWR)
Total 1493 1380 3300 " 2018 1865
GE IMFERS Core and )
{Fueled with Axial Blanket .46 796 1304 1094 2713 1304 1094 100,000
Pu from . :
U-Fueled BWR) Radial Blanket .29 1260. 157 —— 356 157 -
Total 1461 1094 3069 ‘1461 1094

* Refers to Pu charged or discharged at an actual refueling. Refueling Irecurred
annually for the PWR (O-fueled) and GE LMFER reactors so that these nurbers agree
Refueling was mot annual

with the average annual amounts for these reactors.

for the PWR (Pu-fueled) and AT IMFER reactors.
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3.2 Isotopic Composition of Plutonium

Table 3.2 gives ‘nformation on the isotopic composit1gn of
plutonium in fuels discharged from specific reactor types 5,7,8,9
and also shows the estimated average composition of plutonium available
for recycle.

The table shows that d1scharged fuel with the Towest percentace
of fissile plutonium (239py and 231Py) is that from plutonium-fueled
LWR's. This p]uton1um is much Tower in fissile content than that
from either uranium-fueled LWR's or LMFBR's. Next lowest in

fissile content is plutonium from uranium-fueled LWR's. The
plutonium with the highest fissile content (and thus most easily used
in constructing a nuclear explosive) comes from the LMFBR and

in particular from the radial blanket.

It is important to remember, however, that (aside from possible
diversion) high fissile isotopic content is extremely desirable for
reactor fuels. Higher fissile content means better utilization, or
more complete "burning" of the plutonium and it also means an
overall smaller plutonium inventory for reactors designed to use high
fissile plutonium.

Isotopic composition also has a strong effect on the quantity and
character of the radiation from plutonium. A good description of
the contributions made by the various plutonium isotopes to the
activity of interest in fuel manufacturing is provided in Reference 7.
He discusses the neutron doses from spontaneous fission and from (a,n)
reactions with 1ight nuclei. Also the importance of the gamma
activity from the 236py chain is noted. However, for environmental
considerations, the alpha and beta activity of the various plutonium
isotopes is probably the overriding concern. (A]] of the plutonium
isotopes of interest are alpha emitters except 241py, a beta
emitter.) Moreover, the potential for biological damage from reactor
fuels is related not only to the plutonium content but also, to some
extent, to the presence of other higher actinides.

3.3 The Higher Actinides

Although it is theoretically possible to produce elements all the
way up through the highest in the actinide series by successive
neutron absorptions in a reactor, only a few of the higher actinides
are produced in sufficient quantities to be of interest as potential
sources of danger to the environment. Figure 3.1 shows the isotopes
of interest and the principal means of producing them in reactors.
This figure is an elaboration of a figure from Reference 10.

Most of these isotopes will be produced in significant quantities in
both LWR's and LMFBR's. Calculations and some measurements on the
quant1t1es and activities of the various actinide nuclides

present in reactor fuel during and after exposure have been made.3,4,10
Table 3.3 shows average amounts and activities of several nuclides

of interest that would be discharged each year from various reactor

17
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Table 3.2

Isotopic Campositian of Plutonium in Discharged Fuels (wt $)

I. Uranium-Fueled Reactors

/ﬂ\ﬁéacmr PWR3 Yankee Ruae7 BWR® 1 BWR8 ;)resdcn—17
Burmyg (?m.\mr) 33,000 23,900 33,000 38,900 20, 000 i 27,500 23,000 38,400
... i e
S } e —
\,«‘\ l ///
R ™ 5 —- ! * - 1
Pu 1.8 1.00 1.92 2.1% 1 | 1.0 //! .80 1.7
Sipy 58.7 : 67.7 63.3 56.4 z 8,9 ! 57,2, 63.4 33.3
o - ! ! f/ !
Jelpy ! 4.2 i8.9 19.2 21.9 ! 257 l 25.7 | 24.8 22,8
Sipy f 11.4 - lo.e 1T 13.8 ‘ AN 7 11.6 8.132 10.7
2+3py 3.9 23St 3.98 5.77 ‘ R 1.5 2.73 5,80
: _ J |
*Estimated
II. Estimated Average Campcsition B‘r-.gu Available for Recycleg
Year 1975 - 1980 1985
“irpu 1.0 3 1.7
. <3%py 64 54
ielpy 22 o 2 25
Zalpy i 1 12
;‘"".‘,, » _:;‘ZJ?pu 3 S T -
ITI. Plutonium-Fueled Reactors ‘
1 -~ - 2 =
AI Ref. Oxide LMFBR ., GE LMFER :
Reactor P‘V\R3 core & . ocore & core & = core &
- axial radial blankets axial ., radial blankets
K blanket blanket averaged blanket ‘>blzgnket averaged
Burnup (MWi/MT) 33,000, | -Core: 89,000~ ~Core: 00,000~
Pu Source C-Fueled PYR i U-Fueled PWR U-Fueled PWR
238py 2.7 .9 .02 .8 — - -
7%y 39.3 | 61.5 97.6 66.8 67.5 94.9 20,5
240py 25.6 26.0 2.33 22.5 24.5 4.9 22.4
24lpy 17.3 7.2 .04 6.2 5.2 2 4.6
242py i2.1 4.5 ——— 3.8 2.8 e 2.5




Table 3.2.

Isotopic Composition of Plutonium in Discharged Fuels (wt %)

I. Uranium-Fueled Reactors X
Reactor R Yankee Rowe’ BWR? r® Dresden-1.7
Burnup (MWd/MT) 33,000 23,900 33,000 38,900 20,000 27,500 23,000 38,400
238py 1.8 1.00 1.92 2.15 -— 1.0 * .80 1.77
239py 58.7 67.7 63.3 56.4 58.9 57.2 63.4 53.3
240py 24,2 18.8 19.2 21.9 25.7 25.7 24.8 28.8
241py 11.4 10.0 11.7 13.8 12.2 11.6 8.32 10.3
242py 3.9 2.51 3.88 5.77 3.2 4.5 2.73 5.85
*Estimated
II. Estimated Average Composition of Pu Available for Recycle9
Year 1975 1980 1985
. 238py 1.0 1.5 1.7
oo
239py 64 58 54
240py 22 24 25
241py 10 11 12
24%2py 3 5 7
III._ Plutonium—Fueled Reactors
. 4
AT Ref. Oxide IMFER GE. INFER 2
Rea PWR3 core & core & core & core &
axial radial blankets axjal radial blankets
’ blanket blanket averaged blanket . blanket averaged
Burnup (MWd/MTY 33,000 : ~Core: 80,000~ -Core: 100,000~
Pu Source U-Fueled PWR U-Fueled PWR U-Fueled PWR
238py 2.7 .9 .02 .8 _— — —_—
239%py 39.3 61.5 97.6 66.8 67.5 94.9 70.5
240py 25.6 26.0 2.33 22.5 24.5 4.9 22.4
241py 17.3 7.2 .04 6.2 5.2 .2 4.6
2h2py 15.1 4.5 —— 3.8 2.8 — 2.5
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Average Annual Amounts and Activities of Selected

Tab]_g 3.3

. Actinides Discharged from Reactors

U-Fueled PWR> Pu-Fueled PHR , R !
Curies Curies Curies
Isotope Kg Curies after 904 Kg Curies after 90d| Kg Curies after 904
235y 231 .50 .50 53 J1 J1 33.4 .07, .07
238y 129 8.20 8.20 1 25.7 1.63 1.63 .88 .06 .06
230y 2.69x10% 8.97 8.97  [2.67x10" 8.88 8.88  }2.07x10" 6.87 6.87
237Np 13.5 9.51" 9.74 '3.55 2.50" 2.55 2.92 2.06 2.10
23%p 2,22 5.17x10% 489 2,09 4.88x10% 5.78x10% | 5.02 1.17x10° 1.16x10°
236py  |1.85x10~%  9.86 9,31 [2.24x10~% 11.9 11.2° 1.84x10~°  9.81 9.27
238py | 4.63 7.83x10% 8.06x10" 10.7  1.80x10° 1.92x10° | 15.6 2.64x10° 2.66x10°
23%py 149 9.14x10° 9.,28x10% | 158 9.70x103 -9.84x103 1.35x10°  8.28x10% 8.31x10*
Z+0py 61.4  1.35x10" 1.35x10" | 103 2.28x10% 2.29x10% |4s2 1.00x10% 1,00x10°
Zhlpy 29.1  3.31x10° 3.29x10° 69.9  7.98x10° 7.87x10° |124 1.42x107  1.40x107
242py 9.86  38.6 38.6 60.9 238 238 77 299 299
Pu - — 3.39x10° - — 8.09x10° -— - 1.44x107
2*1am .79 2.58x10°  3.80x10° 3.47  1.13x10% 1.42x10% | 10.8 ' 3,51x10* 4.05x10*
2k2mpm 11.3x10~% 130 130 .069 568 665 21 2.04x10° 2.04x10°
24Zam |2.7x1077  2.17x10° 130 .01} 9.02x10% 665 4.1x107%  3.34x10° 2.04x10°
2%3pm 2.54 489 489 30.2 5.78x10° 5.78x10° | 6.05 1.16x10° 1.16x10?
Am - —  assaed | - T 2.130% | -- —  4.57x10"
2h2ey .35 1.16x10° 7.94x10° | 2.29 7.58x10° 5.27x10° .52 1.74x10® 1.20x10°%
2%3cm  [4.0x10-* 175 174 4.4x10°2  2.05x10° 2.04x10° .02 911 906
2440om . .87 7.06x10% -7.00x10% | 19.7 1.60x10° 1.58x10° .36 2.92x10% 2.89x10%
Cm - - 8.64x10° — -— 6.85x10° — — 1.23x10°
Subtotal| - 5.60x10° 4.26x10° - 5.19x10° 1.50x107 — 1.19x10° 1.57x107
Total — 1.09x10® 4.26x10° - 1.11x10° 1.50x107 —_ 2.38x10°

1.57x107
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Tabhle 3.3

Nraac Crh craants ! Activitios of Selected
\ Act ides Discharged from Reactors
1 3 3 4
; . U-Fueled PWR Pu-Fue led PWR ., LMFBR
' L Curies Curies Curies
sotope Kg . Curies after 90d Kg Curies after 90d| Kg .- Curies after 90d
235y 231 .50 50 53 .11 A1 3304 .07 .07
vy 129 8.20 8.0 25.7 1.63 1.63 .88 .06 .06
-8y 2.69x10° 8.97 8.97 2.67x10" 8.88 8.88 2.07x10" 6.87 6.87
"No 1 13.5 9.51 9.74 3.55 2.50 2.55 2.92 2.06 2.10
2Np | 2,22 5.17x10° 489 2.09  4.88x10° S.78x1 ' | 5.02 1.17x10°  1.16x10°
*Pu |1.85x10-° 9.86 9.31 ]2.2:x10°  11.9 11.2 1.84x10-°  9.81 9.27
P itdpy 4.63  7.83x10* B.06x10" | - 10n.7 1.80x10°  1.92x10° | 15.6 2.64x10° 2.66x10°
E 39y 149 9.14x10° 9.28x10° 1.8 - a.70x10%  9.84x10° ]1.35x10°  8.28x10" 8.31x10"
| %y 61.4 1.35x10%  1.35x10° 13 ,28x10%  2.29x10" (454 1.00x10° 1,00x10°
| , . 5
§ hlpy 29.1 3.31x10°  3.29x10° | 49.9  7.98x10° 7.87x10° |124 1.42x107  1.40%107
gy 9.86  38.6 38.6 0.9 38 238 77 299 299
i . .
| Pu - - 3.39x10° - -— 8.a9x10° - - 1.44x107
¢ i .
o ttiam .79 2.58x10° 3.80x10° 3.47  1.13x10" - 1.42x10* | 10.8 3.51x10% 4,05x10%
! 202Mam 11,3x107% 130 130 .069 68 655 .21 2.04x10° 2.04x10°
PooSvfamo 12.7x1070 0 2.17x10° 130 011 3.02x10° 665 4,1x107°  3,34x10° 2.04x10°
= 3am 2.54 489 489 30.2 5.78x10°  5.78x10% | 6.05 1.16x10* 1.16x10°
Am -— — 4.55x10° - -- 2.13x10% “J, - — 4,57x10"
i “*fom .35 1.16x10°  7.94x10°% | 2.29 7.58x10°  5.27x10° | %52 1.74x10% 1.20x10°
i . :
ToElam 14.0x107° 175 174 4.4x107%2  2.05x107  2.04x10? .02, 911 906
CoEetam .87 7.06x10* 7.00x10" | 19.7 1.60x10° 1.58Bx10° .36 '\x 2.92x10*  2.89x10*
t
Zm - -- 8.64x10° -- - 6.85x10° -- - 1.23x%10°
. Sustotall. - 5.60x10°  4.26x10° - 5.19x10°  1.50x10’ - 1.19x10° 1.57x107
o
1 “otal - 1.09x10° 4.26x10° - 1.11x10°  1.50x10’ - 2.38x10% 1.57x107
L4
'\‘): .
NG -
i N
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Figure 3.1 Formation Scherz for Important Actinides



types. Also the activities are shown after a 90 day cooling period.

Note that the LMFBR will indeed have the most heavy metal activity
at discharge by about a factor of two over either the uranium-fueled or
p1utonium f eled P%R s, with the major activity being that of the beta
decay of 2 Np to 239y in all fuels considered. The situation changes
significantly after 90 days of cooling.

The relative amounts of total actinide activities after 90
days of cooling for the LMFBR, plutonium-fueled PWR, and uranium-
fueled PWR respectively are : 1, 0.96, and 0.27. The similar ratios
for total plutonium activities are 1, 0.56, and 0.24. The percentages
of total actinide activity which are due to plutonium alone are res-
pectively 92%, 54%, and 80% for the three types of discharged fueis.

The last comparison above is significant. It means that a
reclamation of the plutonium from the uranium-fueled PWR or from
LMFBR discharges would result in separation of most of the actinide
activity. This is not true with the plutonium-fueled PWR discharges.
About seven megacuries of americium and curium isotopes would have
to be handled for the plutonium-fueled PWR discharged fuel after 90
days, while the uranium-fueled PWR and the LMFBR would each have
about one megacurie of americium and curium isotopes to handle.

The beta emitters among the higher actinides (indicated in_Figure
3.1) all have half-Tives of the order of days or less except 241py.
Therefore, the activities shown at 90 days in Table 3.3 are mostly
alpha activities._ The total plutonium act1v1ty in 90 day cooled LMFBR
fuel is 1.44 x lq curies, but 1.40 x 107 curies of this is the beta
activity from 241py.  Thus about 4.5 x 105 curies of p]uton1um alpha
activity are present compared to 1.23 x 106 curies of cur1um alpha
activity.

The alpha activity of 2810m will continue to build as the 241py
decays At three years after discharge, there will be about 8.8 x 104
curies of 241Am alpha activity. _At 30 years after discharge this
activity would be about 3.5 x 105 curies.

The gamma radiation from the various isotopes and their daughters
gost1y low energy, with less than 1% of the photons exceeding 400
KeV There are a few excegtions such as the 2.6 MeV gamma ray
from 208T1, a daughter of 236Pu. This particular exception would
probably only be important in uranium-fueled reactors.

The neutron production from spent reactor fuels can be signifi-
cant as mentioned previously, 7>10 both from spontaneous fission and
from (a,n) reactions in light elements. Table 3.4 summarizes neutron
production estimates for several nuclides and compounds. The pluto-
nium and americium results are from keference 7 except where indicated.
The curium results are from Reference 10.

Tables 3.3 and 3.4 together show that the neutron production from
" curium isotopes in discharged fuel will be greater than the neutron
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Tablie 3.4

Neutron and Alpha Particle Yields
Selected Actinides and Their Compcunds

n/(g-sec) of Heavy Isotope

Chemical Spontaneous o/ (g-sec) of
Form Isotope Fission {asn) Total Heavy Isotope

Pu 236p,, 3.7x10% .- 3.7x10 1.97x10"3
Pu0, 238p,, 2.62x10° 1.4x10° 1.66x10% 6.47x10"]
*Pu0, 238p,, 2.4 x10° 2x10* 2.2x10° 6.47x10"!
Pu0, 239p, .03 45 45 2.27x10°

Pu0, 240p,, 1.02x103 1.6x10" 1.7x10° £.38x10°

Pu0,, 242p, 1.7x10° 2.7 1.7x10° 1.44xi08

Pu 244p,, 5.1x103 - 5.1x10° 6.54x10°

A0, 28 oy . 2.6x10° 2.6x10° 1.20x10']
*An0, 241 pm - 4x103 4x103" 1.20x10"]
Cm,0, 2420, 2.30x107 2.00x10’ 4.3x10’ 1.23x10'%
tro, 282¢y, 2.30x10’ 2.67x10’ a.97x107 1.23x10'4
tm,0s 2% 1.19x107 4.29x10° 1.23x107 3.08x10'2
tmo, 248 1.19x10 5.72x10° 1.25x10 | 3.08x1012

*A11 neutron yields for plutonium and americium are from Reference 7 except
along with the curium neutron yields, are from Reference 10.

these two, which,



production from the plutonium despite the iwo to three orders of
mangitude difference in masses of the two ¢lements which are present
in the fuel.

Moreover, the alpha activity of the curium isotopes will be
greater than that of the plutonium, a]thgxgh the total plutonium
activity is higher due to beta decay of <%*'Pu.

It should be mentioned here that, because of the high toxicity
and very long half-lives of the transuranics, and the unique waste
disposal problems created by their presence, work is proceeding to
develop the capabiiity of recycling the actinides along with the
plutonium. This would eliminate the need for handling the trans-
uranics as waste, but would increase the concentration of these
undesirable nuclides in the recycled reactor fuel material.

REFERENCES (Section 3)

1. Plutonium Handbook, A Guide to the Technology, ed. by 0. J. Wick,
Vol. II, Gordon and Breach, New York, 1967.

2. R. Romethsch, "Implementation of International Safeguards - Back-
ground and Future,” Trans. Am. Nucl. Soc., 15, 989 (1972).

3. M. J. Bell, "Heavy Element Composition of Spent Power Reactor
Fuels," ORNL-TM-2897, May 1970.

4. "Aqueous Processing of LMFBR Fuels: Technical Assessment and
Experimental Program Definition," ORNL-4436, June 1970.

5. “Conceptual Plant Design, System Descriptions, and Costs for
a 1000 MWe Sodium Cooled Fast Reactor," GEAP-5678, Dec. 1968.

6. L. C. Schmid, "A Review of Plutonium Utilization in Thermal
Reactors,”" Nucl. Tech., 18, 78 (May 1973).

7. R. C. Smith, L. G. Gaust, L. W. Brackenbush, "Plutonium Fuel
Technology Part II: Radiation Exposure from Plutonium in LWR
Fuel Manufacture," Nucl. Tech., 18, 97 (May 1973).

8. “Current Status and Future Technical and Economic Potential of
Light Water Reactors," WASH-1082, January 1968, p. 5-9.

9. . E. Deonigi, "The Value of Plutonium Recycle in Thermal
Reactors," Nucl. Tech., 18, 80 (May 1973).

0. =~. S. Bailey, R. N. Evatt, G. L. Gyorey, and C. P. Ruiz,

"Neutron Shielding Problems in the Shipping of High Burnup
Thermal Reactor Fuels," Nucl. Tech., 17, 217 (March 1973).

23



mdaytc Hichiuvlially bilalli

24


mallaire
BlankStamp


A e e

4. FISSION PRODUCT GENERATION

4.1 LMFBR Fission Product Generation

Fission product production rates were calculated for two represen-
tative 1000 MWe LMFBR's. Extensive data was available for the Al
Reference Oxide Design,1 but the target byrnup for this design was
only 80,000 MWd/MT. Since frequently LMFBR: comparisons have been
made for a target burnup of 100,000 MWd/MT, similar results are
reported for a GE 1000 MWe design? that agsumes this burnup. Total
fission product generation should be abou§ equal for the two designs,
except for minor differences such as assumed load factors, different
fractions of power and Pu/U fission ratios in the various core and
blanket regions, and different residence times for the fuel.

A summary of results is presented in Table 4.1. (Although tritium
is a fission product, it is discussed separately in Section 5.1,
and is not included in Section 4). Table 4.1 provides total fuel
discharged annually from each reactor (in metric tons, MT), total
fission product activity discharged with the fuel per year and fission
product power in the discharged fuel, for various cooling times
after reactor shutdown.

The conditions (exposure, specific power, pdwer distribution, length
of time in the core, etc.) for both the AI and the GE designs are
given in Table 4.2.

In Reference 1, values are reported for fission product activities
for the AI design for all fission products which were not negligible
30 days after reactor shutdown. The Reference 1 calculations for the
core were repeated for the most important of these nuclides
(i.e. those which still contributed significantly at 150 days after
shutdown) using fission yields from Reference 3. An energy yield of
215 MeV/fission* was used, which leads to 2.90x1016 fissions/sec MW,
instead of the 203 MeV/fission (3.07x1016 fission/sec MW) used in
Reference 1. For the less important nuclides activity values from
Reference 1 for the core were used; also Reference 1 values were used
for all activities in the axjal and radial blankets. (Those nuclide
activities which were calculated are marked with an asterisk in Table 4.3).
It was assumed that 87% of the fissions in the core occurred in
239py and 13% occurred in 238y, (Activities of several nuclides were
checked using the same input as Reference 1 to assure agreement with
the methods of Reference 1).

*This value is higher than for LWR's primarily because of a higher
value for the kinetic energy of fission products from plutonium
fission than from uranium fission and high gamma energies from
neutron absorption by steel in LMFBR's.
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II.

I1I.

Table

4.1

Fuel Mass and Fission Product Activity Discharged Annually
From an LMFBR and Fission Product Power of Discharged Fuel

I. FUEL MASS DISCHARGED

Discharge from Core (MT/yr)

Discharge from Axial Blanket

(

Discharge from Radial Blanket

(

Al Design
8.517
MT/yr) 4.948
MT/yr) 10.07

GE Design
6.169

6.912

4.869

FISSION PRODUCT ACTIVITY DISCHARGED
Al Design Activity Discharged/Yr (Ci/yr)
Cooling Time
30d | 90d 150d  |300d 30y
~ Core 3.77x108 |2.08x10% |1.40x10% |7.81x107 |2.96x10°
Axial Blanket |0.10x10% |0.05x10% [0.03x10% {0.18x107 |0.06x10°
Radial Blanket |0.44x10% |0.23x108 |0.16x108 |0.60x107 |0.37x10°
Total 4.30x10% |2.36x10% |1.50x10% |8.50x107 [3.38x10°
GE Design
Core Only 3.08x10% |1.67x10% |1.14x108 | 6.10x107 |2.70x10°
FISSION PRODUCT POWER
Fission Product Power of Fuel Discharged/Year
*
Cooling Time (Megawatts)
AI Design 30d ’ 90d ’ 150d 1 300d | 30y
Core plus Blankes 1.89 [1.02 | 0.71 | 0.38 | 0.010

*Equal to the product of MW/MT and MT discharged/year.
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Table 4.2

Operating Conditions for Two 1000 MWe Designs

Al Reference 7 GE Fo]]gw—on
Oxide Design Design

Average core exposure (MWd/MT 80,000 100,000
Core specific power (MW/MT(U+Pu)) 175 157
Average irradiation time

(equivalent full power days) 458 638
Average chronological (residence)

time in core (days) 540 796
Load factor 0.85 0.80

Fraction of power at mid-burnup,
equilibrium fuel cycle (%)

Core 87.8 87.6
Axial Blanket 1.6 7.6
Radial Blanket 10.6 4.8
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Table 4.3

Pission Product Activity of Core Discharge Fuel from AI 1000 MWe Reference Oxide
Design (80,000 MWI/MY Exposure), as a Function of Cooling Time

Activity (Ci/MT(U+Pu))

Cooling Time
P Fission Product 0 304 904 1504 3004 30 yr
*BIRY . 1.542x10% 1.535x10" 1.519x1.0" 1.503x10" 1.464x10% 2.240x103
SRRY 7.699%10° 2.522x10° 2.720x10° 29.28 '
* 33gr e 2.190x10® 1.455x10¢ 6.420%105 2.835x10% 3.700x10"
. s * 2 gy T 1.810x10° 1.813x10° 1.806x10" 1.799x10" 1.781x10° .-~ 8.820x10“
S 3.164x10¢ 2.238x10° 1.103x10" 0.544x10° 0.092x105"
S S L 5.457x10° 3.973x10" 2.106x10 1.116x10° 0.278x10°
N ko, 7.003x10° . 5.466x10" - 2.898x10" 1.536x10° 7 3.142x10°
* 2 Nb 5.436x10° 5.065x10" 3.470x10" 2.079x19j;,¢-‘“’" 0.475%x10°
994 3 ST 13.18x10° 8.039x10" 0.00273 o .
* 10 3Ryt 1 23Ry 15.05x10° 8.933x10° 3.142x10° 1.105x10°7 0.081x10®
*106put+106Rp 6.372x10° £.022x10° 5.378x10° . 4.804x10° 3.622x10° 9.004
) L1ompgd 4.303x10° 4.043x103 T 3,439x10° 2.909x103 1.950x10°
@ Coag? 3.051x10° 5.262x107 4.459x10- 3.788x107 2.960x1n0-
ipg 4.770x10° 2.985x10" <7 1.162¢107 0.455
Hameg® 3.221x10° 3.212%102 < 3.183x107 . 3.155x1n¢ 3.095x10~ 73.02
vimeg ~9.011x10° 5.271x10° 2.116x107 80429 Li.12
©ilemgp © . 473 43.45 36.74 31,0787 19.90
Ten ‘ © 0 1.341x10- f 1.341x10° 1.341x10¢ 1.341x102 T, 1.340x10- 1.020%107
17 Mg "1 955x103-" 1.653x10° 1.181x10° 8.502x107 "3.600x102
125gn 1.145410° 1.578x10" 1.889x10? 2.267 .
*175gp 6:525x10" 6.453x10" 6.198x10" 5.945x10% 5.356x10% . 32.52
125mpe " 1.615x10" 1.691x10" 1.766x10" 1.757x104 1.590x10" . 9.163
17850 9.635x10" 1.833x10° 69.71 6.471 5.000 £:119
27gp 5.199x105 2.200x103 0.039 -
1271“19/2 Te 9.664x10° 2.976x10° 2.012x10° 1.375x10° 5.125x10"
129Mpe 7.727x10° 4.213x10° 1.237x10 7 3.646x10" 1.650x10°7
1297¢ 1.851x106 2,702x10° 7.944x10" 2.343x10" 1.095x10°
L1291 0.122 0.124 0.125 0.126 0.126 0.126
*x 1317 4.791x10°% 0.374x10° 2155.810 12.43
13lmye 4.260x10" 1.426x10% 5.488x102 16.90

132pes13727 11.468x%10° 1.936x10" 0.055 - v
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Table 4.3

Fission Product Activity of Core Discharge Fuel from AI 1000 MWe Reference Oxide
. Design (80,000 MWA/MT Exposure), as a Function of Cooling Time

Activity (Ci/MT(U+Pu))
Cooling Time

Fission Product 0 30d 904 1504 3004 30 yxr
* 85gy 1.542x10% 1.535x10" 1.519x10% 1.503x10% 1.464x104 2,240x103
86Rp3 7.699x103 2,522x103 2.720x102 29.28
*89gy ' 2.190x106 1.455x108 6.420x105 2.835x105 3.700x10" )
*90gy4 90y 1.810x105 1.813x105 . 1.806x10° 1.799x105 1.781x105 8.820x10%
*3ly 3.164x10°% 2,238x106 1.103x10°® 0.544x10°% 0.092x10°
*95z7p 5.457x106 : 3.973x106 2.106x108 1.116x10° 0.228x106
* 9 STy 7.093x10" 5.466x10% 2.898x10%. . 1.536x10% 3.142x103
* 95N : 5.436x106 - 5.065x108 3.470x106 2.079x108 0.475x108
99Mo+9 e 13.18x10% 8.039x10% 0.00273
*103R,410 3Ry, - 15.05x1068. - 8.933x108 ©3.142x108 1.105x106 0.081x106
*106Ry+106Rh- 6.372x106 6.022x106 ' 5,378x10° 4.804x106 3.622x106 0.004
11omp 2 4,303x1.03 . 4.043x103 3.439x103 2.909x103 1.950x103
110542 3.051x10° ~ 5.262x102 4.459x102 3.788x102 2.960x102
Hilpg 4.770x105. 2.985x10% 1.162x102 0.455 4 ,
113megd 3.221x102 3.212x102 3.183x102 3.155x2102 3.095x102 73.02
115mcg 9.011x102 5.271x102 2.116x102 . 80.29 C11.12
119mgn 47.137 - 43.45 36.74 31.078 19.90
121gn 1.341x102 1.341x102 1.341x10? 1.341x102 1.340x102 - - 1.020x102
123mgn ’ 1.955x103 -7 1.653x103 1.181x103 © 8.502x102 3.600x102
1255y 1.145:05 . 1.578x10% 1.889x102 2,267 o
*125g),- 6.525x10% . 6.453x10" 6.198x10% 5.945x10% 5.356x10" 32.52
125m7e . L.615x10% - _ l.691x10% 1.766x10" 1.757x10" ©1.590x10" 9.163
126gp, 9.635x10% 1.833x103 C 6971 6.471 5.000 : ©4.119
127gp- : 5.199x105 2.209x103 0.039
127Mrey127p0 9.664x105 . 2.976x10° 2.012x105 1.375%%05 5.125x10%
“1291mpe 7.727x105 4,213x105 1.237x10 ° 3.646x10% 1.650x103
1237¢ 1.851x108 2.702x10% 7.944x10"% 2.343x10"% 1.095x103
1297, 0.122 0.124 0.125 0.126 0.126 0.126
*131y 4.791x106 0.374x106 2155.810 12,43 :
131myq 4,260x10" 1.426x10" 5,488x102 16.90

132mey 1327 ' 11.468%1.08 1.936x10" 0.055
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Design (80,000 MWd/MI' Expsoure)

Table 4.3
{continued-page 2)

. Fission Product Activity of Core Discharge Fuel from AI 1000 -MWe Reference,Oxide
: , as a Function of Cooling Time
Activity (Ci/MT(U+Pu))

Cooling Time

Fission Product 0 30d 90d 150a 3004 30 yr

* 13330 7.867x106 - 0.186x106 69.68 0.026
13408 7.425x10% 7.226x10% 6.239x10% 6.461x10% 5.400x10% 2.985
136cg 3.448x105 6.971x104 2.843x%103 1.162x102 0.045 ,

*1370g4137mp, - 4.903x10% 4.894x105 - 4.875%x105 4.857x105 4,811x10°5 2.463x10°
140pa+l4018 12.242x108 2.541x106 9.871x10" -3.835x103 1.050

*1l4lce . 6.978x108 3.701x108 1.031x108 0.287x106 0.012x106
143pp ] 6.027x106 ©1.748x106 8.407x10% 4,034x103 5.100

* 1tboetlbbpy 6.337x108 5.886x106 5.186x10° 4.394x108 3.048x10%
1478 2.673x108 4.100x10° 9.730x103 2.286x102 0.015

* 147py 7.673x10° 7.743x105 7.454x10° 7.138x105 6.404x105 2.874x102
158Mpy @ " 1.672x105 1.020x105 3.779x10% 1.407x10% ' 2.000x103 )

*151gy 1.058x10% 1.061x10"4 1.059x10" 1.058x10% 1.055x10* 0.849x10%
15hpg@ 2.390x103 2.380x10? 2.362x103 2.352x103 2.300x103 6.518x102

#155my 5.221x10"% 5.162x10" 5.046x10% 4.932x10" 4.659x10" 8.165x102
156y 2.872x105 7.330x10% 4.581x103 2.862x102 0.350
160qpA 3.221x10" 2.418x10% 1.360x10"% 7.623x103 2.000x103
161py, 4,478x104 2.201x103 5.299 0.013
16203+162my, 2.286x10"4 2.154x10% 1.927x10" 1.714x10% 1.200x10%

Total Activity (11..70x107) 4.421x107 " 2.441x107 1.647x107 9.169x108 3.472x105
* These nuclide activities were calculated during the present investigation. Others were obtained from Reference 1.

a. Activation products, produced by neutron activation of a fission product.’
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Table 4.3
(continued-page 2)
Fission Product Aclivity of Corxe Discharge Fuel from AI 1000 MWe Reference Oxide

Design (80,000 MWi/MI' Expsoure), as a Function of Cooling Time
Activity (Ci/MT (3+Pu))

* These nuclide activities were calculated during the presant investigation,

a. Activation products, producsd by neutzon activetion of a fission product.

~
e e Gooling Time
Fission Product 0 , 304 90d 150d 300d 30 yxr
o *133ye 7.867x1.08 0.186x10¢ 69.68 0.026
1eg? 7.425x10" 7.226x10" 6.839x10" 6.461x10" 5.400x10" 2.985
- 136cg 3.448x105 6.971x10% 2.843x103 1.162x102 0.045
N *137cgr i gy 4.903x10° 4.894x10° 4.875x10° 4.857x10 4.811x10° 2.463x10°
R R ) 12.242x10° 2.541x10° 9.871x10" 3.835%x10° 1.050
_ *itice 6.978x10" ©3.701x10° 1.031x10° 0.287x10° 0.012x10°
T 1u3pyp 6.027x1 05 1.748x10° 8.407x10" 4.034x10° 5.100
* Lhbcerlhtpr 6.337x1.0°F 5. 8RAXINE 5.186x10%F 4.394x10° 3.048510°
T47NG 2.673x10°6 4.100x10° 9.730x103 2.286x10? 0.015
N * 147py 7.673x10° 7.743x10° 7.454x10°5 7.138x105 6.404x10° $2.874x10?
14 8Mpy 1.672x10° 1.020%103 3.779x10% . 1.407x10" 2.000x177
*151gm 1.058x10" 1.061x10" 1.059x10" 1.058x10" 1.055x10" 0.849x10"
Livpy? 2.390x10° 2.380x10- 2.362x10° 2.352x10°3 2.300x10° 6.518x102
* 155y 5.221x10% 5.162x10" 5.046x10" 4.932x10% 4.659x10% 8.165x102
156py 2.872x105 7.330x1.0"% 4.581x103 2.862x102 - 0,257 ’
Leopp? 3.221x30% 2.418x10* 1.360x10% 7.623x10° .. 2.000x107
6l 4.478x10° 2.201x10° 5.299 0.013 T
! ﬁ%ﬁd+1'6 2 2.286x10" 2.154x104 1.927x1.0% 1.714x10% 1.200x10"
~" Total Activity - (11.70x107) 4.421x107 2.441x107 1.647x107 8.16%:x108 3.472x10°

Others were obtainsd from Refevence 1.



The yields and half lives of the fission products (from Reference 3)
are given in Appendix B. Also the decay schemes of the nuclides
whose activities were calculated are illustrated in Appendix B.

: X

Results for the activities of the important radionuclides are
listed in Tables 4.3, 4.4, and 4.5 for the core, axial blanket, and
radial blanket of the AI 1000 MWe Reference Oxide Design. Results
are Tisted as curies per metric ton of metal (U + Pu). Also listed and
noted in the tables are a number of activation products which result
from neutron activation of fission products. Core activities for
the GE 1000 MWe Follow-On Design are listed in Table 4.6. Totals
in Table 4.6 for those nuclides not specifically calculated are based
on results from Reference 1. In Tables 4.3 - 4.6 the totals at zero
cooling time are only the totals for those nuclides shown (hence, they
are shown in parentheses). By 30 days these are the only nuclides
which are not negligible so that the totals from 30 days on are correct.

In Table 4.7 are listed the gamma and beta energy production rates
as a function of cooling time, also listed per MT of metal (U + Pu).

Noble gases and iodine have special significance since they can be
released to the cover gas. These fission product sources are listed
separately in Table 4.8, Saturated activities in a 1000 MWe reactor
are listed, except for 85Kr and 1291. The 85Kr and 1291 are the amounts
at shutdown for the GE 1000 MWe design, with average core discharge
exposure of 100,000 MWA/MT. The longest half-lives of the noble
gases or iodine other than 85Kr and 1291 are the 11.96 day 131mXe and
9.065 day 1311. As can be seen from Table 4.3, the only nuclide in
Table 4.8 still important after one year is 85Kr; hence, all but
85Kr are short-term hazards only.
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Table 4.4.

Fission Product Activity of Axial Blanket Discharge from AT 1000 Mie
Reference Oxide Design, as a Function of Cooling Time

Activity [Ci/MT(U+Pu)]

Cooling Time

B

L€

Fission Product 0 304 204 1504 300d 30 yr
85y 7.878x102 7.840x102 7.755x102 7.670x102 7.260x102 1.143x102 -
86Rp 72.64. ' 23.80 2.569 0.277

89gr 1.294x105 8.70x10% 3.911x10" 1.757x10% 2.500x103

90gr+30y 7.944x103 7.897x10° 7.859%103 7.840x103 7.600x103 3.779x103
9y 1.766x10% 1.247x105 6.140x10% 3.023x10" 5.325x103 '

957y 2.834x10°% 2.059%10° "1.086x105 5.724x10% 1.175x10%

95y 5.668x103 4.364x103 2.305x103 1.219x10% 2.800x102

95Nb 2.626x10° 2.522x10% 1.757x105 1.058x105 2.600x10*

9949 M- 6.480x10° 3.949x102 1.338x107*

103R34-10 3mph 6.612x105 3.911x105 1.371x10% 4.799x10% 4.500x102

106Ru+106Rn 1.608x105 1.519x10% 1.356x105 1.211x105 ~8.780x10"

lompga 8.162 7.519 6.376 5,413 3.500

110p43 7.378x102 0.973 0.829 0.704 0.450

11pg 1.162x10% 7.283x102 2.843 0.011

113meg® 1 0.580 0.578 0.573 0.568 0.550 0.131
115meg - 95.40 58.66 22.29 8.473 0.815

11smgy 3.306 3.042 2.569 2.182 1.475

121mgy 1.001 1.001 1.001 1.001 1.000 0.763
123mgn 38.730 32.779 23.521 16.814 ©.7.900

125gn 4.090x103 4.478x10?2 5,365 0.064

125gp 9.730x102 . 9.824x102 9.446x102 9.097x102 7.85x102 0.456
125 2.947x102 3.221x10? 3.495x102 3.561x102 3.500x102 0.189
126gp, 1.455x103 2.758x10?2 9.919 0.398 0.042 0.042
127gp 1.918x10" 91.82 0.002

127m0re+1277e 2.097x10" 4.865x103 3.533x103 2.409x103 8,900x102

125mpe 2.872x10" 1.568x10% 4,610x103 1.360x103 66.00

129pg 7.236x10% 1.001x10% 2.957x103 8.691x10? 40.00

1297 0.003 0.003 0.003 0.003 0.003 0.003
1317 1.861x105 1.445x10" 82.466 0.470

131myg 1.644x103 5.970x102 23.521 0.721



Page Intentionally Blank


mallaire
BlankStamp

mallaire
BlankStamp


Table 4.4

Fission Prodix i Activity of Axial Blarkel Discheioe from AT 1000 Mk
Raforenoe Oxide Design, as a Function of Cooling Time

Activity [Ci/#(U+Pu)]

LE

Cooling Time
Fission Product 0 304 90d 150d 300d 30 yr
f%r 7.878x10- . 7.840x10- 7.755x10° 7.670x102 7.260610° 7 1.143x10°
sspp? o 72.64 23.80 2.569 0.277 o
S5y ' 1.294x10° 8.70x10" 3.911x10% 1.757<10% 2.500%10"
2egr+dly ~7.944x10° 7.897x10° 7.859x10° 7.840x10" 7.600x16" 3.779x103
Sy 1.766x10" 1.247x10° 6.140x10" 3.023x10 5.325%1C°
Yogr 2.834x10° 2.059:x10° 1.086x10° 5.724x10" 1.175%17
3 gy 5.668x10° 4.364x10° 2.305x107 1.210x10° 2.800%105°
2 5Nb RIS hE 2.522x10" 1.757x10° 1.058x10° ) el
2 SMo+9 M 6.480x10° 3.949x10- 1.338x10™"
103Rut1 0 3mph 6.612x10° 3.911x105 . 1.371x10° 4.799x10~ 4.500x1%
10€pp+100ph 1.608x10° 1.519x10° 1.356x10° 1.211x10° B8.780%x10"
ilimpea 8.162 7.519 6.376 5.413 3.50%
110p,44 7.378x10? 0.973 0.829. 0.704 0.450
1llag 1.162x10" 7.283x10° 2.843 0.011
L1 3meg? 0.580 0.578 0.573 0.568 0.550 0.131
115meg 95.40 58.66 722,29 8.473 0.815
-+ Mg 345300 3.042 T 2.569 2.182 1.473
1< Imgn 1.001 1.001 : 1.001 1.001 1.000 0.763
12 3mgn 38.730 32.779° 23.521 16.814 7.900
125gn 4.090x103 4.478x107 5.365 0.064 ,‘
125gp 9.730x102 9.824x107 9.446x10° 9.097x10° 7,85x10* 0.456
1250pg 2.947x102 - 3.221x102 3.495%10- 3.561x102 3.500%10° 0.189
126gp 1.455x10° 2.758x102 9.919 0.398 0.042 0.042
127gp 1.918x10% 91.82 0.002
127mpe+1277e 2.097x10" 4.865x103 3.533x10°3 2.409x10°3 8.900x19¢
125m7e 2.872x19% 1.568x10" 4.610x103 1.360x103 66.00
1297¢ 7.236x10" 1.001x10% 2.957x10° 8.691x102 40.00
1297 _ 0.003 0.003 0.003 0.003 0.003 0.003
1317 1.861x10° 1.445x10" 82.466 0.470

13 1My 1.644x%103 5.970%x102 23.521 0.721
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Fission Product Activity of Axial Blanket Discharge from AT 1000 MWe

Table 4.4

{continued-page 2}

Reference Oxide Design, ad a FPunction of Cooling Time

Activity [Ci/MT(U+Pu)]

Cooling Time

Fission Product 0 30d 904 150d 3004 30 yr
L32meplizy 5.318x10°% 8.908x102 0.003

133%e 3.278x105 7.651x102 2.862 0.001

134cg? 3.750%102 3.646x10° 3:457x102 3.268x1072 2.800x107? 0.015
136cg : 6.981x10° 1.407x10° 57.528 2.343

137cg4137Mgy 1.495x10" 1.492x10" 1.486x10" 1.481x10" 1.425x10" 7.472x103
140pa 414015 6.083x10° 1.282x105 4.978x103 1.927x102 0.070

I4lce 3.070x10° 1.625%10° 4,496x104 1.247x10% 4.500%10<

143py 2.806x10° £.849x10" 3.287x103 1.578x102 0.11¢

litcer !t py 2.598%105 2.399%10° 2.059x%105 1.785x10° 1.780x10°

147Ng 1.672x105 7.569%1 04 6.064x102 14.264

147pm 3.731x10% 3.807x10" 3.675x10" 3.523x10" 3.100x10% 13.98

14 Brmpy 2 1.661x103 1.134x10° 4.204x102 1.559x102 12.55

151gm 4.7043102 4.723x1072 4.7232102 4.714x102 4.680x102 3.722x107
1542 19.27 19.17 19.08 18.89 18.50 5.252
155pmy 3.324x107 3.221x1.0° 3.023%103 2.834x103 2.350x1 07 0.034
156py 6.660x10° 1.710x103 1.067%107 §.679 0.004 ’

16 03,2 56.58 47,41 23.80 13.41 0.289

1611, 7.916x102 3 6. 094 2.258x107%

16253416217y, 2.418x107 “ 2.040x10% 1.816x102 1.330107

Total Activity (4.714530%) 1.963x10° 9.973%10° 6.411x10° 3,715x16° 1.176x10%
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Table 4.5

Fission Product Activity of Radial Blanket Discharge from AL 1000 MWe Reference
Oxide Design, as a Function of Cooling Time

Activity (Ci/MI(U+Pu)

Cooling Time:

Fission Product 0 30d 90d -~150d 3004 . 30yr
85kr 2.428x10° 2.409x103 2.390x103 2.362x103 2.300x103 3.505x102
86Rp2 3.363x%102 1.105x102 11.90 1.285 ' -
89gr . 2.465x105 1.653x10° 7.415x10% 3.335x10% . 4.285x103

90gr+30y 2.371x10% 2.362x10" 2.343x10% 2.343x10% 2.290x10% 1.126x104
oly 3.372x10% 2.371x105 1.171x105 5.772x10% 9.150x%103

95z 6.102x105 4.430x105 2.333x105 1.237x105 2.500x10%

EL ) 1.219x10" 9.403x10°% - 4.959x103 2.617x103 5.100x102

95Nb 5.819x103 5.526x105 3.826x10% . 2.295x108 5.500x10"%

LY.L 1.330x106 8.105x102 2.749x10™% -

103Ru+103Rh . 1.351x106 8.001x105 2.796x105 5.063x10% 9.500x102

106Ru+106Ry 4,742x105 4,411x105 4.005x10% 3.571x105 2.675x10%

110my 2 77.36 71.22 60.45 51.29 34.00

110pqg 5.120x103 9.257 7.859 6.669 .4.300

1lipg 3.316x10%4 2.078x10° 8.105 0.032

113mpy3 6.017 5.989 5.942 5.894 5.795 1.360
115mq 1.568x102 96.35 36.74 13.98 1.150

119mgy, 8.643 7.954 6.735 5.696 3.750

121Mgp 5.885 5.876 5.866 5.857 5.800 .4.478
123mgn 1.190x102 1.001x102 71.98 51.14 21.90

125gn 1.077x10" 1.171x103 14.07 0.169

125gp 3.344x103 3.363x103 3.231x103 3.098x103 - 2.800x103 1.549
125mpg 1.115x103 1.171x103 1.228x103 .1.237x103 1.200x103 0.643
126gh 2.125x103 4.034x102 14.73 0.727 0.300 0.208
127gp 5.507x10" 2,626%102 0.006

1274 127qe 6.253x10" 1.719x104 1.159x10% 7.907x103 2.500x103

129Mpg 6.546x10" 3.571x10" 1.049x10% 3.089%103 1.45x102

1297¢ 1.625x105 2.286x10% 6.735x103 1.984x103 1.300x102

1297 0.010 0.011 0.011 0.011 0.011 0.011
1317 3.061x10% 1.748x102 0.992

3.939x10%
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[ By
Oxide ey

o, as a Fuoeo
- *alii\::*siu:: Prucieot 0 30d

85kr N 2.428x103 2.409x10°
86RLA T 3.363x107 1.105x107
895r ..2.465x10° 1.653x10"
90gy+30y 2.371x10" 2.362x10"
9ly 3.372¢105" 2.371x10°
35zr 6.102x10° 4.430x10°
EELY S 1.219x10% 9.403x103
95Nb 5.819x105 5.526x10° -
3 9Mort+ 3 90 1.330x10% 8.105x102
103pzt103rh 1.351x10°% 8.001x10°
106Ru+106Rn 4.742x10° 4.411x10°
110mp 3 77.36 71.22
110ag 5.120x103 9.257
Hiag 3.316x10% 2.078x107"
11 3meg? 6.017 5.989
115meg 1.568x102 96.35
119mgp 8.643 7 7.954
121Mgn 5.885 5.876
12 mgp, 1.190%10? 1.001x102
125gn 1.677x10% 1.171x103
125gp, * 3.344x103 3.363%103
125mpe 1.115x103 1.171x10°3
126gp ) 2.125x103 4.034x10?
l27gp, 5.507x10% 2.626x102
127Mpey 12 g 6.253x10" 1.719x10%
12 3Mpg 6.546x10" 3.571x10%
1297¢ 1.625x105 2.286x10%
1297 0.010 0.011
131y 3.939x10° 3.061x10"

Table 4.5

P A e feoop BTOY0N0 M Refevenoe
AR TR LTS
3V AV ALY y ;:ﬁ",.i‘{\i‘ -1\

Coolire: Tine

1500 603

2.390x10° 2.362x10* 2.300x10°
11.90 1.285 T
7.415x10" 3.335x10% .47285x10°
2.343x10% 2.343x10"% 2.290x10"
1.171x10° 5.772x10% 9.150x10°3
2.333x10° 1.237x10° 2.500x104
4.959x10° 2.617x10° 5.100x107
3.826x10° ~2.295x10° 5.500%10"
2.749x10°"
2.796x105 5.063x10% 9.500x%107
4.005x10° 3.571x105 2.675x10"
“60.45 51.29 34.00
7.859 €669 4.300
8.105 0.032
5.942 5.894 5.795
- ~6.74 13.98 "L 1.150
6.735 5.696 3750
5.866 5.857 5.800
71.98 51.14 21.90
14.07 0.169
3.231x10° 3.098¢103 2.800x10°
1.228x10° 1.237x103 1.200x10°
14.73 0.727 0.300
0.006
1.159x10% 7.907x10° 2.500x103
1.049x10" 3.089x10°3 1.45x102
6.735x103 1.984x103 1.300x%102
0.011 0.011 0.011
1.748x102 0.992

3.505x10%

1.126x10"

1.360

4.478

1.549
0.643
0.208

0.011
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Table 4.5
(continued-page 2)

Fission Product Activity of Radial Blanket Discharge from AI 1000 MiWe Reference
Oxide Design as a Function of Cooling Time

Activity (Ci/MT(U+Pu))

™~ | , Cooling Time B

Fission Product 0 30d 90d 150 3008 30yr
131myg .3.760x10 1.313x10° 51.20 1.578
132qe4 1321 1.118x10° 1.880x10° 0.005 p
133yq 7.047x10%_ 1.625x10" 6.083 0002
L3vcg? 2.645x10% . 2.579%10° 2.437x103 2.305x10° 2.000x103 0.1
136cg 1.880x10" TP 1.549%102 6.320 | | |
o cssiimE 4.770x10"* 4.770%10" 475110 - 4.734x10" 4.700x10" 2.370x10"
& 140pat1t014 1.254x10° 2.626x105 . .~ 1.020x10% 3.958x10? 0.180
4lce 6.310x105 3.335x10%°° . 9.248x10% 2.560x10" 1.000x10?
D 5.913x10° 1.445x10° 6.924x10° 3.325x102 0.140
“o L 1sbcerlthpr 6.320x10° .- 5.800x10° 5.007x10° 4.326x10° 3.975x10-
.. 147Ng 3.164x165 4.865x10" 1.152x10% " - 27.11 - 0.900
14 7pm -T7020x10° 1.030x10° 9.919x10" 9.541x10° 8,200t 37.88
v luempyd 7 7.784x103 4.742x10° 1.757x10° 6.546x10° 49.00
o 151gy ) 1.370x10° 1.379x10% 1.370x10° 1.37oxio3»« 1.360x103 1.086x103
o VOSEUT 1.275x102 1.275x102 1.266x102 1.256x102 . 1.220x102 34.85
T 155py 1.219x10" 1.181x10% 1.115%10" 1.049x10% . 8.900x10° 0.125
- 156py 1.833x10" 4.695x10° 2.938x10° 18.326 0.022
. 16 0,2 5.129x102 3.845x102 2.163x102 1.209x107 27.50 "
- 161y, 2.513x102 1.237x102 0.299 0.001 h
162G3+162mn 1.096x10°3 1.035x103 9.238x1n2 8.237x10? 6.100x102
Total Activity (11.23x107) 4.361x10° 2.327x108 1.515x10° 5.943x10° 3.648x10"
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Table 4.5

(continued-page 2)

Fission Product Activity of Radial Blanket Discharge from AT 1000 Mde Reference

Oxide Design as a Function of Cooling Time

Activity (Ci/MF(U+Pu))

Cooling Time

Fission Product 0 30d 90d 1504 3004 30yr
131y 3.760x103 1.313x103 51.20 1.578

132pe4l32y 1.118x108 -1.880x103 0.005

133xe 7.047x10% 1.625x10% 6.083 0.002

13402 2.645x103 2.579x103 2.437x103 2.305x103 - 2.000x103 0.107
136cg 1.880x1.0"% 3.797x103 1.549x102 6.320

137054137, 4.770x10% 4,770x10% 4,751x10% 4,734x10% 4,700x10% 2.370x10%
140pa4 14015 1.254x106 2.626x10°5 1.020x10% 3.958x102 0.180

141ce 6.310x103 3.335x10° 9.248x10% 2.560x10" 1.000x103

143py 5.913x10% 1.445x105 6.924x103 , 3.325x102 0.140

14bceylbhpy 6.320x10% 5.800x105 5.,007x10% 4.326x10% 3.975x10°

1475 3.164x105- 4.865x10% 1.152x102 27.11 0.900 ’
157py 1.020x105 1.030x105 9,919x10% 9.541x10% 8.200x10% 37.88
14 Bmpy® 7.784x103 4.742x10° 1.757x10% 6.546x102 49.00

151gy 1.370x103 1.379x103 1.370x103 1.370x103 1.360x103 1.086x10°
154g,2 1.275x102 © 1.275x102 1.266x102 1.256%102 - 1.220x102 34.85
185m, 1.219x10" 1.181x10" 1,115x10% 1.049x10" 8.900x103 0.125
156py 1.833x10% 4,695x103 .2.,938x102 18.326 0.022

16072 5.129%102 3.845x102 :2.163x102 1.209x102 27.50

161y, 2.513x102 1.237x102 0.299 "0.001

162¢3+162m, 1.096x103 1.035x103 9.238x102 8.237x102 6.100x102

Total Activity (11.23x107) 4.361x108 2.327x108 1.515x10° 5.943x%105 3.648x10%
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Frasion Produst Activity of Cuve Discharge Fusl from GE 1000 Miée Follow-on Design
o {100, 500 @/ r ExpSsude), =% & Fone! ion of Cowling Time

Activity (Ci/MT (U+Pu))

Cooling Time
Fission Product 0 304 904 1504 3004 30yr
85kr 1.915x10" 1.906x10" 1.886x10" 1.866x10" 1.817x10" 0.277x104
89gr 2.322x108 1.542x10" 0.680x10°6 0.300x106 0.039x10°
205r+90y 2.260x10° 2.263x10° 2.254x10° 2.245x10°5 2.223x10° 1.104x10°
oly 3.357x10¢ 2.374x10° 1.171x108 0.577x10° 0.099x10¢
I5gr 5.795x10° 4.219x10° 2.236x10° 1.185x106 0.242x10%
ERL Y1) 7.533x10" 5.805x10% 3.078x10" 1.631x10% 0.334x16"
25Nb 5,787x10° 5.387x10° 3.687x10° 2.209x%106 0.505x10°
10 3Ry 1 0 3Ry 15.95x108 9.199x10° 3.330x10° 1.072x10° 0.086x10°
106Ry+ ! 06RK 7.396x10° 6.990x10° 6.244x10° 5.576x1.0% 4.204x10° 0.008
125gp, ‘ 7.925x10" 7.829%10" 7.517x10" 7.210x10" 6.496x10" 39.44
127gh 5.510x10° 2.341x103 0.041
131 5.077x10~ 0.396x10° 2284.590 13.17
133xe 8.336x10° 0.197x106 73.84 0.028
137Cg+137Mgy 6.120x105 6.109x10° 6.086x105 6.063x105 6.006x10° 3.075x10°
leler 7.395x10° 3.922x108 1.093x10¢ 0.304x10° 1.246x10"
l4bCet14tpy 7.238x10° 6.723%10° 5.809x10° 5.019x10° 3.482Q0°
147pm 9.339x10° 9.387x10° .9.031x10° 8.648x10° 7.758x10° . 3.482x107
15lgm 1.324x10% 1.327x10% 1.325x10" 1.323x10" 1.319x10" 1.062x10"
155gn 6.421x10" 6.348x10" 6.205x10" 6.066x10" 5.730x10" 0.100x10"
Total for calculated ’
nuclides 4.296x107 2.619x107 1.812x107 0.973x107 4.37x10°
Total for uncalculated
nuclides 0.697x107 .085x107 0.037x107 0.01Ex107 .01
Total 4.99%107 2.70x107 1.85x107 0.99x107 4.4x10°



Energy Generation Rate from Fission Product Decay for the
AT 1000 Mie Reference Oxide Design as a Function of Cooling Time

Table 4.7

. Specific Power [Watts/MT (U+Pu) ]

~Cooling Time
30d 90d 150d 300d 30vr
Core
Garma Decay 9.56x10" 4.39x10%  2.57x10% 1.12x10% 49%103
“eta Decay 10.00x10%  6.21x10%  4.87x10%  2.81x10% 505203
Axizi Blanket
Gemma Decay 4.07x103 1.77x103  1.00x103 .43x103 15.
Beta Decay 4.07x103 2.29x10%  1.69x103 .91x103 21,
Racial Blanket _
Gamea Decay 8.83x103 3.94x105  2.27x103 0.98x103 48.
- 9,37x103 5.60x10° 4.29x103 2.45x103 66.

Beta Decay
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Table 4.8

Total Activity of Noble Gas and ILodine Nuclides During
Operation_of a 1000 MWe IMFBR

Radio- Saturated Half-1ife Accumalated

nuclide Activity, Ci Yields (Fast Fission)

: 235, 238y

(%) S )]

§ 3l 7.016x10° 1.86h 0.350 0.412
85Ty 1.301x107 4.4n 0.642 0.811
85Kr 2.4x10%% 10.76y 0.142 0.173
87Kr 2.250x107 76m 1.108 1.416
88Kr 2.759x107 . 2.7% -1.368 1.677
89Kr 3.585x107 3.18m 1.653 3.010
131™%e 4.822x105 11.96d 0.025 0.022
1330 3.765x106 2.26d 0.195 0.181
133%e 1.328x108 5.27d - 6.824 6.471
1350%e 3.459x107 is,7m T 1.902 0.852
135%e La16x108 9.16h 7.447 5.748
137Xe 1.138x103 3.82m 5.785 - 5,951
138%e 7.828x107 14.2m 3.709  5.908
1291 1.7% 1.6x107y 0.922 0.653
1311 8.086x107 8.065d 4.196 3.662
1321 1.050x103 2.284h 5.366 5.300
1331 1.327x108 20.8h 6.817 6.471
1343 1.392x108 52.3m 7.186 6.553
1351 1.217x108 6.7h 6.290 5.673

*Approximate values in the reactor (1000 MiWe CE design) at shutdown for refueling.
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Total Act:.m.ty of Noble Gas and lodine Nucledes During
Operatlon of a 1000 MWe LMFBR :

Radio- Saturated Half-life Accumilated

nuclide Activity, Ci Yields (Fast Fission)
PEE 738y
. (%) (%)
83MRe 7.016x10° 1.86h . 0.350 0.412
857Ky L3020’ . 44n 7 0.642 0.811
85Kr 2.4x105* L1076y 0.142 0.173
87K 2.250x107 | 7em 1.108 1.416
88Kr 2.759x107 ‘2.7 1.368 1.677
89Kr 3.585x107 3.18m 1.653 3.010
1317 4.822x105 11.864 0.025 0.022
133M%e 3.785:3.06 Y 26&‘ 0.195 0.181
133%e 1.328x108 5.27d 6.824 6.471
135Mge 3459107 15.m 4 1.902 0.852
135% 1.416x108 9.16n 7.447 5.748
137%e 1.138x10" 3.82m 5.785 5.951
138%e 7.828x107 14.2m 3.709 5.908
1291 L 1.6x107y ' 0.922 0.653
11T, 8.086x107 8.065¢ 1;4,.196 3.662
1 10500 2.284h 5;‘3:,}“66 5.300
133;,”:' 1.327x10" 20.8h 6.617 6.471
1/3*& 1.392x10° 52.3m 7.135"‘»,{ 6.553
sy 1.217x10% 6.7n 6.290 %  5.673

*Approximate values in the reactor (1000 MWe GE design! at shutdown for refueling.
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4.2 <Comparison with LWR Fission ’roduct Generatior

The fission products generated by a reference LWR have been
estimatec by ORNL staff in their study of siting fcr fuel reproce: "ng
plants and waste management facilities. 4 The reference LWR is a
pressurized water type fueled with Zircaloy-clad UGy (3.3% 235U),
operating at an average power level of 30 MW/MTU and achieving a
fuei exposure of 33,000 MWd/MTU. The Diablo Canyon Nuclear Power
Plant Reactor served as a prototype for the reference design.

Values for LWR fission product inventories after cooling E1mc<
of 90 and 150 days, as taken from Table 3.9 of the ORNL study,
presented in Table 4.9. Comparison of these values with the corres-
ponding values for an LMFBR core discharge (see Tables 4.3 and 4.6)
reveals that the fission product inventories per metric ton (U + Pu)
are much lower for the LWR than for the LMFBR, as expected from the
large difference in MWd exposure per MT.

The total fuel charge in the PWR is 88.6 MTU, of which one tnird
(or 29.5 MTU) is discharged each year. The total fission product
activity associated with the fuel shipped annually is given in
Table 4.10 as a function of cooling time. On comparing these values
with the corresponding AI LMFBR values of Table 4.1 (i. e 2.36x108
Ci/yr shipped after a 90-day cooling period and 1. 59x108 Ci/yr
after a 150-day cooling period), it is evident that the 1000 MWe LMFBR
will ship annually a greater quantity of activity from the plant
site than will the 1000 MWe PWR, assuming equal cooling times.
This result does not change by 1nc1ud1ng also the actinide act1v1ry
(see Table 3.3) and the cladding activity (Table 5.13). (A comparison
between the GE design and the PWR cannot be made without a calcuiation
of the blanket discharge activities.)

The higher overall fission product activity in the discharged
LMFBR fuel results primarily from the shorter residence time of LMFBR
fuel in the reactor, i.e., 540 days for the AI LMFBR design vs. 3
years for the PWR. Considering freshly discharged LWR and LMFBR
fuels, the average time elapsed since a particular fuel atom
fissioned is roughly 550 days for the LWR compared to only 270
days for the LMFBR. The longer average decay time prior to reactor
shut-down for the PWR far outweighs the effects of differences between
the two reactor types in' fuel exposure, thermal efficiency, energy
release per fission, and isotopic fission product yields. It is
of interest, however, to compare the isotopic yields of several
important fission products. Table 4.11 gives yields of specific
nuclides from thermal fission of 235U and 23%u and from fast fission
of 238y and 23%y. These are cumulative 51e1ds The table indicates
significantly lower production rates for Osy and 85kr and a higher
oroduction rate for 1311 in the LMFBR.
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Table 4.9
LWR Fission Product Activities as a Function of Cooling Time

Curies/Metric Ton Discharged Fuel

Nuclide 90 days 150 days
3K 6.98E 02 6.92E 02
85Ky 1.13E 04 1.12E 04
86Rb 1.72E 01 1.85E 00
895y 2.16E 05 9.60E 04
905y 7.69E 04 7.66E 04
90y 7.69E 04 7.66E 04
9y 3.22E 05 1.59E 05
937y 1.88E 00 1.88E 00
957y 5.24E 05 2.76E 05
95myp 1.11E 04 5.86E 03
95Nb 8.69E 05 5.18E 05
997 1.42E 01 1.42E 01
103gy 2.55E 05 8.91E 04
103mgy, n 2.55E 05 8.91E 04
106g, 4.59E 05 4.10E 05
110mpg 3.08E 02 2.61E 02
110ag 4.01E 01 3.40E 01
115¢q 1.07E 02 4.43E 01
119sp S 1298 01 1.09E 01
123mgp, 5.11E 02 3.66E 02
1245 1.73E 02 8.63E 01
125sy, 1.67E 01 2.00E 01
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Table 4.9
(Continued - 2)

LWR‘Fission Product Activities as a Function of Cooling Time

Curies/Metric Ton Discharged Fuel

Nuclide 90 days 150 days
1255, 8.48E 03 8.13E 03
1200 3.32E 03 ' 3.28E 03
em, 9.04E 03 6.18F 03
1271, i 8.94E 03 " 6.11E 03
129n,, 2.27E 04 6.69E 03
12974 1.46E 04 4.29E 03
131 . 3.81E 02 2.17E 00
131mye 1.06E 02 3.27E 00
134¢5 2.25E 05 2 13E 05
136 5.10E 02 © 2.08E 01
13745 1.07E 05 1.06E 05
137mg 5 o.59F 04 9.96E 04
140g, L11E 04 4.30E 02
T 1.28E 04 4.95E 02
4l 2.05E 05 5.67E 04
143p,. 1.44F 04 6.94E 02
144¢q 8.92E 05 7.70E 05
1445, 8.92E 05 7.70E 05
1474 2.16E 03 5.10E 01
1475, 1.06E 05 9.94E 04
148mpp, 1.06E 03 3.92E 02
148p,, 8.82E O] 3.15E 01



Table 4.9
(Continued - 3)
LWR Fission Product Activities as a Function of Cooling Time

Curies/Metric Ton Discharged Fuel

..sClide 90 days 150 days
Blgy 1.15E 03 1.15E 03
152, 1.16E 01 1.15E 01
9364 2.66E 01 2.24E 01
154y 6.87E 03 6.82E 03
gy 6.79E 03 6.37E 03
196g,, 3.51E 03 2.19E 02
160, 5.34E 02 3.00E 02
9244 1.86E 02 1.66E 02
37p 1.86E 02 1.66E 02

Totai 6.19E 06 4.39E 06
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~ Table 4.10
Fission Product Activity Transported Annually

Fram a 1000 MWe PWR

Cooling Time, days  Activity Transported, Ci/yr
%0 1.83 x 108
150 1.30 x 108
\
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Table 4.11
Yielas of Selected Fission Products fram Thermal and Fast Fission

Thermal Fission Fast Fission

Nuciide Yields (%) fram ; Yields (%) from

235y 239py 239py 238y
S Smyr 1.332 .598 .642 .811
35k .285 .144 .142 .173
131y 2.774 3.889 4.196 3.662
3Ssr 5.935 2.121 2.089 3.282
137¢s 6.228 - 6.534 , 6.625 5.952
133%e 6.766 6.838 6.824 6.471
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5. OTHER SOURCES*

5.1 Tritium and Its Transport

Tritium produced in an LMFBR comes from two principal sources -
ternary fissions in the fuel and n,t reactions in boron control rods.
Lithium contamination in the fuel might lead to another important
source, and Lithium contamination in the sodium is a minor Source.

An estimate of tritium production rates in thermal reactors was
given by Peterson, Martin, Weaver, and Harward, 152 who also presented
results for tritium production rates from fast fission in a Pu-fueled
fast reactor. More recently Sehgal and Rempegt reported calculated
tritium production rates for EBR-II and FFTF.® Kabele reported
tritium calculations for FFTF,% but the references other than the ANS
summary were preliminary and not available to the public at the time
of this investigation.® Limited information on the details of Refer-
ence 4 were obtained from Westinghouse personne1.6 Data on tritium
production and tgansport throughout the EBR-II reactor system have
been reported.7’ Data on tritium transport through fuel cladding in
fast reactors have been reported;8,9 data on tritium transport through
control rod cladding have been obtained!0 but have not been publicly
reported.

5.1.1 Summary

A summary of estimated annual tritium production rates in a 1000
MWe LMFBR is given in Table 5.1. Results could easily be off by a
factor of two. )

Most of the tritium may enter the primary system. It is known

. that nearly all of the tritium produced in ternary fission enters the

primary sodium. Some unpublished experimental results indicate that
only a fraction {i.e. ~ 30%) of the tritium in the control rods enters
the sodium. Until firm data is presented to show this, however, it
should be assumed that all the tritium enters the sodium.

EBR-II experience indicates that ~ 0.2% of the tritium that enters
the sodium escapes to the atmospher and ~ 0.01% escapes to the condenser

- water (EBR-II has a complete steam cycle). It is unclear to what ex-

tent these percentages will apply to an LMFBR power reactor, but they
represent the best indication currently available.

*References are indicated at the end of each subsection of Section 5,
unlike the procedure used in other sections.
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5.  OTHER SOURCES*

5.0 Tréxgum and Its Transport
\

Trics am produced in an LMFBR comes from two principal sources -
teome g 7 S1ons in the fuel and n,t reactions in boron controil rods.
Lith um c:ntam1nat1on in the fuel mlght lead to another important
scumie, and Lwth1um contamination in the sodium is a minor source.

An estimate of tritium production rates in thermal reactors was
give by Peterson, Martin, Weaver, and Harward,vl,z who also presented
res..ts for tritium production rates from fast fission in a Pu-fueled
fasc reactor. More recently Sehgal and Rempggt reported calculated
tritium production rates for EBR-II and FITF.° Kabele reported
tritium caiculations for FFTF,% but the rcferences other than the ANS
summary were preliminary and not available: to the public at the time
of this investigation.5 Limited informat on on the details of Refer-
ence 4 were obtained from Westinghouse personnel.® Data on tritium
production and tganSportithroughout the EBR-II reactor system have
been reported Data on tritium transport through fuel cladding in
fast reactors have been reported;8.9 data on tritium transport through
control rod cladding have been obtamed10 but have not been publicly
reported. .

5.1.1 Summary

= summary of estimated annual tritium production rates in a 1000
MWe .4"BR is given in Table 5.1. " Results could easily be off by a
fact:~ of two. |

43¢ of the tritium may enter the primary system. It is known
thz= seariy all of the tritium produced in ternary fission enters the
primey sodium. Some unpublished exper1menta1 results indicate that
Oﬁ}‘ a fraction (i.e. ~ 30%) of the tritium in the control rods enters
the sodium. Until firm data is presented to show this, however, it
;nou*d be assumed that all the tritium enters the sodium.

EBR-II,@xper1ence indicates that ~ 0.2% of the tritium that enters
wne sodium. escapes to the atmospher and ~ 0.01% escapes to the condenser
water (EBR-II has a complete steam cycle). It is unclear to what ex-
tent these percentages will apply to an LMFBR ‘power reactor, but they
represgnt the best indication currently available.

y

/

/ 5
/;References are indicated at the end of each subsection of Section 5,

‘untike the procedure used in other sections.
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Table 5.1

Estimated Tritium Production Rates in a 1000 MWe LMFBR

-Source - R _hnnual Activity Production Rate
Ternary Fission ) ‘ g 20,600 Ci/yr
“B4C contro] rods (shim and safety), 7,000
B(n t)24 ' ‘
Lithium produced in control rOdS . 2,500
L1(n nt) 4
L1th1u2 contam1nat1on in fuel (20 ppm 1 i in fuel)

Li{n,t)a o “ 4,000

,,L1th1um contamination in sod1um (5ppm Li in Na) -
L1(n t)a S ' 100

TOTAL "~ 30,000 Ci/yr

Extrapolation of the above EBR-II leak rates to the LMFBR would
indicate leakage rates for a 1000 MWe LMFBR of the order of 60 Ci/yr
to the atmosphere and 3 Ci/yr to the condenser water. This value for
leakage to. the condenser water compares to liquid effluent tritium
rates of 100 Ci/yr for a BWR and 600 Ci/yr for a PWR reported in the
AEC draft statement on the proposed Appendix I to 10° CFR 50.24

5.1.2 Sources

5.1.2.1 Ternary Fission

, Tritium production rate from ternary fission in a 1000 MWe LMFBR
(2500 MWt) is estimated to be 20,000 curies/year. This value could

}be as much as a factor of two lower than the true value, however,
since the tritium production rate from fast-fission of 239 9%pu is so
poorly known. AEC funding to establish this value more prec1se7y

has been terminated.

The production rate of 20,000 Ci/yr is based on the fol]owing
parameters: Tritium yield from 239y fast fission ~ 2 x 10~% t/f
{Reference 11% Tritium yield from 238U fission is assumed to be the
same as from 239y fast fission. N = number of tritons produced/year,

%



ana 1< roughiy equal to:

(2 x 1074 LIEONS) (5 9 1016 TISSIONS) (5500 Mu) (.864x105 =)

(.8 x 365 operating Qays)

year
= 3.7 X 1023
TE/Z (tritium) = 12.4 yr.
=1.77 x 1072 sec !

Neglecting decay during the year, the annual activity production rate
from ternary fission is:

Activity = Na 20,000 Ci/yr
3.7 x 101U dis/sec/Ci

The tritium yield data in Reference 11 consist of three points,
as follows:

Neutron Energy Tritium yield/fission
425 + 45 keV (1.9 + 0.9)x 1074
483 + 52 keV (2.3 + 1.0)x 1074
540 + 55 keV (1.1 + 0.4)x 1074

T“hese values are preliminary and so are not reported }g a public
cocument. The tritium yields for thermal fission of Pu are not
well known. Hence it is difficult to compare behavior of tritium
yields of 239%u with tritium yields from 235U as a function of
fission energy. Such a comparison would be useful since both the
thermal and fast fission yields for tritium from 235U are fairly well
established.

Four measurements of the thermal fission y1e1d for 235y reported
since 1960 all lie between 0.8 x 10-4 and 1 x 10-4 T}tons/f1ss1on,
with the latest value of Dudey, Fluss, and Malewicki'¢4 being
0.85 + 0.09 x 10-%. Dudey, et al. report values for fast fission
(i.e. between 200 and 800 keV) between 1.5 and 3.0 x 10-4, with an
average near 2.0 x 10-4 which is nearly constant over the 200 to
800 _keV energy range.!'? Hence the tritium yield from fast fission
of 235 is about 2.5 times the yield from thermal fission.

Unfortunately there are no reliable thermal fission tritium

yields for 239%u. Horrocks and Whitei3 report preliminary values
ranging from 1.8 to 5.0 x 10-4 tritons/fission. An independent
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z3timate of tritons/fission can be inferred from two :intermediate
~asyits which have been reported--alphas/fission and alphas/triton
7rom fission. The n*mber of alphas/fission for thermal figsions of
239y is ~2 x 10-3 The nymber of alphas/triton is v6.14»

Tiis gives a vaiue of 3 x 107" tritons/fission. Dudey reports a
zheoretical prediction of 2.3 { 10-4 tritons/fission, even though he
says the theory is inadequate.

On comgaring the preliminary values for tritium yield in fast
“3ssion of 239py from Reference 11 with the above range of thermal
fission yields, it is noted that the increase in yield with energy
observed for 2 235y fission may not apply for 239pPu fission.

The tritium yield for 239Py assumed by Sehgal and Rempert3 to
calculate tritium production in FFTF was 1.8 x 10-4, a value which
“hey estimated as the thermal fission yield for 239pu. They report
an annual tritium production rate of 1670 Ci/yr for ternary f1ss1on,
assuming 300 MW(th) operation at a load factor of 0.7.

" For comparison the annual tritium production rate from ternary
“ission in a 1000 MWe light water reactor (for 34% thermal efficiency
and 0.8 load factor) can be calcuiated to be ~15,000 Ci/yr. This

vaiue is based on the following assumptions: 55% of the fissions
segur in 235y, 41% in_23%u, and 4% in 238U; the tritons/fission in

U are the same as 39Pu, thermal f1ss1on y1e1ds gge used; and the
Number of Er1tons per thermal fission in 2350 and 239y fission are
5.85 x 10°% and 2 x 10-4, respectively. Th1s compares to value of
18,700 Ci/yr for a 1000 MWe light water reacggg reported in Reference 1,
in which a higher thermal fission yield for 23°%U (1.3 x 10~%) was used.

5.1.2.2 Boron Carb1de Control Rods

It is 11kely that B4C will be used for shim control in the
LMFBR. Boron carbide is being used for the early demonstration plants
fe.g. PFR, Phenix, FFTF, U.:S. Demonstration Plant). Tantalum
was se]ected as the sh1m control material for all five 1000 MWe
follow-on conceptual designs 17 (i.e. (E, W, CE, AI, and B & W),
while B4C, was chosen for,safety rods for soine of them. Since
cperating and planned reactors use Bg4C, however, it is prudent at
‘this time to assume that B4C will continue to be used for our present

urpose of predicting tritium production.

The principal reaction accounting f?r tritium production in boron
.zrbide control rods of an LMFBR is the (n,t)2a reaction. This
‘reaction-has a threshold at about 1 Me' and has a cross section
cveraged oyer the fission spectrum of ~30 millibarns. A second
reaction, Lign,nt)a , contributes som¢ tritium; 7Li is produced from
the UB(n,a }J/Li reaction which is the neutron absorption reaction

that leads to the use of B4C as neutror control material. The
Lhresno]d for the 7Li(n, ntza reaction is 2.8 MeV. A third reaction
that produces tritium is 1 B(n,t)%e, but this reaction has such a
high threshold (9.6 MeV) that it contributes little to the total
tritium production rate,
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No reported tritium production razes from control rods were
“aund for a large power LMFBR that uses B,C shim control. Sehgal
z2nd Rempert have reported calcu?ated3trit1um production rates from
2aC control rods in EBR II and FFTE.Y Kabele reports total predicted
critium production rates for FFTF.™ These calculations cannot be
isea directly for a large power reactor, however, because the tritium
aoroduction rate depends upon the fuel cycle adopted and the amount

3f B4C needed in the core for shim control for the particular reactor
jesign.

For this reason, an example calculation of tritium production in
3 1000 MWe LMFBR has been made based on contro].requir?@ents and
results reported for the GE 1000 MWe follow-on design. The basis
for this design is:

. 12 month refueling interval. The required shim reactivity
was 4.76% (1.80% 6&k/k). '

16$ worth of safoty control {including the backup control
* system which is located in the axial blanket during operation;}.

"ne GE design assumed tantalum rods for shim control and BgC rods for
safety control. Reference 18 provides a neutron balance at mid-cycle
“or an equilibrium fuel cycle, which provides tantalum absorption
~ates in the core and axial blanket and boron absorpticn rates in

zne axial blanket. The fraction of neutrons absorbed by tantalum in
+*he core is 0.00875, which is one half of the shim control requirement
of 0.0180. Hence, the nertron balance is reported for the true mid-
cyclie case, i.e. with half of the shim control rods withdrawn from

the core. Half the shim rods represents the average amount of control
in the core during the entire equilibrium fuel cycle.

For the example calculation, the tantalum absorptions were replaced
With the required number of boron absorptions to provide the same
shim control in order to simulate boron-carbide shim control rods.
Reference 18 gives (a) the total neutron flux, (b) the core average
£lux spectrum, (c) the core adjoint flux, ¢*, (d) the fraction of
fissions in the core, and (e) the Ta capturé-to-fission ratio in the
core at mid-burnup. The core fission rate can be calculated to
give a total reactor powe: of 2500 MW(tl). A sixteen group cross
section set is also available from General Electric which contains
aratural boron and tantalum capture cross sections, both self-shielded
for a control pin array equivalent to a ZTanch rod diameter. These
data permit calculation of the number of "“B atoms in the core
required for shim control by forcing

NC08) S oc; (1 9B)0s0% = N(Ta)Eoc, (Ta)e;o}.
1 1

The neutron spectrum changes caused by replacing the tantalum with
boron were ignored.

For reference, the intermediate results are:
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A capture in boron and a capture in Ta have aimost equivalent effects
on reactivity. Only 1% more absorptions were required in B than
Ta to provide equal reactivity control.

Core average fission rate = 1.7 x 1013 fissions/cm3 sec

=rom the neutron balance. S9re control-rod captures (mid-cycle) _ 9.00875
. ’ core fission 6.299
Tantalum absorption rate in core = 4.9 x 1011 absorptions/cm3 sec

Boron absorptions in core for same ak = 4.9 x 101! absorptions/cm3 sec

16
100, 8 -1
_2; Oci( B)o: = 1.57 x 107" sec

10 19 atoms
B) = 3.1 10 ——
) X cm

10g concentration: N(

Volume of core: V = 3.66 X 106 cm3

With these values it was possible to: calcuiate t?g react1on rate
for tritium product1on in the core from the:reaction
This reaction rate is:

N(]OB)VJ' o(E) ¢(E)dE (reactions in core/sec)

where Eyp is the threshold energy for the reaction (v 1.3 MeV).

The curve for o(E) was that recommended by I\r‘ving]9 for the
ENDF-B evaluation. The flux was assumed to follow the fission
spectrum in the first enerqgy group, i.e. above 2.2 MeV. A plot of
<he flux spectrum from Reference 18 was used to obtain the spectrum
below 2.2 MeV. The spectra were norT871zed to the group 1 and group 2
fluxes, the two groups in which the (n;t)2a reaction occurs. The
- group 1 fiux (for which the lower energy 11m1t was 2.2 MeV) was:

ol = 2.8 x 10" n/em? sec. The group 2 flux (lower limit of 0.825 MeV)
WEs : ' .

- 7.0x 104 n/cm2 sec. The integral for the ]OB(n,t)Zu reaction was:

J o) o(e)dE = 2.9 x 107" sec”!
Eth



. . - 10, .
~ence, the triton production rate Yrom "B in the core was:

15

NﬁzoB)V= Jr oE) (E)DE - 3.3 x 10°" tritons/sec

Eth
“nis results in an annual tritium activity production rate from ]OB
"2 the core, A{shim, core), of:

A(shim,core) = 4000 Ci/yr

There are two more contributions to the tritium activity from ]OB—-(])

reactions in the part of the shim rods in the axial blanket and (2)

reactions in the safety and shutdown rods which are present in the

axial blanket. The tritium production from these two sources can

be estimated by us1ng again the neutron b?lance data from the GE

des1gnand by assuming that the ratio of 10B(n,o )/Li reactions and the
0B(n,t)24 reactions is the same in the axial blanket and the core.

1h1S assumption is not exact because the spectrum is softer in the

axial blanket so that the assumption leads to a small overestimate

of the tritium production.

From the GE neutron balance, the ratio of tantalum capture in
the shim rods in the axial blanket to that in the core is 0.00300/0.00875.
“ne ratio of boron captures in the safety rods in the axial blanket
;6 the tantalum absorptions in the core is 0.00364/0.00875 and this
~atio would be the same (within 1%) if B4C had been used for shim
control. Hence the tritium production rate, if the shim rods were
34C, would be

A{shim, ax. blanket) = A(shim,core) 0000 = 1400 Ci/yr
A(Safety-shutdown, ax. blanket) = A(shim,core) %4%%%%%- = 1700 Ci/yr

Hence the total tritium production rate in the control rods is:

A X 7000 Ci/yr

This tritium production rate from ]OB capture is significantly
jower than the values which would be extrapolated directly from
References 3 and 4. Both Sehga]—RemperS and Kabele calculate higher
tritium preduction rates in FFTF from 'YB capture than from
ternary fission, a result opposite from that shown here for a power
reactor operating with a typical fuel cycle. Sehgal and Rempert
~eport an annual tritium production rate for FFTF of 3980 Ci/yr from
i0B, based on 300 MW(th) operation at 0.7 load factor.3 Direct extra-
po]at1on to a 2500 MW(th) LMFBR at 0.8 load factor gives a value of
38,000 Ci/yr.
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Kabele reports a toﬁa] of 40 Ci/day generation for tritium
production rate in FFTF.® It is known from conversations with
Westinghouse personnel that <~ 80% of this is from boron capture in
the B4C control rods. Assuming Kabele used 400 MW(th) (the rated
power level for FFTF) and 0.7 load factor, a direct extrapolation
to a 1000 MWe LMFBR would give 64,000 Ci/yr. Hence, Kabele's number
is significantly higher than Sehgal and Rempert's, and the tritium
production rate from 10B in a power reactor is grossly over-
estimated by extrapolating either calculation to a power reactor.
This overestimate is probably due to the relatively large amounts of
boron needed for control purposes in a test reactor.

Tritium can also be produced by the 7Li(n,t)a reaction in a
boron carbide control rod. L1t?6um -7 bu 1ds up in a control rod
since it is the product of the 'YB(n,a L1 reaction that provides
the control.

~ Again, the GE neutron baﬂance]8 provides a means of estimating
the tritium production from this source. During one year of operation,
the number of fissions that occur in the core is:

(1.7 x 1013 TIS8T0N5) (3 66 5 10% en®) (.864 x 10° 325) (0.8 x 365 3-31)

m--sec day
= 1.6 x 10%
From the neutron balance, the number of ]OB(n,a )7Li reactions in the
core is:
(-9957%) (1.6 x 10°7) = 5 x 10%°

The ratig of the integrals J o(E) ¢(E)dE for the 7Li(n,t)a reaction
and the 10B(n,t)2 @« reaction is:
7, .
L =2t£s o (E) o(EME 5 4, 10 . 4

10g f? 3 op(E) o(E) dE 3.0 x 10711

-11

where the 7Li(n,t)a cross section was obtained from BNL—32520'
26

Since the number of ]OB atoms in the core ?6 mid- cyc]e is 1.1x 1077,
at which time the tritium production rate from (n,t)2 ¢in the core
is 4000 Ci/yr, the tritium production rate from,7L1(n nt) in the
core after one year, after refueling, is

4000 —Cix 5 X ]02526 Xx.8 = 1500 Ci/yr
I x 10 y
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“se va.ue varies both as the 7Lé concentration builds up and as the
»3.5 are withdrawn during the fus: cycle. Also the B4C shim rods
ourn cut and must be replaced pericdiczally.

Tae source from 7Li(n,nt) ~eactions in the shim and safety

»cc5 1a the axial blanket was estimated to be 1009 Ci/yr after one
vear of operation. This vaiue would increase as ‘Li is built up
in <nhe safety rods, which would not require replacement as often as
the shim rods. The rate of increase in the safety rods would be

~ 500 Ci/¥§ per year, assuming the neutron balance for the GE 1000
MWe design,'® which ‘assumes a particular amount of B4C safety control
in the axial blanket.

Adding the 1500 and 1000 Ci/yr values give; a total of 2500
Ci/yr for the tritium production rate from the /Li(n,nt)a reaction
as Tisted in Table 5.1.

ror comparison tritium production rates in boron in a 1ight
water reactor can be estimated from Reference 1. For a 1000 MWe
4R {2940 MW({th)), the estimated annual tritium production in the
chemical shim for the equilibrium fuel cycle is ™~ 700 Ci from the
i0B(n,t)2a reaction and "~ 1250 Ci from the 7Li(n,nt)2® reaction.
Tritium production rates in BWR control rods are much higher, but
the tritium does not escape from the control rods.

5.1.2.3 Lithium Contamination

Lithium is present as an impurity both in reactor fuel and in
the sodium cociant. Neutron capgure by 11th1um 6 leads to tritium
production through the reaction

Although fresh fuel is expected to have less than 1 ppm
lithium, reprocessed fuel may contain as high as 20 ppm 1ithiuw.
Kabeie included this source (20 ppm) in his estimates for FFTF.
Extrapolating Kabele's calculation to a 1000 MWe LMFBR results in
an estimated 4000 Ci/yr tritium production rate from 20 ppm of
iithium in the fuel.

Lithium content in the FFTF sodiun is specified to be less than
5 ppm. The tritium production rate from this lithium is <100 Ci/yr.
“his value can be estimated from the ahove 4000 Ci/yr source from
jithium in the fuel since the sodium and fuel volumes in the core
are comparable, the lithium mass concentration is 5 ppm in sodium
instead of 20 ppm in fuel, and the sodium density is a factor of
10 Tower than the fuel density.
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£,:.3 Transport of Tritium in an LMFBR System i

5.1.3.1 Escape into Sodium System

Escape from Fuel Pins P

Tritium produced in the fuel from ternary fission and from
iithium in the fuel diffuses thrgugh the steel cladding into the
sodium. Roy, Rubin, and Wozadlo” report experimental results of
irradiated mixed-oxide fuel pins with austenitic stainless steel
cladding which show that less than 1% of the tritium produced is
retained in the fuel pin. Hence nearly all tritium gets into the
sodium and 1ittle is available for release during fuel repro-
cessing.

Additional data on t§1t1um leakage from fuel is available
for EBR-II driver fuel.’>® The data is of less interest since
the driver fuel is metallic uranium. Assuming 2 x 10~% tritons
produced/fission, EBR-II staff report that nearly 100% of the
tritium diffuses out of the driver pins at average fuel tempera-
tures greater than 1000°F and that 80% escapes when the average
fuel temperature is 800°F.

- This situation is different from the case of light water
reactors. Little of the tritium diffuses through the zirconium
cladding, so most of the tritium is retained in the fuel pin in
1ight water reactors. The difference may be caused by the dif-
ference in cladding temperature more than by the difference in
ciadding material. The cladding in an LMFBR operates at ~ 400°F
higher than that in a light water reactor.

Control Rods

No published data wer« found on diffusion of tritium from control
rods in an LMFBR. It has generally been assumed by LMFBR designers
that tritium produced in B;C rods would diffuse through the cladding
since the cladding is steel at high temperature, as is the fuel
ciadding.

Some data have been received directly from the EBR-II staff,
nowever, that differs from the above assumption. The EBR-II experi-
ence is that all of the tritium produced in B4C clad in steel stays
within the rod. It was assumed at EBR-II that this resulted from
irradiation at lower BgC temperature (1100°F) and higher B4C densities
(2.5 gm/cm3) than planned for power reactors. Later, these B4C rods
were heated to 1500°F for 120 hours and still no loss of tritium oc-
curred. However, EBR-II staff learned that HEDL experimentors who
irradiated B4C control assemb11es in EBR-II at 1600°F centerline
temperatures and 2.1 gm/cm3 density--similar to power reactor condi-
tions--found that 70 to 75% of the tritium produced was retained in
the cladding. Unfortunately, so much of the experimental work done
by HEDL for FFTF is unavailable to the public that details on this
question are unavailable; it is still not clear what fracton of the
tritium produced in B4C rods will escape to the sodium.
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This question may be rendered acacemic if a different design
ipproach is taken. Boronlﬁarbide $ont‘ol rods may he designed to vent
.re neiium produced from B{ Y/Li -eactions to the coolant in order
t~ avoid the large pressures resulting from helium production. In
tnat case, the tritium produced would also escape to the sodium.

5.1.3.2 Transport in the Sodium and Steam Systems

Tritium is removed in cold traps. The reaction that removes
“ritium is unclear. Two possib{e mechanisms are deposition of
sadium hydride and exchange of 'H and tritiun in the steel mesh in
the trap.

Some tritium, however, can escape elsewhere--to the cover gas
£-om which it could leak to the reactor building and the environment,
tirough the primary system boundaries (piping and vessels) to the
~z3ctor building and the environment, and to the secondary sodium
across the tube walls of the intermediate heat exchanger.

Most of the tritium which finds its way to the secondary sodium
*¢ trapped in the secondary-sodium cold trap. Some, however, escapes
~rrough the secondary-system boundaries to the environment, and some
eriters the steam system through the steam generators and superheaters.

Proof that tritium is removed in the cold traps comes from
sseration represented by Figure 5.1 which is reproduced from Reference 7.
The measured tritium concentrations in the primary sodium with and
without cold trap operation clearly indicate the effectiveness of the
ceid trap in removing tritium. Also at EBR-II, during one month when
zn: secondary-system cold trap was not being operated, tritium
coacentrations in water samples taken from the steam system were
5 to 8 times higher than for normal operation with the secondary cold
traps in service.

Most of the tritium which reaches the steam system would be
expected to get into the environment eventually; the modes and rates
of "eakage will depend on how the steam system is designed and operated.

£BR-11 has reported both tritium prodycgign rates and distribu-
oo of the tritium in the EBR-II compiex.’»©s2 The results of
Reverences 7, 8, and 3 are summarized in Table 5.2. A1l losses to the

=

gaztor building should appear in the air to the stack since the
resctor building atmosphere is continually exhausted to the stack.
The known tritium losses to the environment during operation are
n~ T Ci/yr. This is about 0.2% of the tritium that enters the prémary
sodium. About 10% of the tritium at EBR-II remains in the fuel.
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Figure 5.1 Tritium in Primary Sodium (EBR-II)
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Table 5.2
Summary of EBR-II Tritium Data

Reference 7a Reference 8b Reference 3b

Production Rate

., d
Ternary Fission 100% 420 Ci/yr® 190 Ci/yr
Boron Neglected e 510
Total 200

Known Loss Rates

In air to stack 0.9 Ci/yr
In condenser water 0.05 Ci/yr

Tritium Distribution

Percent distribution from
Ref. 7 (boron control not

included)
Fuel 20-25% ~v 10%
Primary sodium 4%

Primary cold trap 68-70%
Qutside fuel and

primary system 3-7%
Loss from power

plant <1.5%

Absolute activities of typical
sampling data (Ref. 8)

Primary sodium 15.5 Ci
Primary argon 0.0015 Ci
Secondary sodium 0.083 Ci
Secondary argon 0.00018 Ci
Steam system 0.00058 Ci

a. Based on 50 MW(th) operation

b. Based on 62.5 Mw(tg) at 0.7 load factor

c. Based on 2.0 x 107 tritons/fission in 235

d. Based on 0.8 x 107" tritons/fission in 235y
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The latest public documentation of EBR-II tritium concentration
was found in Reference 22 in which the following results were reported:

Table 5.3 _
Tritium Concentrations in EBR-II
Secondary
Cold Trap
Region Concentration Date of Sample Operating?
Primary Sodium 4.2 x 1072 uCi/gm  April, 1971 No
6.3 x 1072 yuCi/gm  May, 1971 No
Secondary Sodium 6.7 x 1073 uCi/gm  April, 1971 No
9.2 x 1073 uCi/gm  May, 1971 No
2.9 x 1073 wCi/gm  June, 1971 Yes
Turbine Condensates 72 pCi/ml May, 1971 No
13 pCi/mi June, 1971 Yes

These values are consistent with the results from Reference 8 quoted
in Table 5.2.

Additional data is now being reported in the non-public ANL
reactor progress reports. For example starting in September, 1972
(Reference 23) tritium in the steam system is being reported regularly.
The value in Reference 23 is ~ 10 pci/gm with the secondary cold
trap operating, which is similar to the result in Table 5.3. The
tritium activity reported in Reference 23 in the primary argon cover
gas is 16 pci/em3. This result is about a factor of 10 Tower than the
concentration that would be calculated from the primary cover gas
result from Reference 8 data in Table 5.2 above.

The source terms in the EBR-II ana]ysls of Reference 7 include
only ternary fission, and assume 0.8 x 10~" tritons per fission,”»
since boron control was not used at that time. Sehgal and Rempert
calculate more than 2 1/2 times as much tritium from boron control
rods as from ternary fission3. However, the tritium in the boron
control rods may not contribute to the source in proportion to
its production rate since, according to Reference 10, the tritium
produced in the B4C rods does not escape from the rods in EBR-II.

An extrapolation of tritium leakage from a 1000 MWe LMFBR can
be made by assuming that the same fraction.of tritium that enters
the primary sodium escapes to the environment as in EBR-II (i.e.

~0.2% to the atmosphere and 0.01% to the condenser water). Based
on ~ 30,000 Ci/yr entering the sodijum in a 1000 MWe LMFBR
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(see Table 5.1), the amount leaving the reactor through the stack
would be ~ 60 Ci/yr. The amount leaving in the condenser water
would be ~ 3 Ci/yr. Such an extrapolation may be misleading for
several reasons. Leakage of argon to the reactor building is
axcessive in EBR-II (See Section 8.2) and much higher than could

be tolerated in an oxide-fuel power plant; hence the stack leakage
extrapolation may be too high. Also the steam generators, a principal
component in the pathway to the condenser, contain double wall
piping which may not be used in a power reactor; hence the fraction
of leakage to the condenser could be higher in a power reactor not
using the double wall design. Also, since EBR-II is a pot design
extrapolation to a loop-type design may not be valid because of
different bulk sodium and wall temperatures, etc.

For comparison, the AEC has calculated tritium leak rates in the
Tiquid effluent for a BWR and PWR.24 For a 1100 MWe BWR, the
annual tritium release rate in the liquid effluent was predicted to
be 110 Ci/yr (or 100 Ci/yr for a 1000 MWe plant). For a 870 MiWe
PWR the corresponding release rate was 500 Ci/yr (or 600 Ci/yr for
a 1000 MWe plant). The AEC report did not consider tritium in
jaseous effluents.

The EBR-II experience, therefore, indigates that although the
:ritium production rate in an LMFBR is higher than in a LWR, the
amount that finds its way to the liquid effiuent is smaller in an
.MFBR.
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5.2 Activated Corrosion Products

Sodium slowly corrodes metailic surfaces in and near the ccre.
These metallic surfaces are radioactive as a result of neutron
activation. Radioactive corrosion products may remain in solution in
the sodium or may be deposited on other surfaces in the primary system,
such as the reactor vessel, piping, intermediate heat exchangers,
pumps, and cold traps.

Both corrosion rates and deposition rates are influenced by surface
and sodium temperature, flow velocity, and oxide concentration in the
sodium. Corrosion and deposition rates and the dependence of these
rates on the above parameters vary for different metals. Although
experimental information on corrosion and deformation rates has
been obtained by Genera] Electric, 1,2 by Hanford Engineering
Development Laboratory3 (HEDL), and in the United K1ngdom4 (as discussed
in References 5 and 6), analysis of the distribution of corrosion
product activity throughout the primary sodium system is still quite
uncertain. In the analysis of activated cor -osion product distribution,
the primary sources of uncertainty are assoc:ated with corrosion
rates and deposition patterns; uncertainties involving reaction rates
and amounts of target nuclides present are less important.

The best analyses avaiiable are two analyses* for FFTF. The most
recent and complete analysis was performed by HEDL,% and a slightiy
earlier analysis was made by General Elactric.® The corrosion data of
GE and other data and methods used by HEDL were applied here to
extrapo]ate corrosion product activity and distribution to a 1000 MWe
LMFBR. 91t1ona1 data on corrosion product reactions appear in Al's
STP-1 code’/ and in an ORNL reference8 which quotes data from their
reference library.

The principal corrosion products, the reactions that produce them,
and their half lives, are given in Table 5.4.

* The principal purpose of the two reports was to estimate dose at
primary system components for maintenance purposes. However,

production and distribution of the activation products were intermediate
steps in both reports.
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Table 5.4

Activation Reactions in Stainless Steel

Nuclide

60Co

SBCO.

54Mn

59Fe

55
5]Cr

182Ta

Reaction

59 )60C0

Co(n,y

60y (n,p)
)58

60CO

58Ni(n,p Co

54Fe( ,p)54
58 59

Fe(n,y) "Fe

54Fe(n,y)55
5OCr(n,y)mCr

54 )51

Cr
182

Fe(n,a

Ta(n ¥Y)

T1/2
5.24 yr

71d
313 d
45 d
2.4 yr
28 d

115 d

The following additional reactions are possible, but they contribute
little to corrosion product activity:

58

Ni (n,Y)SgNi
62y

163n;

52Cr(n,2n)5]

55
59

Mn(n,2n)54Mn

)58

Co(n,2n)""Co

The above reactions have cross sections that are too low to @3
them of interest except possibly the reactaons Xhat produce °“Ni and

63Ni since their half lives are so long: (8

,x 107 yr and 92 yr

respectively); these two products are included in the section on
Cladding Activation (Section 5.3.2).

*Egis corrosion product was not included in the HEDL ca]cu]ation5 because

-

Fe decays only by electron capture, giving up a maximum of 0.22
MeV energy as internal bremsstrahlung, and this energy is of little
consequence to primary system maintenance.
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5.2.1 Estimated Corrosion Product Activity in 1000 MWe LMFBR

Estimates of the corrosion rate and activity of each activated
corrosion product in the primary system of a 1000 Mde LMFBR are
presented here. It is important to emphasize that great uncertainty
exists in the estimates. The methods used here show how to estimate
corrosion product activity, and provide an order-of-magnitude
result. The large differences between the GE and the HEDL cal-
culations for FFTF are then discussed in order to indicate the
degree of uncertainty in the calculations.

Corrosion product inventories 1n the ?r1mary system are given
for 30 years of reactor operation. 9Fe and182Ta achieve
equ1%bbr1um durlng the first year. Mn takes somewhat longer,

and %Y¢o and °°Fe still longer. The data used to estimate these
inventories are listed in Table 5.5. Estimated inventories are given
in Table 5.6.

Table 5.5
Data for Corrosion Product Calculation

Region Corrosion Surface Average Neutron

Rate Area Flux 2

(mils/yr) (ft2) (n/cm” sec)
Core | 0.13% 17,000 7 x 10'°
Upper axial blanket 0.3 ' 8,000 3x 10"
Gas Plenum (above core) 0.3 17,000 0.5 x 1015
Radial blanket 0.1 10,000 .2 x 10'°

(upper half)

*Based on corrosion vs. temperature curve in Reference 6 and
an inlet temperature of 8000F and outlet temperature of 1100°F .
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5.2.1 Estimated Corrosion. Product Activity in 1000 MiWe LMFBR

.. Estimates of the corrosion rate and act1v1ty of each activated

- corrosion product in the primary” system of a 1000 MWe LMFBR are
1presented here.” It is important to’ emphas1ze that great uncertainty
exists in the est1mates .The methods used here show how to estimate
corrosion product’ act1v1ty, and. provice “an order-of-magnitude
result. The large differences between the GE and the HEDL cal-
culations for FFTF are then discussed in order.to indicate the

v Corros1on product 1nventor1es 1n the ?r1mary system are given
for 30 years of reactor operat1on 9re and 2Ta .achieve
Mﬁequ11 brium: dgg1ng the first year. 54Mn takes somewhat longer,
“and © Co and-2°Fe still longer. -The data used to.estimate these
inventories are listed in Table 5.5. - Estimated inventories are given
4,1n Tab]e 5. 6 e el . il

Tab]e 5 5 a0
Data for Corros1on Product Ca]culat1on
" Region ) ‘ Corrosion  Surface “Average Neutron
Rate Area Flux , ;
N L (mils/yr) (ftgls _(plgm sec)
Core 0.13* 17,000 7 x 10'°
" Upper axial blanket 0.3 s,ooo 3}@310‘5
. .Gas ?ienum (above core) 0.3 . . 17,000 0.5 x ]0]5 :
. zadial blanket -~ - 0.1 - - 10,000  2x 1015
S upperhalf) Tl e oy L

*Based oo”corrosion;?S; temperatureﬁcurtévin Reference 6 and
an inlet temperature of 8000F and outlet temperature of 1100°F.
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Table 5.6

Estimates of Activated Corrosion Products in the Primary

System of the 1000 MWe LMFBR After 30 Years Operationa
Contribution to the Primary
System Activity
Formation Axial Gas Radial Total Primary
isotope Reaction Core Blanket Plenum Blanket System Activity
(Ci) (Ci) _ (Ci) (Ci) (C1)
0o (n,y) 1400°  9300°  e600°  2200° L oo
(n,p) 1000  --- - -— i
58 c
Co (n,p) 20,000~ 2800 300 400 23,000
o (n,p) 16,000 2400 =300 19,000
e (n,y) 26,000 f f f >26,000
e (nuy) 300 500 1300 - 1,000
5}Cr (n,y) 2500 2800 1800 --- 7,000
nN,a 200
182 e
Ta (n,y) 800 3200 2400 -— 6,000
a. A1l values based on stoichiometric corrosion, assuming 316 stainless

steel (see Table 5.9 for composition).

Based on only 0.02% by weight cobalt in sta1n1ess steel. (HEDL5

assumed 0.02%,

This value was
comparison the
5.7 was. 21,000

This value was
comparison the
5.7 was 15,000

The assumption

GED assumed 0.1%).

calculated using ¢(E) and o(E) (see page g6). For
value calculated from ¢of Table 5.5 and gof Table
Ci.

calculated using ¢(E) and o(E) (see page 66) For

value calculated from ¢o° Table 5.5 and ¢ of Table

Ci.

of stoichiometric corrosion is believed by HEDL® to

be particularly poor here. (HEDL assumed only 1% of stoichiometric

corrosion).
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f. Cross sect:ions were unavailatie for the soft spectra in these reg: :ns.
I+ s expected that the 9°Fe gereration from the n,v reaction
would be higher outside than inside the core. It was decided rot
to pursue this calculation further, however,.because of the Tow
importance of the 55Fe isctope since it is neither agor y
emitter (see footnute, Table 5.4)

The corrosion rates are based on a curve presented in the GE
report6 for a sodium flow rate of 15 to 28 ft/sec and an oxygen
concentration of 2.6 + 1.5 ppm. The U.13 miis/yr corresponds to an
average corrosion rate over the core for an inlet of 8000F and an
outlet of 11009F. The 0.3 mils/yr corresponds to 11009F sodium.
The Tower value for the radial blanket accounts for both a Tower
sodium temperature and a lower flow rate.

The HEDL ca?cuiationS assumed much jower corrosion rates even though
the same inlet and ocutliet temperatures were assumed. Two cases were
reportec by HECL--one for an oxygen content of 5 ppm and one for an
sxygen content less than 2 ppm. Even for the high oxygen case, the
corrosion rates were a factor of 2 to 3 lTower than the GE values.
Jalues used by HEDL were: core-(.055 mils/yr; axial reflector-0.13
ails/yr; gas plenum-0.095 mils/yr; and radial reflector-0.025 mils/yr.
For the case of < ppm oxygen, HEDL assumed a further reduction in
corrosion rate of a factor of four, i.e. 0.014 mils/yr was used for
the core. The source of such a large discrepancy in corrosion rate was
1ot discussed. GE claims that its curve is based on mass transfer
data from GE and UK. GE refers to the experimental results of
3rehm of HEDL, indicating agreement in some areas and disagreement 3
in others. HED%'S analysis references only o later paper by Brehm.
The GE analysis® also used lower corrosion r«tes than in Table 5.5 but
their calculation assumed a 7009F inlet and a 10500F outlet.

Stoichiometric corrosion rates were assumed by GE6. Sigpificant
gdeviation from stoichiometric corrosion was assumed by HEDL,? however,
pased on specific information about corrosion of particular elements.
for example, cobalt in stainless steel is assumed by HEDL to corrode
at about 20% of the rate of the stainless steel in high oxygen sodium,
znd manganese is assumed to corrode at twice the rate of stainless
steel. Tantalum is assumed to corrode at only 1% of the rate of
stainiess steel, an assumption which HEDL says is backed up by the
fact that no 182Ta is observed in EBR-II and tantalum corrosion
rates are low in other stainless-sodium systems. However, 182Ta was
cbserved on the primary pump walis at EBR-II, even though EBR-II
:taff suggested that the source of the 82Ta was the cladding of an
antimony neutron source instead of the stainless steel structure.
niy iron and chromium are assumed to be released at stoichiometric
rates by HEDL. The GE anaiysis did not include a calculation of
tantalum activation.

The surface area of the core is tha: calculatec for the 1000 MWe
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GE follow-on design.9 The upper axial blanket has half the area in
the GE design, and it was assumec that the pienum area is equal to
the core area. The sodium in the lower axial blanket has too low &
temperature to contribute to corrosion.

The fluxes were based on both the GE 1000 MWe follow-on design
report? and on the HEDL FFTF report.5 The average flux of 7.1 x 10
sec in the core 1@ given in Reference 9. For FFTF the core average
flux is 4.2 x 10'7; the value is sma]]er primarily because of the
relatively smeller size of the core. ?Eage fluxes in the rest of
the FFTF are: axial reflector--1.5 x 10'9; gas plenum-0.3 x 10]5; and
radial reflector-0.9 x 1015. It was assumed that the average fluxes
in the corresponding zones in a 1000 MWe reactor would be in the same
ratio to the core flux in both the 1000 MWe LMFBR and FFTF. Since
cross sections for n,y reactions are high in the gas plenum region,
the activation rates are sensitive to the correct flux in this region.
Also the flux extrapolation from FFTF to a 1000 MWe LMFBR in the gas
plenum region may introduce a large error.

15

As discussed in Section 5.2.3, the actual energy dependegg
neutgon f]ux was used in the caicu]at1ons of the Co and
the 24Fe(n »P) 54Mn reactions in the core. The flux spectrum was
combined_with the energy dependent n,p cross sections obtained from
BNL-325.10 This procedure offered an independent check of the HEDL
method (and of the HEDL flux averaged cross section), which was useful
due to the important contributions from these two reactions in the
core. As indicated in Table 5.6 {footnotes c and d), nearly identical
results were obtained using the actual ¢(E) and o(E) as were obtained
using ¢(total) and o .

Flux averaged activation cross sections were taken directly from
the HEDL report,5 as follows:

66



L

Tabie 5.7

Corrcsion Product
Neutron Cross Sections (Barns)

Zone
Radial

Axial Refiection Gas Reflector
Rezcticn Core in Bianket Plenum or Blanket
co(n.y)®0 122 i.73 3.47  1.95
SGzu.-,.(n,p)ﬁOCo .0006 .007 .001  Not Determined
58, (n,p)*8co 0143 004 .001 .003
%ze(n,p)>Mn .009° .003 001 .002
Bz2in,y) e .012 042 070 Not Determined
ain,y)oFe .012° - - -
2 ny)or .035 .086 150 Not Determined
Ycarn,g)ler .0007 - - -
S 1ein.y) 1821, 1.12 9.18 19.7  Not Determined

Energy averaged cross sections for a typical LMFBR core spectrum
were aiso given in References 7 and 8. These cross sections, together
with vsalues for the less important reactions, are given in Table 5.8
for comparison with the HEDL values® used for the present study.

3. As descripbed above, the aggua] cross sections as a funct1zn of
snergy were used for the °SNi(n,p)53Co and the 54Fe(n,p)
reactions in the core and the results are compared to results
based on these flux averaged cross sections in Table 5.6.

54

. This cross section for Fe(n,Y)55Fe comes from Reference 8.
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Table 5.8
- Camparison of HEDL,> AT, and ORMLY Cross Sections
Averaged Over an IMFBR Core Enerqgy Spectrum

Cross Section (barns)

Reaction | HEDL | AT . ORNL
53Co(n,y)®%o0 0.122 0.136 0.012*
601#:1(1r1,p)<5000 0.0006 © 0.0004 - 0.0003
58Ni (n,p) 58C0 0.014 0.016 0.017
54Pe (n,p) S4Mn 0.009 0. 61? » 0.011
S8Fe(n,y) 3%Fe 0.012 0.017 0.008
StFe (n,y) 5SFe — — 0.012
50Cr (n,y)Slcr 0.035 0.027 0.012

1817a (n,y) 18272 1l.12 - -
58Ni (n,y) SINi -— - 0.007
62Ni (n,v) ©3Ni _— - | 0.005
52Cr (n, 2n) ®1Cr -— 2 x107° 1x10°°
55Mn (n, 2n) 5*Mn - 3 x 1073 6 x 1075
59Co (n, 2n) 58co —_— 3x 1075 4 x 10°5
S4Fe (n,a) SiCr - 0.0007 0.0006

*Tnis value, as quoted in the ORNL reference, appears to be a factor of 10
toc iow. '
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The composition and isotopic abundances assumed for the stainless
steel are given in the following table:

Table 5.9

316 Stainless Steel Composition and Isotopic Abundance

Isotopic
Zlement Weight Percent Isotope Abundance
Fe 65% e 0.0582
Ni 12 8Bre 0.0033
cr 18 | 58y 0.6788
Mr 2 50y 0.2623
50
Co 0.02 Cr 0.0431
Ta 0.01 ¢ 1.000
Mo 2 181, 1.000

“he 0.02% cobalt content was the value assumed by HEDL in Reference 5.
Zgis value might vary significantly from one reactor to another, and the
“VCo activity is dependent on (nearly directly proportional to) this
number. For example, the GE ana1y5156 used 0.1% cobalt. RRD standards
specify <.05% cobalt in fuel cladding materials.

5.2.2 Distribution of Corrosion Products in the Primary System

The corrosion products are deposited on surfaces throughout the
-~imary system. Graphical data on deposition rates are given in the GE
analysis.® From this data GE estimated where the activation products
#ere deposited. HEDL quotes some general qualitative experimental
results:® for example, manganese preferentially deposits in cold
sarts of the system whercas cobalt is deposited in the hot parts of the
system. The uncertainty concerning deposition location is illustrated
by comparing, in Table 5.10, the final results of GE and HEDL for
g?posi jon in FFTF components. No GE results were presented for
5icr,%9e, and 1821a,

As discussed in the GE reports, it is unclear whether deposition
can continue at the rate indicated by current experiments after a thick
ceposit has built up on the surfaces. Perhaps the cold traps which will
be removed periodically will trap more of the metal corrosion products than
isaicated in Table 5.10 since the surfaces there will be periodically
renewed. Some metallic products will remain dissolved in the sodium
aad will be part of the coolant activity when the plant is decomissioned.
It is iikely, however, that most of the corrosion products will plate
out onto system components or be removed by the cold traps.
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Tabie 5.10

Fraction of Nuclides Deposited in Primary System Components

Component

Vessel

Hot leg piping,
Vessel-to-pump

ump

Hot leg piping
Pump-to-IHX

Top Half

THX Bottom Half

Cold leg piping

Cold Trap

Primary tank, inlet

Bottom shield

5.2.3 Calculational Method

5

6

HEDLY and GE™ Results
Nuclide
60Co 58CO
HEDL GE  HEDL  GE
.31 -— .51 ---
249 --- .20 -
A2 --- .08 -
.04 --- .03 -—
114 114
.258 "280 .168 "280
.02 .145 .01 . 145
.003 .300 .003 .300
- .034 .034
- 127 127

"The method used by HEDL for calculation of activated corrosion
product inventories in the primary system was adopted, and the method

is outlined here.

The activity (in curies/cm3 of steel) for a given isotope, j, is:

X fefi

jo 37x10

10

M
e

At
qe(1-e )= KI-¢
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)

(1)

‘ 54Mn S]Cr,ngelnga
HEDL GE HEDL
06 --- T.08
A2 --- .109
.08  --- .030
;01 --- .017
w g
.25  .250 .04e
.03 .035 .005
---  .059 ---
---  .218 -—-
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where fe weight percent of the element, e.
f. = abundance of reactant nuclide, i.
o = Steel density.

N _ = Avogadro's number.

M = atomic weight of element, e.

o. = activation cross section (average over energy spectrum) for
nuclide i which results in production of nuclide J.

¢ = neutron flux (average over space, integfated over energy).
». = decay constant of radionucl .de, j.
= duration of reactor operation.

The fuel is replaced after it has been in the core for some
residence time, T,, a time which is short compared to the 30 year Tife
of the plant. Heﬁce, an average value of corrosion product activity

over the residence time is needed. Assuming X = 0 for fresh fuel, the
average value of X is:

= T T :
X. =R At /(R e iR
3 L 3 - ——
.Of K(1 - e )dt/of dt = K(1 +—- =) (2)

where K is defined by Equation 1.

In a 1000 MWe LMFBR, it was assumed that the fuel residence time,
Tp» was two years in the core (and axial blanket and gas plenum) and
three years in the radial blanket. (Some of the core fuel and the outer
part of the radial blanket would probably have longer fuel cycle
intervals.) In the core, therefore, half of the fuel would be
replaced each year.

An alternate way to derive Equation 2 is to obtain an average
activity over a one year period. For example, assuming two-batch loading
and a refueling interval of one year (TR/Z = 1 year), the average activity
during a typical year is:

TR /2 Tr
1_/ -Ast 1_/ -Ast
_ 2 (T-e “dt+2 J_, (1-e 7t
XJ=K 0 B
TR /2
f dt
0



which is equivalent to Equation 2.

The activity transported to the primary system, Q(curies), is
obtained from the corrosion rate C and the corrosion product activity

X, as follows:

.
“X. CA - ».0.
. d r Y
For Q5. gate=0
X .CA ‘
= | -t
QJ ;i___ (1 - e AJ )
Aj
ATe
T7 %10 Me g iTo T

where t = total reactor operating time (assumed 30 years for results in
this report)

C

corrosion rate of stainless steel (cm/sec)

it

A = corrosion surface area (sz)

For the work reported by HEDL, a further parameter would be
needed to account for the deviation from the stoichiometric rate of
the corrosion rate of the specific element in stainless steel being
condiered.

For the 58N1( ,p)58Co and the 54Fe( ,p)54Mn reactions in the core,
Equation 1 was modified so that ¢;¢ was replaced by the 18tegra1 Jo(E)

¢ (E)dE. The cross sections were obtained from BNL-325. The flux
was obtained by the method described in Section 5,1.2.2 for the tritium
production rate calculations, i.e. ¢ (E) below 2.2 MeV was obtained from
the multigroup flux in Reference 9 and ¢ (E) above 2.2 MeV was assumed
tc be the properiy normalized fission spectrum, with the energy de-
pendence:

/E e -E/1.41 MeV.

5.2.4 Corrosion of ]82Ta from Tantalumr Control Rods

Tantalum is being considered as a material for shim control. One
o7 the disadvantages of the use of Ta is its high activation rate to
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82,
G,

Because of the nigh activation rate of tantalum, shim rods mace
o7 trnis material will probably be clad in stainless steel. The GE
1600 Mwe follow-on des gn, which includes twelve tantalum shim rods,
specifies that the tantalum would be in large (2 tc 3 inch diameter)
solid rods clad with 5 mil stainless steel. Hence direct corrosion by
sodium would not occur unless preceded by cladding failure.

Little information was found on corrosion rates of tantalum
oy sodium. The HEDL report says that 18273 was found only in small
guantities in LAMPRE, a Los Alamos plutonium fueled, sodium cooled
reactor, which had Ta in the core, and HEDL claims that the corrosion
rate of Ta in Tow oxygen sodium is known to be quite low.

The total activation rate of tanta1um shim rods can be estimated
“rom tre GE 1000 MWe follow-on report Based gn their neutron balance,
tre tantalum midcycle capture rate is 2.5 X 10! captures/sec, which
co vresponds to an equilibrium activity of 7 x 10 Ci Since the

.ong a.ter the rods were removed from the reactor.

5.2.5 Activated _orrosion Product Experience at Operating Sodium-
Cooled Reactors

5.2.5.1 Sumnary

A review article by ZwetzigH contains information about corrosion
products in sodium or laK cooled reactors. Table 5.11 summarizes
the corrosion products observed, in the manner which he used, with
additions as referencec,
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Table 5.11
Corrosion Products in Sodium-Cooled Reactors
(Other than Tritium)

EBR-11'2213  Rapsodie'® sre!!s15:16 | ypyell SBER'!
Neutron spectrum ? fast .j fast ~ thermal thermal thermal
Typical outlet temperature r7900°F | ! 1000°F 950°F 1300°F
Corrosion and Activation % 54Mn,1245b, f ‘ j 51Cr;54Mn, ? ' 56Mn,GOCo
products in primary 1 HomAg,n3Sn,§ § 59Fe,60C0 ;
coolant 113m1n,117m5n§ o
Corrosion products on 4? 54Mn,GOCo, TBZMn,SQCo, g 54Mn,nge, E 574Mn,60Co 54Mn,nge
primary system surfaces i 182Ta i6OCo ; 6OCO;S]Cr % 5860,6060

| | iL

Corrosion anu Activation L 4Mn,EOCo :652n § %
products in cold traps | 657, , 1245y, i f :



At EBR-1I, tne fcij w1ng ducts the prina sod1um are
*raguently monitored: éa ?ngAg’ 1?7 MSn, and HzSn - 113mrp,
3t these only 54Mn comes from corrosion of stain]ess steel; the
~es< are pecu.iar to EBR-II.

Zn December, 1970, the primary pump of EBR-II was replaced and
itative information on act1vat10n products was obtained. Detailed
~=5u.ts were reported in July, 1971. Act1g3t1on roducts o? 5
pump prior to steam cleaning 1nc1uded Co and 18
Also present was the fission product Cs. IB steam c]ean1ng the
dep, the foliowing were removed: all of the 2Na, 44-67% of the
42-92% of the ' 60Co, and ™ 65% of the 137 Cs. None of the 1927a
WeS removed On_the uncleaned surface the 182Ta activity was less
tnan 0.1 of the 54Mn artgx1ty On the cleaned surface the activation
oroducts remaining were 60co, ani 182Ta, listed in decreasing
order of activity. Reference 12 speculated that the source of
tentaium was the cladding of the antimony neutron source used in EBR-II.

:t is noted that the presence of Co, 59Fe and 5]Cr was not
3rd.cazed in either Reference 10 or in any other of the ANL reactor
seveiopment program progress reports.

Activation products and ]37Cs were also reported to be present
on the inside surface o7 the reactor tank at the cover-gas-tank
irterface.12 Both %Mn and 60Co were present. It was postulated that
«/es vaporized from the sodium and redepos1ted on the tank wall,
tuz it was not known how the 54Mn and 60Co got there.

Activated corros1or products were identified 1n the EBR-II cold

trap from gamma scanE ;hese 1nClUded 54Mg ‘and 60co. Also
activation products Na 134¢cs, 657n, and ! Sb were observed in the
cold trap.

5.2.5.3 Rapsodie
In Rapsodie, the corrosion products 58Co, 60Co, and 54Mn were

ooserved on the primary pump after three gﬁars of operation at 24 MW(th)
’::u equivalent full power days). The 2%Mn activity distribution

;- cng the axis of the primary pump is shown in the report. Both
v and 58Cc were obseriad on the pipes of the primary system. The
‘vn was distributed fai ly un1form1y along the p1pes The 54Mn

~face activity on the old leg piping (400°C) AS 2 to 5 times higher
:nat on the hot leg pipi g (5000C). Va]ues of “"Mn surface activity
a~iec between 0. and 1 u Ci/cm2.

~

\_) [ 3]

5.2.5.4 SRE

Corrosion product contamgaat1on was ol served on the piping walls
of SRE.13 The radionuclides Mn, 60Co, and 59Fe were identified.
The activity Tevels of these nuclides were roughly equal to thel37Cs
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activity level on the piping, ~ 3.01 u Ci/cmz, at shutdown on
July 26, 1959.

As described in Section 7.2.4.4, Table 7.9, corrosion-product
elements were concentrated in the primary cold trap at the SRE. 16
However, concentration ratios were not large, ranging from ~ 10 to

~ 100 for Fe, Ni, Cr, and Mn.

5.2.5.5 SEFOR

No data on radioactive transport of corrosion products was
reported for SEFOR. However, a report on cold trap experience at
SEFOR'7 did show some corrosion-product elements in the~ 200 1bs
of sodium oxide removed from the primary cold traps. The following
concentrations of impurities were listed for the SEFOR cold traps
(Table 5.12).

Table 5.12

Weight Percent of Impurities in SEFOR Cold Traps

Element ppm
Cu 200
Fe 50
Cr 20
Ni 6
C-(carbonate) 240
C 130

The copper was an unexplained surprise. The cold traps were
not radioactive because the traps reported in Reference 17 were removed
and anaiyzed prior to power operation.
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.5 Activation Products

P

2.3.7 Sodium Activation

Socium has the disadvantage ghat it is activated by neutrons. The
srincipal activation product is 2 Na, formed by the absorption of a
neutron by 23Na. A second act1vat1on product is 22Na also formed from
23Na in an n,2n reaction. Although the 28Na act1¥lty is far greater
than the 22Na activity dur}gg reactor operation, ¢*Na decays with a
14.7 hour half life while 44Na has a 2.6 year half 1ife. Therefore in
considering the long term environmental effects of storage of sodium after
“ts use in an LMFBR, or the effects from dispersion of sodium by a
sodium fire, _the long half-life isotope 22Na is more important than
24Na. The 22 2Na activity becomes greater than the 28Na activity about
ten days after reactor operation ceases.

5.3.1.1 Sodium-24

Sodium-24 in the Primary System

Calculation of the activity of 24Na is straightforward since it
zoes not result from a threshold reaction. A typical calculation
is provided for the General Electric 1000 MWe conceptua] design described
in Reference 1. ;he equilibrium activity produced in the primary
coolant is 2 x 10 It would have been of interest to compare
chis result with a resu1t extrapolated from EBR-II, but Na activity in
the primary system is not reported in the ANL Reactor Development
’rogram Reports.

Sodium-24 Activity in the Secondary System

24 Sodium-24 can enter the secondary system in two ways--by leakage of
Na from the primary to the secondary system through small leaks in the

“rtermediate heat exchanger and, in a pot-type LMFBR design, by direct

activation of the secondary sodium. It should be noted here that

ieakage of sodium from the primary to the secondary system would normaily

e minimized by controlling the primary system pressure lower than

the secondary so that leakage would be in the other direction.

Activation of secondary sodium in pot-type designs will be made
7217 by shielding the secondary sodium loop from neutrons. No
e;.amate of secondary sodium activation was available from conceptual
cesign reports, and both FFTF and the Demonstration Plant will be loop
zesigns instead of pot designs.

EBR-II is a pot-typ. design and some secondary 24Na activity is
reported. Early values reported in the ANL Reactor Development Progress
Reports were corrsﬁted for an earlier c:libration error in Reference 7.
During 1972, the “*Na activity in the E!R-II secondary system varied
from 8.6 to 38nCi/gm, with an averag; value of ~ 20 nCi/gm. The o8
sacondary sodium inventory is 6 x 10/gm Hence the total secondary
activity is of the order of 1 Ci.

Na
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5.3.1.2. Sodium-22

Soaium-22 resuits from the threshold reaction, 23Na(n,2n)22
threshoid for the reaction being 12.5 MeV. On decay a 1.28 MeV
gamma and two 0.5 MeV gammas are released from positron annihilation.

Na, the

Two estimates of,zzNa activity produced in a 1000 MWe LMFBR were
compared. The first estimate is an extrapolation from measured data
in EBR-Ii. The second is a resuit quoted by General Electric in their
1000 MWe follow-on report. These two estimates disagreed so greatly
a third value was calculated for this report in order to try to under-
stand the possible source of the disagreement. (A third compariscn
was possible, based on extrapolation from a calculation for SEFOR.
However, the methods used for the SEFOR calculation were likely the
same as for the GE 1000 MWe calculation so that the extrapolated
result is not necessarily an independent calculation.)

EBR-II Extrapolation

Sodium-22 activity ;n the primary system of EBR-II has been
measured. Knowing the 2 Na activity in EBR-II, the power level, the
operating time, and the load factor, one can extrapolate approximately
to the activity produced in a 1000 MWe LMFBR.

The 22Na activity in November, 1972, in EBR-II was 60 nCi per
gram of sodium in the primary system.¢ The primary system contains
90,000 gallgns of sodium. The accumulated exposure at this time was
60,309 MWd.¢ During the year prior to November, 1972, the exposure
was 10,446 MWd,3 and the exposure had been fairly constant for the
last four years. The power level has been 62.5 MW(th)* since 1970,
before which it was 50 MW(tn). Assuming that reactor operation has
always been the same as the year prior to November, 1972, the load
factor for EBR-II would be 0.46 and the chronological time for operation
would be 5.75 years at 62.5 MWth.

The total activity, A, in November, 1972, was 60 nCi/gm in
90,000 gallons of sodium, or 17 Ci. This activity and the equilibrium
activity, A_ , are related by -

A=fA_(1-e 222%

mere f = load factor

322 = 22Na decay constant

““ince completing this investigation, it was learned that since about 1972

zne actual power level has been about 9% below 62.5 MW(th), or approximately
57MW(th), even though 62.5 MW is still quoted as the "nominal" power,

No modifications were made to the EBR-II calculated results given in

this report to account for this lower power level.
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t = chronological operation time

Hence Aw = 47 Ci.

Next assume that the 22Na equilibrium activity is proportional to
the power level. The geometry and sodium volume fractions in EBR-II and
a power reactor are different, but still the extrapolation is expected
53 be a reasonable approximation. Also the fission spectrum for the

SY fuel of EBR-II is sufficiently similar to the fission spectrum
for the 5“ fuel 1n a power reactor, even above the 12.5 MeV threshold
of the 2 Na(n, 2n)22Na veaction, that the different fuel does not
introduce a large uncertainty in the extrapolation. One can extra-
polate the activity after long operation in a 1000 MWe LMFBR (2500
MWth, 0.8 load factor) to:

A= (47 Ci) (.8) %ggg—gg%%-= 1500 Ci

It is of interest to note that the 22Na activity in EBR-II is
increasing in a manner consistent wiﬁh the equations ut11&zed here.
For example in November, 1971, the ““Na activity was 54 , and the

ratio of 60 nCi/gm to 54 is about equal to the ratio of (1 e=2:75222y,
(1 - e~4.75X22), where 5.75 yr and 4.75 yr are the chron010g1ca1 opera-
ting times for November, 1971 and November, 1972 respectively.

()\22 = ,266 _YY‘-])

GE 1000 MWe Fo]]ow-on Value

-The res*lt for the 1000 MWe follow-on des1gn reported by General

Electric is: ;Y

A = 9600 Ci | )

!

SEFOR Extrapolation

The calcujated 2254 equilibrium activity for a load factor of

unity is 65 Ci7. The SEFOR power level was 20 MWth. Extrapolation to
& 1000 MWe LMFBR at .8 load factor gives

A = 6500 Ci

This value is closer to the 1000 MWe follow-on result than the
EBR-11 extrapolation, but both_are based on General Electric calculations
which may have used the same 3Na(n,2n) cross sections.

Present Calculation

Since the above results varied so wide]yé the 22Na activity was
calculated from the fission spectrum and the 3Na(n,2n) cross section.
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The activity was estimated from the equation:

-Apot
Ez No3, K_f 9y, 2n( dé] f(1 - e722")
2.5

MeV

where the subscript k refers to the region--core and blanket. The flux
was obtained from the fission spectrum, normalized to the first group
of a multigroup flux distribution. Details of the first-group flux

calculation are given near the end of this section.. The fission spectrum
was represented by

W(E) = /E e BT

where T = 1.41 MeV for 23%y. The cross section for the 23Na(n,Zn)zzNa

reaction was cbtained from BNL-3252 (which used the 1963 data of Picard
and Williamson), although a large margin of error was possible in

- reading the cross section as a function of energy.

The calcuiated equilibrium 22)q activities generated in the core and
blanket were

A(core) = 2.4 x 105 Ci
A(blanket) = 0.3 x 103 Ci

The activity of 22Na produced outside the blanket was not calculated.
It is probably small since the neutron leakage is small from the
blankets, and in calculating the blanket flux (see next section for
details) no leakage was allowed. There may be leakage of uncollided
high energy neutrons into the sodium pool, however, which might provide

Na source that is not negligible. In SEFgg which was a small
reactor with thin reflectors, the calculated ““Na production outside
the reflectors was 25% of the total.

Based on the above results, the tota1 22Na activity from a 1000
MWe LMFBR is estimated to be:

AN 3000 (1 - e ?22Y) curies

One further estimate is possibTe, based on thé recalculation of
the integral

oo

j o(E) v (E)dE
12.5 MeV
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- 2
A value of 8.9 x 1076 barns Mev3/ was obtained for this integral

(see next seﬁtion). For'SEFOthhe calculated gg]ue for this integral
was reported® as 2.3 x 1077, Since the SEFOR 4¢Na production rate,
together with the extrapolation of 6500 Ci for the 1000 MWe LMFBR

from the SEFOR numbers, wds based on the SEFOR value for this integral,
one would be justified in renormalizing the SEFOR extrapolation <o

our calculated integral. This renormalization gives: :

8.9 x 1076 s
A = 6500 x = 2500 Ci
2.3 x 1070

which is close to both the above estimated result of 3000 Ci and‘the
result of 1500 Ci extrapolated from EBR-II.

Further Details of the 22Na Activity Caiculation

The sodium-22 activity is given by

© op :
A = [N23,cf on,2n(E)oc(E)E + Nog 1, f ”n,zn(E)%(E)dE]f("e_xzzt)
12.5 12.5

MeV MeV (1)

where N23 c total # of atoms of Na-23 in the core

total # of atoms on Na-23 in tne blanket

N23.b
¢c(E)

space averaged, energy dependeit flux in the core

¢b(E) = space averaged, energy dependeit flux in the blanket

¢ n,2n reaction cross section

n,2n

Xpp = decay constant for 22Na = 266 yr']

t

chronological time since initiation of reactor operation

f

load factor

#(E) was obtained as follows: The high energy neutron flux is
proportional to the fission spectrum, y(E), where

w(E) = /E eE/T
where T = 1.41 MeV for Pu-239 fission
Hence ¢(E) = ap (E) = ovF e E/1.841 3¢ high energy.

The integrals in Eq'n (1) were rewritien, following the method
of reference 4, to obtain:
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Jf °n,2n(E) 6 {E)dE = o 1‘ Un’zn(E)/E'e—E/1.41dE - 8.9 x ]O-sa(pé;g-?e22i0n3
12.5 12.5
MeV MeV

(2)

The constant o was determined as follows. In terms of group 1 of
a mu?tigroupaf1ux structure,

¢ T f v(E)dE
Ez,]

where E2 1 is the lower energy of the group and E2’1 is large enough

that the’energy spectrum throughout group 1 can be approximated by the

fission spectrum. Hence, if ¢, can be evaluated, then the proportionality
constant o can be determined.

The flux ¢; was estimated for a group structure for which E = 3.7
MeV. The flux in the core 971 ¢ was evaluated from the neutron b&?gnce
equation (i.e. the multigroup’équation for group 1):

2 _ ~ _ .
(DB + It Iep * Zin)],cq’],c - le(“z:zfi¢i)core
3 ,
where

(E:Zfi¢i)core = total fissidn/sec in the core
i
and the subscript 1,c refers to group 1 of the core.

For the blanket the equation for Eﬁ’b was:

825 Yeore (5)

(23 * Zer * Zin1,b010 = X0 L2103 dbranket * 01871 ¢ v,

1

where the sources were both fission in the blanket and group 1
leakage from the core, and no leakage is assumed from the blanket.

The calculated fluxes were:

T,

- 14
¢ 0.9 x 10

o p=08x10°

s

8

The integral in Eq'n (3) is y(E)dE = 0.23
: 3.7 MeV
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dence the proportionality constants, a, are:
a(core) = 4 x 10'4
a(blanket) = 3 x 10'3

The sodium-22 activities generated in the GE 1000 MWe F011ow-on] core
and blanket are:

-6 -Ayot
(N Y (9 x 10774 )F(1 - e 722
A(core) = —23:C ¢ )

3.7 x 10'0 dis/sec Ci
_/‘- t
= 2.4 x103 (1 -3 22y ¢

based on the following nunerical values:
4 g:com-cm2
barn

N23,C = 3.1 x10

from: core volume = 3.7 x 106 cm3
sodium volume fraction = 0.37
sodium density = 0.85

9 barn-neutrons
cm2 - sec

9 x 1076 a_=3.6x10
£=0.8
A(blanket) = .26 x 103 (1 - e 2%y ¢j

oot
Atotal) = 2.7 x 103 (1 - e 227} ¢j

84



REFERENCES (Section 5.3.1)

1. "Task 1 Report of 1000 MWe LMFBR Follow-on Work," GEAP-5618,
p. 252, June, 1968.

2. Reactor Development Program Progress Report, ANL-RDP-11, November,
1972 (Limited-distribution report).

3. Reactor Development Program Progress Report, ANL-7887 November, 1971.

4. A. B. Reynolds and D. F. Sudborough, "SEFOR Shielding Nuclear
Design Calculations,"” GECR-5199, p. 7-4 to 7-6, March, 1967.

5. J. 7. Stehn, M. D. Goldberg, B. A. Magdrno and R. Wiener- Chasman,
“Neutron Cross Sections," BNL-325, Second Edition, Supplement No. 2,
May, 1964.

(o3}

“Task II Report, Conceptual Plant Design, Systems Descriptions, and
Cost for a 1000 MWe Sod1um Cooled Fast Relctor," GEAP-5678,
December, 1968.

7. Reactor Development Program Progress Report ANL-RDP-9, September,
1972 (limited distribution report).

5.3.2 Cladding Activaticn

The stainless steel structure in and near the core of an LMFBR
becomes activated. The only part of this activation considered in this

report is the fuel cladding activation, which 1s to be shipped from
the site w1th the fuel.

'For a fuel assembly design that has sﬁee1 hexagonal cans enclosing
the entire assembly (as in present FFTF and demonstration plant design),
the steel can would contain from 50 to 100% as much steel as the cladding.
The specific activity of this steel would be equal to that of the
cladding. . Hence the total steel activity shipped from the site would be
nearly a factor of two higher than the cladding activity alone.

The cladding activ1¥y for the AI 1000 MWe Reference Oxide Design
was calculated by ORNL, and these values are reproduced in Table 5.13.
These values were checked for order of magnitude by using cross
sections and fluxes from Section 5.2 (Activated Corrosion Products’} and
approximate cladding volumes. The results agreed within factors of
2 to 3, which was considered acceptable for the purpose of this review.

The fuel mass discharged annually from the AI design was 8.517 MT
(U + Pu) (see Table 4.1). The cladding activity discharged annualiy
with the fuel is therefore 8.517 times the totals in Table 5.13.
These results are given in Table 5.14.
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Core Fuel as a Function of Cooling Tinme

Cladding Activity of Spent IMF R

Tabhle 5.13

Activity [Ci/MI(U + Pu)]

1

3

Cooling Time
Isotope 0 304 ‘904 150a 3004 |30yr
Sloy 6.17x10% | 2.92x10* | 6.55x10% | 1.47x103 35
StMn 1.50x10° | 1.40x10% | 1.22x10% | 1.07x10° 7.50x10" |
SSFe 7.60x10% | 7.43x10* | 7.12x10% | 6.81x10" 6.00x10* | 25.5
5% 1.03x10% | 6.52x10% | 2.59x10% | 1.03x103 1.00x102
58¢o 4.10x10° | 3.07x10° | 1.71x10% { 9.55x10" 2.26x10"
60co 1.35x10% | 1.33x103 | 1.31x103 | 1.28x103 1.20x10°% | 25.9
59Ni 2.1 2.1 2.1 2.1 2.1 2.1
63ni €7.8 67.7 67.6 67.6 67.5 54.1
Total 7.09x10% | 5.58x10% | 3.75x105 | 2.74x105 1.59x105 | 108
Table 5.14
Cladding /ctivity Discharged Annually From
1000 Mie LMFBR
Activity (Ci)
Oool.\.ng Time
0 30d 90d 1504 300d 30 yr
6.0x106 | 4.8x108 | 3.2x108 2.3x106 | 1.3x106 900
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Half-life
(Tl 12)
28 d
313 4
2.4 yr
45 d
71 4
5.2 yr
8x10"* vr
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2.3.3 Activation Products 39Ar, 4]Ar, and ZBNQ

5.3.3.1 Argon-39

Argon-39 has a 269 year half life and undergoes B~ decay (0.59 MeV
maximum B, no §3 It 1s produced from 39K in the sodium coolant from
the reaction: (n p) %r. Although no reported observations of 39r
were found from 8perat1ng fast reactors, Reference 1 estimates that
3.13 Ci/day of “7Ar would be produced in the 975 MWe Clinch River Breeder
Reactor (CRBR) if the potassium impurity concentration in the coolant
~ere 1000 ppm. For reference, some potassium concentrations have been
« 160 ppm in EBR-II (e.g. Ref. 2, and Table A.28 of this report)
and ~ 300 ppm in SEFOR3. Our independent check on 39%Ar activity agrees
with the Reference 1 value to within 50%, wh1(h is within the accuracy

:f the (n,p) reaction cross section available’. Extrapolating from
<ne CRBR galue and assuminj 300 ppm potassium impurity in the coolant,
gives a 27Ar activity production rate of ~ 30 Ci/yr for a 1000 MWe LMFBR.

3.3.3.2 Argon-4]

This s?dionxﬁlide has a 1.83-hr half-1ife and undergoes negatron

tuay to can be roduced in the LMFBR by two mechanisms:
K(r,p)* Ar and Ar (n,v)¥Ar. The EBR-II staff suspects that the

'.rst reaction is the pr1nc1pa1 production sour?e.in EBR-II.Y EBR-II

cover gas typically contains about 1.5 wuCi of Hap per liter of cover

gas. Rapsodie was reported® to have a cover gas *lAr content of

200 uCi/% and BR-5 a cover gas 41Ar content3 of 100 uCi/%

5.3.3.3 Neon-23

This radionuclide has a 37.6 sec half-life and undergoes negatron
decay to 23Na. 23Ne is produced by the following reaction

23Na(n,p)23

SEFOR was reported8 to have a specific 23Ne cover gas activity of
2,000 uCi/2 when operating at 10MW. With a cover gas volume of 0.56 x 10
cc. the total cover gas activity was 16.4 Ci from 23Ne. The 23Ne
c2tivity in the SEFOR core sodium was estimated to be 5700 Ci at 10 MW.
“~37 these numbers, the average time for d1sengagement of the 23Ne atoms

“rom the sodium was determined to be 5.5 min.

Rapsodie was reported6 to have a cover gas 23Ne content of 10,000
ici/% . Both the pr1mary coolant and tnhe cover gas of the #2 primary
sump were analyzed for 23Ne at BR-5.7 Tie sodium contained 500,000
iCi/% and the pump cover jas containecd 700,000 uCi/% .
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5.3.4 Miscellaneous Activation

5.3.4.1 From Fission Products

A number of radioactive nuclides are produced from activation (n,Y
reactions) of fission products. In this report, these radionuclides
are included under "fission products They are listed in Tab]es 4.3-4.6,

and indicated by the ootn he "activation fissj rod s"
and b.

5.3.4.2 From Impurities in Sodium Systems

A number of miscellaneous activation products are reported from
sodium~-cooled-reactor operating experience. These are frequently peculiar
to the particular reactor system and are generally low in activity level.

Such activation products observed in EBR-II include 65Zn, 124$b ]ZSSb,
113sp, 113mgp, 117mgp, 110mpg, and 210pg (see Appendix A Table A25). The
210p,’ comes from the bismuth (2]081) in the tln b1smu¥h sea] in th?

EBR-II cover. It is presumed that the 12 3mg ?nd mgpy
come from activation of the tin. It is unc]ear whether the R OmAg results
from activation of a fission product or activation of a silver impurity

in the sodium. Also the source of 124Sh is unclear--perhaps from activa-
tion of 123sb in the sodium. The 65Zn presumably comes from activation
of the 64zn present in the EBR-II sodium, although, like Sb, zinc is not
listed as a trace metal in the sodium in EBR-II reports.

In Rapsodie, 2mPo was also observed.] Like EBR-II, Rapsodie has

a tin-bismuth cover seal. Also 65Zn wa: observed in Rapsodie-
]2532 was bserved 2 The ]CSSb was reported to come from
Ag was observed in the cold trap of SRE, but

In SRE,
activation of 1
the source is unc]ear

In SEFOR, '10Ag and 1%%sb were both observed in the sodium (see
Appendix A, Table A22). S'nce the only other fission product observed
in SEFOR was 80Rb, and sin e Ag and Sb are listed_ (Table A2l
impurities in SEFOP sodium one can presume the 110ag and 12 Sb come
from activation of these i purities.
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5.4 Tramg Fuel

Tramp fue] is the term used to describe fuel material present/on the
outer surface of fuel pins as a contaminant from the process of Fuel

fabrication. When this tramp fuel is exposed to neutrons in the core

it becomes a source for direct 1ntroduct1on of f1ss1on products into
the prlmdry coolant.

s
[&

The. exact amount of tramp fuel present in any core w111 be a
function of many things but primarily a fupction of the fuel element
fabrication process ;

Estimates Gf the amounts of tramp fuel in SEFOR and in EBR- II2 3
have been made. : Neither of these reactors utilize fuels typical of
those which w111 ‘be found in iarge LMFBR's. The EBR-II fuel is metal
rather than oxide'and is therefore fabricated,in a significantly
different way from.oxide fuels. The SEFOR fuel is indeed oxide fuel,
but is of s1gn1f1cant1y different d1ameter,¢han will be used in future
LMFBR's. /

Despite the norpro&otyp1c fuel in EBR IT and SEFOR, the tramp fuel
information from these ‘reactors will be used to estimate tramp fuel
inventories in a 1000 MWe LMFBR. The basic assumption for extrapolation
from EBR-II and SEFOR data is that,the mass of tramp fuel per unit
length of fuel pin in the core w111 be similar for the large LMFBR.

5.4.1 SEFOR

The total tramp fuel inventory in SEFOR has been estimatedl as 0.2 mg
of fissile material, or about ] mg of heavy metal fuel atoms. Based
on a total pin length estimate* of 1740 ft., the inventory per foot
of fuel pin in the core/is 6 x 10-4 mg/ft.

5.4.2 EBR-I1 / N

E. R. Ebersoleshas est1mated2 the 23 5U in tramp_fuel in EBR-II
to be ? mg based .on the normal tramp-backgrourd of 133xe and 135Xe
observed in the cover gggs G. S. Brunson® claims an inventory of
roughly 7 mg of unclad U in the core. Since the EBR-II fuel is
enriched to about 50% 235U, a range of 4 to 14 mg of fuel is indicated
for the amognt of tramp fue1 in EBR-II. 'On the basis of 6910 ft. of
fue] pins jh the cored, a corresponding range of 5.79 x 10-4 to 2.03 x
10-3 mg/iﬁ can be determined. :

5.4.3 Ragsod1e

Né direct data are available for tramp fue] in Rapsodie; however,
a tramp fuel inventory for Rapsodie which is in general agreement with
hat of EBR-II can be inferred from other published information as
;g?]ows Differences in fast fluxes, cover gas volumes, fissile fractions
core fuel, and total length of fuel pins in the EBR-II and Rapsodie
cores tend to cancel. Therefore, ignoring cold trapping of precursors,

- £
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5.4 Tramp Fuel

Tramp fuel is the term used to describe fuel material present on the
outer surface of fuel pins as a contaminant from the process of fuel
fabrication. When this tramp fuel is exposed to neutrons in the core
it becomes a source for direct introduction of fission products into
the primary coolant. .

The exact amount of tramp fuel present in any core will be a
function of many things but primarily a function of the fuel element
fabrication process.

Estimates of the amounts of tramp fuel in SEFOR] and in EBR-IIZ’3
have been made. Neither of these reactors utilize fuels typical of
those which will be found in large LMFBR's. The EBR-II fuel is metal
rather than oxide and is therefore fabricated in a significantly
different way from oxide fuels. The SEFOR fuel is indeed oxide fuel,
but is of significantly different diameter than will be used in future
LMFBR's.

Despite the nonprototypic fuel in EBR-II and SEFOR, the tramp fuel
information from these reactors will be used to estimate tramp fuel
inventories in a 1000 MWe LMFBR. The basic assumption for extrapolation
from EBR-II and SEFOR data is that the mass of tramp fuel per unit
length of fuel pin in the core will be similar for the large LMFBR.

5.4.1 SEFOR

The total tramp fuel inventory in SEFOR has been estimated] as 0.2 mg
of fissile material, or about 1 mg of heavy metal fuel atoms. Based
on a total pin length estimate? of 1740 ft., the inventory per foot
of fuel pin in the core is 6 x 10-% mg/ft.

5.4.2 EBR-JI

E. R. Ebersole has estimated2 the 235U in tramp_fuel in EBR-II
_to be 2 mg based on the normal tramp background of 133Xe and 135Xe
observed in the cover gagS G. S. Brunson® claims an inventory of
roughly 7 mg of unclad 239 in the core. Since the EBR-II fuel is
enriched to about 50% 235U, a range of 4 to 14 mg of fuel is indicated
for the amount of tramp fuel in EBR-II. On the basis of 6910 ft. of
fue] pins in the core®, a corresponding range of 5.79 x 10-4 to 2.03 x
10-3 mg/ft can be determined.

5.4.3 Rapsodie

No direct data are available for tramp fuel in Rapsodie; however,
a tramp fuel inventory for Rapsodie which is in general agreement with
that of EBR-II can be inferred from other published information as
follows: Differences in fast fluxes, cover gas volumes, fissile fractions
of core fuel, and total length of fuel pins in the EBR-II and Rapsodie
, cores tend to cancel. Therefore, ignoring cold trapping of precursors,
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the cover gas specific activities due %g tramp fuel should be similar.
Indeed this is found to be true. The '35%e activity in the EBR-II
cover gas at saturation from tramp fuelZ»3 is about 3 x 10-3 uCi/cc.
The measured saturation activity of 135Xe in the RAPSODIE cover gas
right after initial startupb was 1 x 10-2 uCi/cc.

5.4.4 Extrapolation to 1000 MWe LMFBR

The information on tramp fuel inventories presented above suggests
the use of a value of 10-3 mg of heavy metal fuel atoms per foot of
fuel pin in the core. Large LMFBR's will contain tens of thousands of
fuel pins having total Tengths of tens of miles. For an average linear
power density of 9 kw/ft, the total core fuel length is ~ 250,000 ft.
Hence, a total inventory of 0.25 gm of tramp fuel is estimated.

The coolant fission product inventory due to this load of tramp fuel
can be estimated using the data of Reference 7. If no deposition or
other removal mechanism is assumed for fission products which enter
the primary sodium, about 300 curies of fission product activity could
be present in the sodium for the equilibrium fuel cycle. Most of this
activity would be from short-lived isotopes. The long-lived isotopes
would eventually contribute an activity of a few tens of curies if
the same primary sodium were utilized throughout a normal plant Tife.

The corresponding upper limit activities for the higher actinides
would be 20 to 30 curies for the equilibrium fuel cycle with a buildup
to a few curies of long-lived actinides over the plant life. It is
important to emphasize that these estimates take no credit for cold-

trapping, plating out, or other removal mechanisms for the radioactive
nuclides.

The activities discussed above are quite small in magnitude
compared to that from activation of primcry sodium, impurities in the
sodium, and corrosion products in the socium.

REFERENCES (Section 5.4)

1. J. J. Regimbal, R. S. Gilbert, W. P. Kunkel, R. A. Meyer, and C. E.
Russell, "Fuel Failure Detection Capability at SEFOR," Trans. Amer.
Nucl. Soc. , 14, 69 (1971)

2. R. R. Smith, et al., "Effects of Driver-Fuel Cladding Defects on
the Operation of EBR-II," ANL-7787, Feb. 1972.

3. G.S. Bfunson, “On-Line. Noble Gas Fission Product Monitoring
in EBR-II," Nucl. Tech., 10, 33 (Jan. 1971).

4. Massoud T. Simnad, Fuel Element Experience in Nuclear Power
Reactors, Gordon and Breach, New York, 19/1, p. 596.

5. G. S. Brunson, R. M. Fryer, and R. V. Strain, "Post-Shutdown
Surges in Cover Gas Activity in Experimental Breeder Reactor Il
(EBR-II)" Nucl. Tech. 13, 6 (Jan. 1972).

9



6. M. Chapelet, et al., "Experimental Study of the RAPSODIE Pro-
tections," CEA-R-3626, Oct. 1968. (In French).

7. "Aqueous Processing of LMFBR Fuels: Technical Assessment and
Experimental Program Definition," ORNL-4436, June, 1970.

6. TRANSPORT OF FISSION PRODUCTS FROM FAILED FUEL
6.1 Introduction

- The task of predicting activity releases to the primary coolant
and cover gas from the fuel of an operating LMFBR is extremely
complicated. At this time there is no consensus of opinion on almost
every major question that arises in answering questions 1ike the following:
What fraction of the noble fission gases are released from a mixed
oxide pellet operating under specific conditions? What are the release
times for the gases from the pellet? What pin failure rate will be
observed? How can the failures be characterized, e.g. size, location,
time of occurrence, etc. For large cladding failures, how much of
each of the various radionuclides will be leached from the exposed
fuel by the flowing sodium?

These and other similar questions need to be answered before realistic
release predictions can be made. This section contains partial
answers to all of the questions listed above, and more. The fuel.
testing which will accompany operation of the FFTF should provide better
answers. There is a considerable amount of art (engineering judgement)
involved in the prediction of fuel performance today, due to limited
.experience.

Radioactivity releases from intact non-vented fuel in normally
operating LMFBR's will be limited to tritium. Any non-vented fuel
which is not intact will be categorized here as failed fuel; this
includes either "leaky" fuel or fuel exhibiting gross cladding failure.
These two types of failures will, of course, have significantly
different consequences. The distinction between small holes in
cladding and relatively large failures has been made with varying
degrees of consistency in available literature on fuel failures,
thus making it difficult to interpret reported failure rates.

Release from vented-to-coolant fuel will be treated separately,
although much information from venting tests (e.g. holdup times, etc.)
can be important in defining release rates from non-vented fuel.

The problem of activity release from fuel pins will be handled in
two main parts: release of activity from the fuel proper, i.e. from
the pellet, powder, etc.; and release of activity from the pin itself
~ to the primary coolant. Each of these main parts of the problem will
involve several subproblems and phenomena.
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6.2 Brief Background Description of Irradiation Exberience Relating
to Fission Product Release

The FFTF, the LMFBR Demonstration plant, and probably the first
generation of large ( ~1000 Mwe)LMFBR's will use mixed oxide fuels
which are about 20% PuOz by weight and 80% UO2. These fuel pins
will probably consist of mixed oxide pellets and helium bond gas in
an austenitic stainless steel cladding. Later reactors may employ
so-called advanced fuels (carbides and nitrides instead of oxides),
but the choice of oxide fuel for early plants is governed by the
much more extensive experience and testing that has been achieved
with oxide fuels, as opposed to carbide or nitride. However, even
though there is considerable information available on oxide fuels,
much uncertainty still exists about oxide performance under the
extreme operating conditions forecast for LMFBR fuels.

Extremely high burnups ( ~100,000 MWd/MT)* and fast fluences
( 3 x 1023n/cm2) are the goals for LMFBR fuels. The fuel pins
would undergo these irradiations while operating at peak linear
powers of the order of 18 kw/ft with corresponding fuel surface and
centerline temperatures of 18000F and 4900°F, respectively, in flowing
sodium with velocities of the order of 25 ft/sec and maximum outlet
temperatures of 13000F 1,2

The conditions described above have not been simultaneously
achieved for fuel tests to date. Moreover, even while falling
short of prototypic test conditions, problems have been encountered
in oxide fuel testing which have not been completely solved and which
may prevent achieving original performance goals.

The main reason that oxide fuel problems have not been solved is
the lack of appropriate test faci]i%%es. The fast fluxes of sufficient
magnitude needed to achieve “3 x 10 n/cm? have not been available.
EBR-I1 and DFR require over three years to accumulate desired fast
fluences. The FFTF will provide higher fast fluxes (achieving the
desired fluence in about 1.5 years) for testing fuels, but its own
driver fuel will be operating at slightly lower specific power and
lower coolant, cladding, and fuel temperatures than proposed LMFBR's.
Still, many of the limitations indicated today in. fuel performance
should be better quantified by FFTF programs. (Design burnup -- i.e.

> 100,000 Mwd/MT -- has been readily achieved in low power fast test
reactors like EBR-II and DFR and in thermal test reactors by enriching
the uranium portion of the UO2 - PuO2 fuel. However, the combination
of design fast neutron fluence at the cladding and fuel burnup cannot
be readily achieved.)

* Experimental fuel exposures appear in the literature both as atom
percent burnup and as megawatt days per metric ton. The conversion
factor is almost exactliy: 1 atom % = 10,000 MWd/MT. '
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Fuel swelling and release of fission gases with resulting
cladding stress due both to fuel-cladding mechanical interaction _and
to high fission gas pressures were early recognized as problems.

‘Satisfactory mitigation of the effects of these two phenomena can
probably be achieved by (1) incorporating sufficient voidage within
the fuel proper to accommodate solid fission products and any un-
released fission gases,® and (2) by providing sufficient plenum
volume (or venting) to handle gases released from the fuel. However,
knowledge of the amounts of gas released from the fuel but remaining
within the pin is important in terms of potential releases.

Two unanticipated problems with the stainless steel cladding were
discovered: the significant swelling of stainless steel on irradiation
to high fast fluences,® and jrradiation induced c1r~eep.7’8 Austenitic
stainless stge]s irradiated to fast fluences of the order of
7.x 1022n/cmé have been observed to exhibit volume increases of as
much as 7%.% Techniques such as heat tgeating-prior to irradiation
may reduce such swelling significantly;? however, even with the data
on control thimble swelling gf EBR-II, extrapolation by factors of
two on fluence must be made.

Creep rates of 304 stainless steel in a fast flux of on]g 9
5 x 1012n/(cm2sec) and a simultaneous thermal flux of 6 x 1013n/(cm“sec)
have been found to be a factor of 2 to 5 higher than those of an
unirradiated specimen.® Experiments on 316 stain]egs irradiated
in EBR-II to fast fluences approaching 7 x 1022n/cm? have shown creep
rates incYSasing about tenfold while linear creep strain decrsases,
fourfold. Again extrapolations to fluences of 3 x 1023n/cm? are
needed.

More recently, Foster, et a1.66 have reported measurements on
solution annealed and cold-worked types 304 and 316 stainless steel.
The irradiation creep rates are linear with stress and essentially
independent of temperature at low fluence levels. At high fluence
levels there are limited data which indicate that irradiation creep
increases as swelling becomes significant. The relationship between
swelling and irradiation creep is of great technological significance
to the design of fuel rods and assemblies. In particular, the
beneficial role of irradiation creep in relieving the stresses created
by differential swelling is becoming more clearly understood, and
is being applied to core design.

Because of the sensitivity of predicted total plastic strain to
various levels of ?qturation of cladding swelling (10-15%) and fuel
swelling (20-35%),'' additional prototypic test data at high fluence
and burnup is necessary to determine the combined effects of fuel
swelling, fission gas pressures, cladding swelling, irradiation-induced
cladding creep, and perhaps other, as yet undiscovered phenomena.
Indeed, the ultimate 1imiting phenomena for fuel performance may Be the
deterioration of the cladding due to fuel-cladding interactions. !
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‘ The uncertainties indicated above make it difficult to predict
failure rates and activity releases for LMFBR fuel pins operating at
or near design conditions. Indeed, the ability of the reactor rad-
waste system to handle released activities from failed fuel will
ultimately determine the quantity and quality of failed pins that
can be accommodated in the core at one time.

The statistics of LMFBR oxide fuel pin irradiations have recently
taken a sizable leap. As shown in Table 6.1, the number of pins ir-
radiated or undergoing irradiation in the world's fast reactors was
~ 110,000 as of January 1974. This total is up from ~ 23,000 as a
result of the startup of the Russian BN-350 and the French Phenix
and replacement of fuel in existing fast reactors. Because the
first three prototype LMFBR power stations plan to replace fuel at
rather frequent intervals*, continued rapid growth in oxide pin
operational statistics is expected.

These three early power stations will provide the first fast
neutron irradiation experience on large multipin fuel assemblies
at LMFBR prototypic temperatures and flow rates, and much more
realistic fluence-to-burnup ratios, than have heretofore been
possible.

6.3 Tritium Release from Fuel Pins

Tritium produced in the fuel from ternary fission or from
Tithium impurities in the fuel can diffuse through the stainless
steel cladding of intact pins. Results of fast flux irradiation
of stainless-steel-clad mixed-oxide fuell3 indicate that more
than 99% of the tritium produced in the fuel of large operating
LMFBR's will be released to the primary coolant. Tritium produced
in the fuel could introduce about 24,000 Ci/yr into the primary
coolant system, as discussed in Section 5.1 of this report.

6.4 Release Fractions for Noble Gases from Oxide Fuels

Release fractions of 7 to 25% were observed in the initial fast-
flux irradiation of Pu0? - UOp fuel in EBR-II even though it was a
very short irradiation.l4

At about the same time information on the Russian BR-5 plutonium
oxide fuel became available,15 indicating release fractions of 40-54%

for burnups of less than 3% and about 60% for burnups greater than
3.5%.

*BN-350 reportedly will have one-fifth of its fuel replaced every 54
days; Phenix will have one-sixth replaced at 60-day intervals, and
the PFR (Prototype Fast Reactor) in Great Britain will have one-sixth
replaced at 49-day intervals.
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Table 6.1
Oxide Fuel Pins Irradiated in LMFBR's

—r

USSR
BR-5
BR-10
BOR-60
BN-350

France
DFR
Rapsodie-Core I
Rapsodie-Fortissimo
Phenix

UsA

SEFOR
EBR-1I

UK
DRF
DEBENELUX

Rapsodie
DRF

Other

TOTAL

67
Completed On-Going
~v 2,490
. ~1,520
~ 8,000 3,400
~ 8,000 38,200
4
4,305
~13,600 ~3,700
23,002
. 648 .
~800 ~1,000
800 200
73
48 60
~38,800 ~71,100
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61,600

44,650

~2,450

~1,000

181 .

~ 150

~110,000



The first data from Rapsodie,]6which uses mixed-oxide sintered
fuel pellets in 316 SS cladding, showed gas releases of up to
60% for pins operated at peak powers of 12.2 kW/ft to burnups of
20,000 MWd/MT.

One of the largest sets of experimental data is that from the
General Electric F2 Series. The series consisted of 21 encapsulated
fuel pins in an experimental program designed to "investigate such
parameters as fuel density, compaction process, stoichiometry,
diametral aqd axial gap, cladding material, and cladding wall
thickness."!/ Results gf }hs irradiations have been published as
data became available. 2:17-20 The results are summarized in
Table 6.2. The fission gas releases are seen to approach 100% at high
burnups and are not strongly a function of initial fuel density in this
range of burnup.

Table 6.3 shows irradiation results of twelve other mixed-oxide
fuel elements irradiated in EBR-II under Argonne National Laboratory's
fuel element performance program. The first group of four ANL
elements were some of the first uneafapsu]ated elements to achieve
large burnups in EBR-II. The NUMEC' elements were designed to give
a comparison of fabrication processes. The last group of four
ANL elements were designed to assess various void deployment techniques
in accommodating fuel swelling. The information in Table 6.3 is
mostly from Reference 22. The data indicate that fission gas release
approaches 90% at. 10 at% burnup (™ 100,000 MWd/MT.)

Other irradiations such as the PNL tests23 could be added to
these examples, but the trend is clear. On the basis of data presented
here plus other irradiations in EBR-II or DFR, Lambert, et al.,
have concluded that, for fuel operating in the linear power range
expected for LMFBR's (9 to 18 kW/ft), fission gas release increases
with burnup in the manner shown in Table 6.4, regardless of initial
smear density or form of fuel.22

The experimental information presented thus far in this section
provides a good basis for estimating fission gas release from fuel in
LMFBR pins. Moreover, the proliferationZ4 of theoretical models to
explain the data will hopefully aid in extrapolation of data to
other conditions through an understanding of the phenomena involved.

In order to estimate activity release from failed pins to the
coolant from the above information, the burnup of the failed pins
must be known. It is a reasonable assumption that failure rates will
also increase with burnup. This has certainly been borne out by
experience.25,26 If most of the pins do achieve the goal burnups,
then the highest rate of failures would occur at burnups approaching
100,000 MWd/MT. This argument leads to the assumption that the
"average" failed pin contains fuel which has released at least 75%
of its total inventory of noble fission gases and will continue to
release noble gases at about the same rate as they are produced.
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Table 6.2

General Electric F2 Series of Fuel Pin Irradiations

- Density Fuel Max %
. Simeared Density - Linear - Peak Fission -
- (% Theoret- (2 Theoret- Power - Burnup Gas
. Pm N ical) ic;;l) (kW/£t) (at, %) Release
F2A - 94.0 95.6 15.6 5.19 49
- F2B 94.6 95.2 16.0 5.26 48
F2E 9.4 95.3 16.3 5.35 N
- FP - 94.8 96.1 16.3 5.33 50
F2N 192.6 96.2 "17.7 5.42 50
. F2P 94.5 95.6 9.7 3.26 32
F20  94.9 96.2 16.3 5.25 47
- F25 - 96.1 97.1 17.4 5.49 55
F2U 87.0 89.5 15.8 5.61 63
P2 83.8 NA 13.6 5.08 58
F2Y 83.9 NA 13.3 4.91 56
FZ 87.2 89.2 15.7 5.50 58
FX 93.1 94.6 16.1 7.20 64
F2H 94,9 95.3 16.7 7.30 67.5
F2R 95.2 95.3 16.1 7.17 60.8
F2T 94.6 96.1 16.9 7.07 59.2
F20 94.0 95.8 16.1 7.39 113
F2D 9.3 96.4 16.5 12.8 NA )
F2G 93.0 95.6 16.1 12.7 ~100
FV 86.7 89.7 15.7 13.1 N
FX 83.9 N ©15.3 11.9 100
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Table 6.3

ANL Irradiations in EBR-II

Fuel

Density Fuel Ma:. %

' Smeared Density Lincar Peak Fission

(2 Theoret- (% Theoret— Power Burnup Gas
Pin ical) ical) (kw/ft) (at. %) Release
ANL~012 78.5 8l.1 16.0 2.91 69.1
ANL~007 78.6 79.0 15.7 4.73 82.1
ANL~-021 80.2 82.8 16.4 4.7 85.6
ANL~026 82.5 85.2 17.0 4.7 NA
NUMEC B-2  88.8 90.6 15.0 9.8 89.8
NUMEC C-1 88.4 91.1 14.7 - 1009 95.7
NUMEC C-11 88.3 89.8 14.0° 10.9 90.8
NUMEC C-15 82.7 84.4 12.9 10.6 68.0
ANL SOPC-1 80.0 82.2 14.5 3.6 69.0
ANL SOPC-3 82.7 85.3 14.8 3.5 62.6
ANL SOPC-5 77.1 86.0 12.1 3.2 56.4

ANL SOVG-17 80.0 NA 13.7 3.5 59.5
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Table 6.4
Percent of Fission Gas Released vs Fuel Burnup

Fuel Burnup Fission Gas
(MWd/MT ) © Released (%)
<2000 30
30,000 s
50,000 w70

100,000 ' ‘ >85

100



6.5 Fuel Failure Rates

» As discussed previously, failures can be of two types: small
leaks and gross cladding failures. No data is available which gives
failure rates of either type for fuel pins tested under prototypic
1,000 MWe LMFBR conditions. For this reason, failure rates and failure
types will be assumed for example calculations in this report,

using available experience as a guideline, but with emphasis on the
fact that realistic rates must await future experience. Certainly,
the failure rates which will be tolerated will depend on the coolant
and cover gas cleanup systems.

Some overall feel for fuel reliab}}ity can be obtained from
numbers presented by Bernath and Wolfe</ in April, 1971. In
summarizing world-wide fast reactor experience at that time, they pointed
out that less than g% of all rods tested had failed. Ignoring
the BR-5 failures,4® which resulted when pins with very small fission
gas plena were pushed well past their design limit, less th%n 0.5%
have failed. This picture gets even better if DRF failures28 caused
by cover-gas entrainment in the coolant are ignored. However, it
is important to note that different fuel tests have different goals
(conditions at specific burnup, power, etc.) and are not all aimed
at achieving high burnups. For example, the first twelve pins of
the General Electric F Series tests wer? removed after burnups
between about 35,000 and 60,000 MWd/MT. !9

The only extensive oxide driver fuel experiences have been
obtained from BR-5 and Rapsodie, together with limited experience at
SEFOR. The BR-5 experience, 5 as indicated above, was intentionally
oriented toward run-to-failure with the goal of Tearning the effects
of operating with leaking fuel elements. Also BR-5 used straight
PuO2 in its first core, not a mixed oxide.

Experience with the 24 MW core at Rapsodie has been encouraging.
Through February 22, 1970, when the reactor was shut down for
modification, no operation-Timiting failures had been observed in
Rapsodie test pins in nearly three years of operation.29 However,
the reactor core was known before shutdown to contain at least one
failed fug& g'n with direct contact between the sodium coolant and
the fuel. Twenty of the driver fuel subassemblies had obtained
a burnug of 50,000 MWd/MT compared to a design value of 30,000
MWd/MT.32  However, the gross c]adding failure did not occur in any
of these assemblies. It was found in a pin which had ach1§ved a
burnup of 40,000 MWd/MT ggd a fast fluence of 4 x 1022n/cmé at a linear
power of only 6.3 kW/ft. It was concluded from instrument records
that the rupture had occured in January, 1969, when the pin had
experienced a burnup of only 24,000 MWd/MT. Also there were indications
that the pin had started leaking at 16,000 MWd/MT.

It is important to note that this is only one pin out of 2300, and
no gross cladding failures were observed in the higher burnup pins
which had operated at twice the power ( ~12 kW/ft). However, several
leakers have been observed during Rapsodie operation, including at
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least three during the first year of operation.34 Conservative overall
failure rates of 0.5% with 10% of these gross cladding failures
could be inferred from the very limited data.

Reports of fuel failure experience with the Rapsodie "Fortissimo"
(40 MW) core are not available. This experience should be followed
closely since the failure rate may be significantly higher for the
new core.35

Experience at SEFOR was even better than at Rapsodie, but this
experience is not as significant with regard to fuel operation. No
failures of any type were detected in the first two years of
operation.36 Perhaps this was to be expected because of the much
thicker cladding in SEFOR, combined with 9uch smaller power densities
and fast fluxes as compared to Rapsodie. Indeed SEFOR was designed
to check physics characteristics, especially the Doppler effect,
rather -than to serve as a fuel irradiation facility.

In conclusion, the available experience with fuel failure
rates can only give very general guidelines. For purposes of
creating a source term for the primary coolant in this report, a
failure rate of 1% will be assumed, 10% of which are gross c]add1ng
failures (i.e. overall 0.1% gross c1add1ng failure).

6.6 Leakage of Fission Products from Failed Fuels - Gaseous and Solid

An important factor in determining noble gas activity in the
primary coolant due to failed fuel is the rate at which gases can
escape through the pin defect. The degree of enhancement of
concentrations of long-lived vs. short-lived isotopes (or the corres-
ponding daughters of such isotopes) in cover gas samples is an
indication of release rates to the coolant and transport times in
the coolant to the cover gas.

6.6.1 Escape Rates from Plenum to Sodium

Mixed-oxide pins irradiated to burnups of ~40,000 MWd/MT in
EBR-11 gere punctured at different axial locations to measure escape
rates. The results indicate that the fuel and insulator columns
provide significant resistance to gas releases. The times required
to release 50% of the noble gases varied from less than a minute
to about 20 minutes, depending on the puncture location. Punctures
at the top of the fuel, at the top insulator, and in the plenum all
released over 80% of the gas within about two minutes. One bottom
insulator puncture released 80% of the gas in four minutes. From
this data, an average release time of about four minutes seems
reasonable. Two limiting factors about the experiment were that the
test was run out of pile and that the sizes of the punctures were
not given.

Carelli and Coffie1d39 calculated internal pin pressgres asa
function of time after failure for punctures of areas 10~ in2 and 10
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inz. The larger hole gave almost complete gas release for various

puncture locations in a matter of seconds. The smaller hole held up
the gas release to about three minutes, consistent with the
measurements of Reference 38.

Other experimental measurements of release times haveABiven quite
different results. Studies by Gregoire, Novak, and Murata4l on two
mixed oxide pins in naturally convecting NaK indicate much larger
delay times. The pins failed while under irradiations in the General
Electric Test Reactor (GETR) at a burnup of about 18,000 MWd/MT. The
one pin on which plenum depressurization results were given required
about four hours for total gas escape, with the peak escape rates
within the first 45 minutes after failure. The pin was continually
moved to Tower power regions during the time immediately after
failure, so the results are not exactly applicable to full power
operation either. Moreover, although many cracks were observed in
the failed region (14 inches below the plenum), no areas were given.

A more recent GE test41 showed even longer release times, but
is not really applicable to sitations of interest here because the
pins had only undergone 3900 MWd/MT irradiation at the time of
defection. This test is more applicable to determination of in-fuel
diffusion rates.

At this point one is left with a wide range of five minutes to
one hour for possible delay times for release of plenum gas from the
fuel pin.

6.6.2 Transit Time from Failure to Cover Gas

Delay times for transit to the cover gas from the defected pin
may show less uncertainty. These times will, of course, depend on
reactor and vessel dimensions, coolant flow rates, etc.

A number of measurements of the transit time between fuel
and cover %as have been made. Measurements in SEFOR36 on disengagement
times for Z3Ne gas of 5.5 min. from core to cover gas were assuymed to
be the same as for fission gas bubbles.36 Studies in Rapsodie
(the Tempate tests) were made on disengagement times for noble gases
released from the Tower region of Rapsodie pins. The results
indicated that "once the clad barrier is passed, the transfer of
xenon and krypton from clad failures from the pin to the reactor
cover gas will be fast and practically complete". The Tempete test
results indicated disengagement times of the order of a few minutes,
thus agreeing with SEFOR results. This also agrees with previous
out-of-pile results from Atena?3 and with observed cladding failures
at Rapsodie. An averave assumed disengagement time of 5 to 10 minutes
could be inferred from the SEFOR and Rapsodie data.
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1n2 The\larger hole gave almost complete gas release for various

puncture Tocations in a matter of seconds. The smaller hole held up
the gas release to about three minutes, consistent with the gf
measurements of Reference 38.

Other exper1mental measurements of release times have given quite
different results. Studies by Gregoire, Novak, and Murata40 on two
mixed oxide pins in naturally convecting NaK 1nd1cate much larger
delay times. The pins failed while under irradiations in the General
Electric Test Reactor (GETR) at a burnup of about 18,000 MWd/MT. The
one pin on which plenum depressurization results were given required
about four hours for total gas escape, with the peak escape rates
within the first 45 minutes after failure. The pin was continually
moved to lower power ‘regions during the time immediately after
failure, so the results are not exactly applicable to full power
operation either. Moreover, although many cracks were observed in

the failed region (14 inches below the plenum), no areas were given.

A more recent GE tesf4] showed even longer release times, but
is not really applicable to sitations of interest here because the
pins had only undergone 3900 MWd/MT irradiation at the time of
defection. This test is more app11cab1e to determination of in-fuel
diffusion rates. <

At this point one is 1eft wwth a wide range of five minutes to
one hour for possible delay times: for release of plenum gas from the
fuel pin.

6.6.2 Transit Time frqﬁ/Fai1ure toiEover Gas

Delay times for;frans1t to the cher gas from the defected pin
may show less uncertainty. These times'will, of course, depend on
reactor and vessel .dimensions, coolant flow rates, etc.

A number of imeasurements of the trans1f time between fuel

and cover ggs have been made. Measurements in SEFOR36 on disengagement
times for <°Ne-gas of 5.5 min. from corg to cover gas were assxmed to
~be the same as for fission gas bubbles. Studies in Rapsod1e

(the Tempete: ‘tests) were made on disengagement t1mes for noble gases
released from the lower region of Rapsod1e pins." The results
indicated that "once the clad barrier is passed, the transfer of
xenon and krypton from clad failures from the pin to the reactor

cover gas will be fast and practically complete". The Tempéete test
results/indicated disengagement times of the order of a few minutes,
thus agreeing with SETOR results. This also agrees with previous
outég%?pile results from Atena®3 and with observed cladding failures
at Rapsodie. An averave assumed diserigagement time of 5 to 10 minutes
could be inferred from the SEFOR and Rapsodie data.
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6.6.3 Time for Diffusion out of the Fuel

From the previous discussion, a delay time of five minutes to
one hour seems reasonable for gas which has already been released
from the fuel proper but is still inside a lTeaking pin. Another delay
of the order of five to ten minutes might be seen in transporting
noble fission gases to the cover gas. However, these total delay
times of 10 to 70 minutes may well be insjgnificant compared to the
time required for fission products, whethér noble gas, semi-volatile,
or solid, to diffuse out of the main body of the fuel proper.

A recent GE test cited previouslyﬂ indicates diffusion times
for noble gases of the order of many hours. Perhaps the best data
for operating RZns is that obtained from Gulf General Atomic experi-
ments at ORNL. From this data a diffusion time of the order of
twelve hours is indicated for noble gases. Often the assumption is
made that other elements diffuse much more slow]y,gn reactor fuel;
however, the results of Davies, Long and Stanaway4 indicate migration
times for jodine, tellurium, and cesium comparable to the noble gases.

6.6.4 Diffusion Direction

The question of diffusion times leads logically to the question
of diffusion direction. Elements which tend to diffuse toward the
center of the pin, i.e. up the temperature gradient, may contribute
significantly less to coolant contamination from gross cladding
failures than those elements which diffuse down the temperature
gradient. Note, however, that some elements may have high concentra-
tions at both the central void and at the outer surface, with minimal
in between. A fair amount of migration behavior has been determined.

In mixed oxide fuels operating at sufficient linear powers
(> 11 kW/ft), plutonium will preferentially migrate to the central
void,46 apparently by preferential vapor transport mechanisms. This
phenomenon is desirable in the sense that it reduces the amount of
plutonium that can be leaked into the coolant. The plutonium migration
is undesirable because of its effect on the Doppler Coefficient
(small effect) and on the maximum allowable power rating (bigger effect).

Duncan, et a1.,48 have observed fission product migration in
the F Series of fuel pin tests. Volatile elements such as I and Cs
migrate to the cladding. Some elements, such as the noble metals Mo,
Ru, Rh, Tc and Pd, form metallic ingots in the center void of high
burnup fuels. Other elements, such as Ba, Zr, and Sr, in the form
of oxides, produce nonmetallic deposits on the walls of the central void.
These nonmetallic deposits all contain some Pu and U oxides.

Lambert, et. a].,49 also observed outward radial migration of
Cs along with axial migration. They also found the noble metals
mentioned above in the form of metallic ingots in the central void.
In addition they detected %5 Nb, agd Ce gy gammpa spectr?i?opy which
indicated the presence of 3Ru, 106pp, 95Zr, 99Nb, and Ce

47
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Johnson, Steidl, and Crouthame150 observed similar behavior for

7cs as was given in References 48 and 49. Reference 50 also
indicated a 137Cs as was given in References 48 and 49. Reference 50
al;o indicated a 137Cs increase near the central void, with a minimum
137¢s concentration at an intermediate radius. Essentially uniform
concentration of Ce and the other rare earths was observed, while Mo
increased markedly in concentration in the outward radial direction.

The outward radial migration of cesium is unfortunate in two
respects. - First of_all, cesium oxide is apparently important in
cladding corrosiond! (along with Mo0O2). Moreover, when the cladding
fails the Cs then has access to the sodium coolant. The same
undesirable access to sodium is achieved by I in its migration outward.

6.6.5 Experimental Data on Transport of Specific Fission Products
to the Sodium or NaK Coolant

The migration behavior described above is generally borne out
by experience. General Electric has run a series of tests on
irradiated defected fuel to determine leakage of fission products from
the fuel.40,41,52,53,54 The tests varied greatly in important aspects
such as burnup of fuels tested (3900 to 41,000 MWd/MT at failure),
environment (in-and-out-of-pile), coolant, coolant velocity, and size
of defects (0.0007in2 to 0.050 in2),

Fuel pin B9A52 was irradiated to only 8700 MWd/MT before being
intentionally defected by three 31 mil holes (each of area 0.00075
lined up within a one inch notch but in the cladding. The only

really non-prototypic condition was the low sodium velocity. Almost

no 103Ru or 95Zr was released to the coolant (as opposed to previous
tests). However, almost all of the 137Cs left the fuel. Less than

1% of the fuel was lost from the pin. In general leakage of both

fuel and non-gaseous fission products from pinhole defects is extremely

slow relative to leakage from the large defects in experiments reviewed
below.

Rods B9D-1 and B9D-24]’54 were intentionally defected under
irradiation at a burnup of 3900 MWA/MT. The defects were 30 mil holes
(area of about 0.0007 inz). Information on the sodium contamination
should be available soon for comparison with B9A.

NaK cooled pins B3B and BBc40 had ruptures much larger than pin-
hole defects. The NaK analysis from these tests showed the presence
of many radionuclides. Table 6.5 shows the analysis of the B3C
coolant. Both pins failed at about 18,000 MWd/MT in GETR, and
B3C was left in up to 53,000 MWd/MT. B3B lost 1% of its fuel; B3C
lost 5 to 10%. Most of the Cs which got into the NaK of B3C remained
there, and only a small amount plated out. The ruptures in B3B were
several separate small cracks. There was one large continuous rupture
in the B3C cladding. '
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Table 6.8

Leaching Results from Grossly Defected Oxide Pin (B3C) in N'al(40

Concentrations Plateout

' in NaK ‘ Concentratdons
Isotope (atoms/gm Nak) (atoms/in?)
1340g 2.4x1015 1.23x1013
137¢cg 2.1x1017 1.42x1015
1440 7.7x1010 .96x1015
106Ry, 4.2x10!1 2.9x10%4
103Ry 9.0x1013 | 6.1x101°
125gp, 1.3x10!1 1.5x101%
95g; 3.2x1012 3.6x101%
91y <8.9x101% <9.7x1013
239py * .54%1073 ** 12

U : *1.3 -

*  ugm/gm NakK
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An intentionally defected section of fuel pin F2U which had been
irradiated_to 41,000 MWd/MT was exposed to 11500F f13wing sodium for
18 hours.®3 The defect had an area of about .050 in?, versus =002
inZ for B9A. There was substantial loss of selected measured
fission products (shown in Table 6.6 but less than 1% loss of fuel,
with uranium preferentially escaping compared to plutonium (presumably
because of Pu migration toward the center of the pin). Leached
fuel deposits showed U/Pu ratios of from 1643/1 to 42/1, compared to
an original ratio of 4/1.

The BR-5 experiencez5 is generally consistent with the above
test results._ _The first indication of gross cladding failure was
detection of 137Cs in coolant samples. The most important results
for determ1n1ng defect1ve fuel source terms is that the escape
fractions of 1 136Cs, and 133xe were an order of_magnitude
higher than the escape fract1on? g 957r, 95Nb, 140Ba, 140La,
and 135Xe. Also, the 1311 and !36¢s act1v1t1es were apprec1ab1e
only with very 1arge leaks. In addition to the major radionuclides
discussed above, small amounts of 144ce, 144py, and 106Ry were found
in the BR-5 primary coolant.

6.6.6 Theoretical Models for Fission Product Transport

Theoretical models to describe the migration of the various
chemical species and thus their availability for transfer through
failed cladding to the coolant, have been available since the late
1950's. A simple diffusion model concerned strictly with fission
product concentratigns within isothermal particles or grains was
developed by Booth.95 Neglect of the temperature gradient present in
operating fuel renders the Booth model inadequate, however. Others56,57
have used Booth's release equations and have included the effect
of fuel surface temperature 9E§d1ents These56,57 models have been
widely used. Yuill, et. al.,?® have derived the relationship between
release fraction and temperature gradient directly from equations
for diffusion in the fuel controlled by the Gibbs free-energy gradient.
Models which incorporate both concentration and temperature effects
have been moderately successful, but release estimates used for
the example calculation in the present report will be based on
experimental work.

6.7 Vented Fuel

Vented fuel is of interest for two reasons. First it may be
desirable to use vented fuel, either for safety reasons or simply
to maintain cladding integrity to the high burnup goals of LMFBR's.
In addition, the experimental work from vented fuels gives added
information on release rates from the fuel and from the pin which
can be used in analysis of defective non-vented fuel.

A good discussion of vented fuel elements is given by Keilholtz

and Battle.®9 Little new work on vented fuel has been reported
since their paper. One possible venting design not discussed in
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Table 6.6

Loss of Fission Products from Grossly Defected Oxide

Fuel in Flowing Sodium53

Nuclide % Loss From

Fuel
]3705 66
184ce 32
106p,, 85
90g,. 29
147, 2
9Nb-zr d
]ZSSb <l
U,Pu <
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Reference 59 was a modified "diving bell" concept60 with separate
inlet and outlet capillaries that is mucy shorter than the original
GE "diving bell" design.

The main arguments62 for vented fuel elements have been ones of
Tong term performance and safety: fewer ¢ladding failures because
of reduced fission gas pressure buildup, better transient behavior
with respect to coolant voiding because of reduced amounts of gases
available, and reduction of failure propagation that might be caused
by blanketing of neighboring pins by gas expelled from failed
non-vented pins.

If the dominant mechanism for fuel failure turns out to be a
combination of fuel and cladding swelling, mechanical property change
of the cladding under irradiation, and/or fuel-cladding interactions,
the first argument for vented fuel given in the previous paragraph
may not carry much weight. Thus, the main arguments may be ones
of safety, e.g. no sudden. gas bursts to add reactivity, or propagate
failures, or possibly transport fuel.

One disadvantage of using vented fuel (other than the obvious
complications of increased shielding plus larger cover gas and
sodium cleanup system) is the possible transport of non-gaseous
fission products from the fuel to the coolant. This could happen
by diffusion of volatile elements (such as Cs) or by release of
gaseous precursors which subsequently decay to solids. (See the
notes on DFR experience at the end of this section).

One additional disadvantage may be a long term buildup of
certain radionuclides in the primary sodium, ngtably 134Cs, produced
by neutron activation of 133Cs, a daughter of !33xe. ,

Whatever the final judgement is on use of vented fuel, the
testing of vented fuel has produced valuable data on release fractions
of various radionuclides.

The work of 0'Neill, et. a1.! on m1§edioxide fuel exposed to
16,500 MWd/MT in a thermal flux gave the following major results:

1. About 44% of noble fission gases were released from the
the fuel proper, i.e. were avajlable for venting.

2. Effective gas delay time was 5 days.
24 134

3. Dominant sodium activity after decay of ~ 'Na was Cs,
although this would be less of a problem for fast fluxes.

4. Release fractions of all isotopes {including fissile) except for

the_noble gases were extremely small - in the range of
10-10 to 10-6.
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Table 6.7 gives measured release fractions. It is a reproduction
of Table 5.1 from Reference 61. Note that all of the long-lived
85kr which was released from the fuel proper escapes while smaller
amounts of the other, shorter-lived radionuclides escape.

The delay time is due to diffusion through the fuel proper, then
flow upward past the fuel pellet and blanket pellets, and flna11y
movement through the venting device.

Other experience with vented fuel has been quite limited with
the exception of the Dounreay Fast Reactor (DFR). The Dounreay
experience is not entirely applicable, because DFR uses NaK-bonded,
niobium-clad, uranium alloy metal fuel rather than gas-bonded
mixed-oxide fuel. Concentrations of delayed-neutron emitters in the
primary coolant (NaK) were so high that it appears that much of ghe
uranium was, in effect, directly exposed to the primary coolant.

Much experience has been gained from DFR operation, however,
which is valuable both in terms of evaluating vented fuel and in
terms of fast reactor operation in general.

Many problems have been encountered in the years of DFR
operation, 63,64,65 few of which, however, were a direct result of
using vented fuel.

Modification of many joints in the blanket gas system was
found to be necessary in 1962 after airborne levels of rad1oactivity
in the containment sphere rose to 100 times background The
major activity at that time was found to be 88Rb (17.8 min. half-life)
and 138Cs (33 min. half-1ife), nuclides that are not generally a
probiem in non-vented fuel operation. For the vented DFR fuel,
the noble gas precursors of these nuclides were transported to the
containment sphere atmosphere, where they decayed.

B]ank?g gas sampl? in normal operation show activities due
to ]33Xe, 5Xe, and "'A which vary by as much as a factor of 100
depending on the sampling location. Typical values for the Xe
isotopes are on the order of 10/ dpm/cc. A table of possible
radionuclides accounting for measured activities in the NaK is

given in Reference 64. Amounts of U and Pu in the primary circuit
are small (less than 0.5 gm and 20 mg. respectively.) Coolant o4
activ'gg during normal operation is about 100 times that due to " 'Na,
with Cs the major nuclide of interest.

The data presented above for DFR are so different from expected
vented oxide fuel behavior (due mainly to the effectively direct
exposure of so much of the DFR fuel surface to the primary coolant)
that it can contribute 1ittle to estimating activities from either
vented or failed mixed-oxide fuels.

6.8 Example Calculations of Releases of a Few Selected Radionuclides
| to the Primary Cooiant and the Cover Gas System
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Table 6.7

Isotopic Release Fractions from
GE Vented Fuel Test

Release
Radionuclide Half-Life Fraction
Noble
Gases:
85y 10.76 yr - 0.44
131my 11.96 d 0.30
1334e 5.27 d 0.27
133my o 2.26 d 0.05
135y4 9.16 h 0.0003
Solids:
-10
103, 4x10
131 1x1078
-6
137, 1x10
-8 -6
Other (Sr, Y, Zr, 107 to 10

Ba, Ce)
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From discussions and data already presented in this section, it is
clear that predictions of releases from the fuel are dependent on
a large number of complicated factors, the biggest one of which is:
how much activity can the cleanup systems and containment handle
and still satisfy federal guidelines and regulations. This factor
will obviously be the governing one. However, example calculations
will be made here using several assumptions (some based on available
jnformation and some arbitrary) of possible releases from failed
fuel in an operating 1000 MWe LMFBK.

Assumptions will include the following:
1% failed fuel
90% of the failed pins are leakers
10% of the failed pins have gross cladding failures

75% of the fission gas is released from the fuel proper, i.e.
pellets, of the failed pins.

For the gross failures, the following percentages of long-1ived
elements are assumed to escape:

Fuel 1%
Br, I, Cs 15%
Te, Ru, Tc, Mo 5%
A1l Others 1%

The choice of escape fractions was based on relative volatility of
the elements (or their oxides) and release data from References 40
and 53. Escape fractions based on only the volatilities and
Reference 40 data would have suggested lower values for the group of
Te, Ru, Tc, and Mo and for the group of "all others." On the other
hand, Reference 53 suggesis much higher release percentages.
Neither test was prototypic so a compromise was made. Limited BR-5
data available generally support the choices for Tong-lived Cs

and "all others." Plutonium fractions in the released fuel will be
assumed equal to 0.1 of the original fraction based on observed
preferential leaching of the uranium, due partially to plutonium
migration.

At Westinghouse's Adg9nced Reactors Division, the following

escape rates are assumed: _ 5
1 - e 1:5x 107
5

~ 1.5 x 10°2

Noble Gases f

12



1 - e 15 x 102

1.5 x 10%

Halogens f=0.2

Alkali Metals (Cs) f=1
A1l Others f = 0.01

where f is the fraction of fission products produced in a defected
fuel pin which escapes to the coolant.

Table 6.8 gives calculated equilibrium cover gas activities
for several noble gases assuming various total delay times between
production and entry into the cover geés. The table is simply a
modification of Table 6.2 from Refererce 61 to account for 1%
failures and 75% gas releases plus slightly different nuclear data
available today. The table reflects the same cover gas purge rates
as in Reference 51 with the corresponding limitation on long-lived
radionuclide activity. Note that the difference in total cover gas
activity between no delay and a 15 hour delay is only about a factor
of 4. Thus, the results are not too critically dependent on a good
knowledge of migration or diffusion rates within the fuel pellets.

Table 6.9 gives calculated annual contamination of the primary
system from important long-lived nuclides. The numbers are based
on assumptions stated above plus calculated activities from the GE
1000 MWe LMFBR as given in Table 4.6. The activities shown in
Table 6.9 are important because much of these will collect in the
cold traps and be shipped from the reactor or else will depos1t
on the colder surfaces of the primary system.

Note also that the 85Kr which is removed by .the cover gas
cleanup system may also be shipped away eventua]ly, just as all the
activity which remains inside the fuel pin will be. The amount of

5Kr removed by the gaseous radwaste system under the conditions
described here would be about 1900 Ci/yr.
\ .

The last activity source to be discussed here js fuel leached
from elements experiencing gross cladding failures. An assumed
fuel Toss of less than 1% from such pi?s }s coniistent with almost
all of the references cited above.#0541:52,53,54 Combined with the °
assumption of 0.1% gross cladding failures and the assumption that the
Pu fraction in leached fuel is only 0.1 of the original fraction,
burdens of fuel contamination of the primary circuit can be estimated.
The annual leaching rate thus calculated is 130 gm per year of
metal fuel atoms, of which about 2.5 gm would be plutonium. This
would represent about i? Ci of plutonium activity, most of which would
be beta activity of 2

It should be emphasized here that the failure rates and release

fractions .assumed in calculating all types of release from LMFBR
fuel were, to a certain extent, arbitrary and may be proven high by
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Table 6.8

Example Equiliibrium LMFBR Cover-Gas Activity from Failed Fuel for
k Various Delay Times After Birth for Gaseous Radionuclides

N _ (1% fuel failure, 75% release) .
: Curies | 14 :

Nuclide  "Half-Life" 0 10m h . sh 15h

8 3.18m 2.69x10°  3.08x10° .zqgfﬁﬁ

Bxe  3.82m L a0 1.3ea0% 12

138ye  14.2m 5.87x10°  3.60x10°  3.14x10*  .256
135M 15.7m 2.59x10° 1.6§x165 1.88x10% L4

8r  76m - 1.6§x]o5 1.55x10°  9.90x10% - 8.44x10° 59.2
83m¢  1.86h s.26¢10° 4910t 3.eax0® 780 206

8B 20 207a0° T9x0® 160’ e.aaxaot s.17x108
8  4.4n 9.76x10* " 9.s0x10*  8.32x10%  4.41x10%  8.99x10°

3% 9.16h 1.06x10°  1,03x10°  9.80x10°  7.24x10°  3.14x10°
138BMe - 2,264 2.79x10% 2§}q5104 2.74x10%  2.61x10"  2.31x10%

Bye 5274 1axa0® 0% 1.4a0® 1.10x108 1.05x108
131myq 1]498d 3.30x10° 3.30x183} 3.30x10%  -3.30x10%  3.17x10°

8¢ 0.76y 20.2 0.2\ 20.2 20.2 20.2
Total” 273005 3.39x10°  2)58a0°  1.97x10°  1.40x10°

r
[ |
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Table 6.8

Example Equilibrium LMFBR Cover-Gas Activity from Failed Fuel for
Various Delay Times After Birth for Gaseous Radionuclides
(1% fuel failure, 75% release)

Curies
Nuclide  "Half-Life" 0 10m Th 5h 15h
8, 3.18m 2.69x10°  3.08x10% 269
V37ye  3.82m 8.54x10°  1.36x10°  12.8
138y, 14.2m 5.87x10°  3.60x10°  3.14x10% 256
13m0, 45.7m 2.50x10°  1.66x10°  1.84x10% .47
8¢ 76m 1.69x10°  1.55x10°  9.90x10%  8.44x10%  59.2
83my. 1. g6h 5.26x10%  4.91x10%  3.64x10% 789 206
8y 2.79m 2.07x10°  1.99x10°  1.62a0° 6.19x10%  5.17x10°
8y 4.4n 9.76x10%  a.sox10%  8.32x10%  4.41x10%  8.99x10°
135%.  9.16n 1.06x10%  1.03x10%  9.80x10°  7.24x10°  3.14x10°
133mye 2.26d 2.79x10%  2.79x10%  2.7ax10%  2.61x10%  2.31x10%
13e  5.27d 1aax10® o 1aaxae®  1axa0® 1.0x10° 1.05x10°
13Imye  17.96d 3.30x10°  3.30x108 3.30x10°  3.30<10°  3.17x10°
8% 10.76y 20.2 20,2 ~ 20.2 20.2 20.2
Total 4.73x10°  3.39x10%  2.58x10%  1.97x10°  1.40x10°
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Nuclide
85Ky
30gp-y
106Ry-Rh
1255
125qTe
*1340¢
137Cs-Ba
14bCa-pr
147pp
1515y
. 1S4E,
155E,
241py (g)
Pu (a)
Pu

Table 6.9

Annual Releas:
(Ci)

1900
30
4600

150
1100
900
100

20
0.6

2.5 grams

Calculated Annual Activities of Long-Lived
Radionuclides Entering Primary
Sodium from Failed Fuel

Activity Present One
Year After 30 Year
Operation Period
(Ci)

25,000

600

6000
40

10

350

30,000

800

500

50

60
400
20

75 grams

*Activation product of 133Cs (daughter of !33Xe); therefore, activities
depend on irradiation history of failed pins, i.e., time of failure.
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a significant factor in future years. However, the numbers used
were reasonably consistent with experience and do serve as a conve-
nient basis for calculating releases. If, for example, overall fuel
failure rates are 0.1% instead of 1%, the gas release estimates

may be scaled down by a factor of ten, etc.

Returning to the question of fuel leaching from pins having
gross cladding failures, this leaching may indeed be the ultimate
limiting factor on fuel performance. Little information is available
on the magnitude of fuel contamination which can be tolerated in
the primary circuit. Certainly %%-5 operated with plutonium con-
tamination from failed elements,4> and DFR has found no problem with
having about 0.5 gm of fuel in the primary coolant;64 however, only
20 mg of this was plutonium. Perhaps the best estimate of how much
fuel leaching will be tolerated can be found by looking at the
question of tramp fuel (Section 5.4 of this report). Tramp fuel
inventories per unit fuel pin length consistent with those seen in
SEFOR, EBR-II, and Rapsodie would indicate total tramp fuel ,
1nventor1es of 0.5 gm in a large LMFBR, of which about 0.1 gm would
be Pu. To restrict fuel leaching to this order of magnitude per
year would require a reduction by more than a factor of 200 of the
leached fuel mass calculated above; however, the observed pre-
ferential leaching of U over Pu can result in annual Pu leach
rates calculated above that need only be reduced by a factor of 20
to approach the magnitude of Pu inventories in tramp fuel.
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7. FISSION PRODUCTS IN SODIUM SYSTEMS

Fission products may enter the primary sodium from the fuel,
either through failures in the cladding, or from the purposeful venting
of fission product gases to the sodium. The extent of fission product
release from fuel is discussed in Section 6.

In that section it was noted that fission product gases (e.g. Xe
and Kr) escape from both fuel failures and vented fuel. Ilodine is
volatile at fuel temperatures and some escapes; some cesjum and
rubidium enter the sodium by the decay of xepon and krypton
precursors before these gases escape from the sodium. The major source
of fission products such as 137¢s, 90sy, 140Ba, 957, and 141Ce
is the leaching of fission products from the fue] in large c]adding
ruptures. The release of fission product tritium was discussed in
Section 5.1.3; it can be assumed that all tritium from ternary fission
enters the sodium.

Much of the interest in cleanup of solid fission products is
generated by analyses of reactor accidents in which relatively large
amounts of fuel might melt and come directly into contact with sodium.
Although this report is concerned with normal operation, some solid
fission products enter the sodium even in normal operation; therefore,
results are presented for the behavior of solid fission products in this
report.

In the first part of this section. a review of fission product
behavior in sodium is presented, including operating experience for
sodium-cooled reactors. In the second part, the role of the cold
traps in sodium purification is discussed. This second part will
include discussions of (a) cold trap operation, (b) cold trap
experimental results, and (c) cold trap operating experience for
sodium-cooled reactors.

7.1 Fission Product Behavior in Sodium

Fission products entering the sodium generally experience one
of the following fates: (a) escape to the cover gas, (b) deposit
on system surfaces, (c) removal by a cold trap, or (d) they remain in
solution in the sodium. The thermodynamics of vaporiz?tion (hence,
of process a above) is reviewed by Castleman and Tang.

A review of fission product behavior in sodium is given by
Castleman.2 His article forms the basis of much of the review here,
although it has been augmented with additional material. Of particular
interest is a loop experiment reported by Plumlee and Novak
which fission products and fuel were leached from a purposely defected
fuel pin by flowing sodium, and the fate of the fission products in the
Toop was determined.. (This experiment was also reviewed in Section 6.) In
particular the relative retention in the sodium versus dep?g}t1on
on the cold stee& surfaces of the system was measured f?r

(alkali metal) (alkaline-earth metal), 144ce and '47pm (rare earths),
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the resul&s of which are discussed in the sections below. Experiments
by Saroul™»? also provide information on fission product behavior

in sodium. Foliowing the review of each type of fission product,
operating from sodium-cooled reactors is repo-ted.

7.1.1 Behavior of Each Fission-Product Type

7.1.1.1 Noble Gases

The noble gases of principal interest are xenon and krypton.
Noble gases escape into sodium from leaking fuel (see Section 6).
Effectively all of the noble gases then escape from the coolant to
the cover gas within a few minutes after entering the sodium (See
Reference 6,7 for example).

The time delay before escape, however, allows some decay of
xenon to cesium and krypton o rubidium in the sodium. For example,
38¢s results from decay of 38ye. With the vented fuel of Dounreay
the on-line act1v1ty of the NaK coolant is 100 times the 24Na
?§§1v1ty with 138Cs reported as being the major contributor.8 Some
(half- 11§§ 17 min.) may escape from failed fuel, but the
ha]f 11fe of Cs is only 32 min.; hence, it would not be an
imgortant long-term environmental source in the sodium. Also some
37Cs is produced f{gm decay of 137Xe in the sodium; however the
short half-1ife of (4.7 min.) prevents much of it from escaping
from failed fuel. A]though significant 13%Xe (9.2 hr. half-life)
escapes from the fuel, its daughter 135Cs is relatively stable
(2 x 106 y). Perhaps some 88Rb is produced in the sodium from decay
of 88Kkr (2.77 hr. half-1ife) which leaks from failed fuel, but the
half-1ife is short (18 min. g so that t is not a long- term environmental
ob1em ghe daughters of gn Kr re stable; the resulting
Rb and 89Rb could activate to SRb and S6Rb, with half-lives of 18 min.
and 18.7 days respectively.

Vented fuel elements can be designed to delay fission gas transfer
to the sodium and thereby substantially reduce the entrance of the
short-lived noble gases into the sodium, as described in Section 6.7.
This was not the case for the vented fuel in Dounreay, however,
since the NaK was, in effect, able to contact much of the fuel directly
in Dounreay.. As noted above, in Dounreay 138Cs, which is the
daughter of 738Xe, is the _main source of activity in ¥§§ coolant
during on-1line operation,8 although the half-1ife of Xe is only
17 min.

Saroul reports experiments in the Pirana and Aetna faci]ities4’5
in which fission gases from molten irradiated uranium were allowed to
enter first sodium and then an argon cover gas. He reported
significant retention of noble gases by the sodium. However, un-
certainties concerning whether equ%]ibrium was reached and the meaning
of material balances led Castleman® to emphasize other noble gas
solubility experiments to argue that noble gas retention in the sodium
should be negligible.
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7.1.1.2 lodine

Iodine which enters the sodium reacts with sodium to form Nal.
Sodium jodide remains in solution in the liquid, with only small amounts
being vaporized into the cover gas, still as Nal. Extensive data
on Nal volatility have been reported by Castleman and Tang (e.g.
Reference 1) and by Pollock, Silberberg, and Koontz (e.g.

Reference 9). In Reference 9, relative volatility data for Nal
are reported in terms of a distribution coefficient, K;, defined as
the ratio of the mole fraction of solute in the vapor %o the mole
fraction of solute in the liquid.

Sodium iodide does not generally react chemically with other
fission products. Some reactio?owith cesium to form Csl is possible;
but Castleman, Tang, and Mackay'~ showed experimentaily that, for the
Tow concentrations and for the sodium temperatures involved in reactors,
CsI readily decomposes to Nal and Cs. This lack of reaction between
Cs and Nal was also confirmed by Cooper, Grundy, and Taylor.ll

It has been observed (for example in the Pirana experiments4) that
in stagnant sodium a large fraction of the iodine is concentrated
near the gas-liquid phase boundary. In other Pirana experiments,
when argon was bubbled through the sodium the iodine was distributed
homogeneously in the sodium.

Fission product isotopes of another halogen, bromine, are of
sufficiently short half-1ife not to be of environmental concern.

7.1.1.3 Alkali Metals

Cesium and rubidium are alkali metals, with cesium being the more
important for environmental considerations.

Plumlee and Novak3 found that cesium is retained in sodium far
more than any other fission product, which might be expected since
sodium itself is an a]k?g; metal. They report that in their loop
experiment, 50% of the Cs which was leached from the fuel remained
in the sodium and 50% plated out on the colder loop surfaces.

This finding is somewhat consistent with EBR-II experience (Section
7.1.2.2) and BR-5 experience SSection 7.1.2.3). It is also consistent
with the results of Clifford,34 which is described in Section 7.2.3.1
on cold trapping of cesium.

Cesium is present in both sodium 1iquid and sodium vapor as
elemental metallic cesium. Cesium reacts little with other fission
products. Cesium will react with carbon if present.1?Z

Cesium is highly volatile in sodium. Experimental results by
Pollock, Silberberg and Koontz? and theoretical and experimental
results by Castleman and Tang] indicated high volatility of cesium
relative to sodium (far higher, for example, than Nal). Clough and
Wadel2 confirmed these high volatilities. They found, further, that
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the volatility was decreased significantly either by adding graphite
or charcoal to the sodium or the gaseous phase. Cesium apparently
both reacts with graphite and is adsorbed on graphite surfaces.

The concentrztion of cesium does exhibit some inhomogeneity at
a sodium liquid-gas interface, with higher concentrations being found
near the surface than below the liquid level. On draining steel
vessels which contained cesium dissolved in sodium, Saroul found that
appreciable cesium remained at the vessel surface and a significant
amount had penetrated the vessel wall to a 3 to 4 , depth4 .5

Although less work has been reported on rubidium, its properties
are similar to those of cesium. For example ‘astleman reports
thermodynamic properties for rubidigm which iadicate that it is also
highly volatile relative to sodium.

7.1.1.4 Alkaline-Earth Metals

Alkaline-earth fission products include strontium and barium.
Little of thegg mat8r1a1s ent?r the primary sodium from fuel failures.
However some °“Sr OSr, and 1408a has been observed in the sodium
from failed fuel in operating sodium-cooled reactors.

Plumlee and Novak3 reported that, of the 905r that entered the
sodium in their loop expsriment, only 0.024% remained in the sodium.
Hence nearly all of the Ogp presumably plated out on the system walls.

The alkaline earth metals have low volatility in sodium.
Castleman reports that their chemical state in sodium is not well
established; they probably interact with dissolved oxygen in sodium
but the nature of the oxygen compounds in sodium is not well known.é
Clough reports experimental values for strontium volatility in
sodium that are lower than expected for elemental Sr, indic?ging that
some relatively nonvolatile oxygen species has been formed. Later
Clough and Wade again sug?est that barium and strontium are present
in sodium as Ba0 and Sr0.12

Saroul reported in the Pirana expem’ments4 that ]4OBa - ]40La
tended to concentrate near the liquid sodium-argon gas boundary in
stagnant sodium.

Saroul also reported4 that most (83%) of the ]4OBa - ]40La
released from the uranium into the sodium deposited on the stainless
steel walls of the sodium vessel upon removal of the sodium at 250°C.

7.1.1.5 Rare Earths

Rare earth fission products include cerium, lanthanum and pro-
methium. Little cerium and promethium enter .the sodium' from fuel 144
failures although Plumlee and Novak3 found significant amounts of
and 147pm leached in their experiment. Lanthanum-140 is produced by
. decay of the alkaline earth 140Ba and is found with 140Ba.

Ce
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Plumlee and Novak3 report <0.0024% retention of ]47Pm in sodium;
hence nearly all of these two fission products plated out on the
system walls. Saroul also showed that most of the cerium and lanthanum
is transported to the walls of sodium systems.4’ “The rare earths
are relatively nonvolatile.

7.1.1.6 Transition Metals

. : 957, - Ppp .
Transition metals include among fission products.
Information on their behavior in sodium was not found. Such small
amounts cof_these two isotopes were leached in the Plumlee-Novak
experiment3 that relative retention in sodium and deposition on system
surfaces could not be measured. : -

7.1.1.7 Noble Metals

Noble metal fission products include palladium, rhodium, and
ruthenium. Little information on their behavior 83 sodium was found.
Plumlee and Novak report that a Targe amount of 106py was leached
from the fuel in their experiment and less than 0.023% was retained
in the sodium.3 Presumably, this means that niost plated out on the
system walls.

7.1.1.8 Tritium

The fission product tritium, and its behavior in sodium, are
discussed in Section 5.1.

7.1.2 Operating Experience with Fission Products in Sodium (or Nak)
Cooled Reactors (Excluding Experience with Cold Traps)

7.1.2.1 Summar

Zwetzig]4 has reported a summary of fission-product operating
experience in the coolant systems of sodium or NaK cooled reactors.
Table 7.1 is patterned after Zwetzig's summary; it includes his
results plus additional results as referenced in Table 7.1.

7.1.2.2 EBR-II

Activities of various radionuclides in the primary system of
EBR-II during 1971 (the last year they were publicly reported) are
Tisted in Table_A25 of A?pendix A. The principal fission products
observed are 137Cs and1311. Also observed was the activati?n product

34Cs which results from activation of the fission product 33¢s.

In July, 1971, the fission and acti¥%tion products on the pump
walls of the primary pump ysre reported. 137Cs was found on the
pump walls; 65% of the 137¢s was removed by cleaning the surface.

Also ]3765 was repour‘ted]5 in the walls of the primary tank at
the argon cover gas level. This was believed %g have resulted from
vaporization and subsequent recondensation of 137¢s.
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Table 7.1
Fission Products Observed in the Primary System of
Sodium and NaK Cooled Reactors (other than tritium)

Fermi ' ? BR-5.7 - EBR-111° Dounreay®
Neutron Spectrum fast fast | fast A fast
Coolant Na Na Na NaK
n Primary Coolant 14OBa—La,137Cs, . - 137c¢, 1314 ]4]Ce, 144c . 132,
895r’131I 144Ce, ]4]Ce, 144Pr, 13]I’ ]03Ru, 106Ru,
14OBa—La, 137CS 1321’ 137CS’ 9SZr-Nb,
136, 106, 1405, 14, 138¢,
%z¢0-nb, Vs, 131
e DA
22 ggégarJ Piping ]4]Ce, ]44Ce, 1331’ | 137CS ]408a—La
103Ru, 95Zr‘—Nb
In Cold Trap J37CS; ]36Cs, 1311’ 133I ]37Cs, 134CS 137CS
1351 9521 nb, '*%Ba-La
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Table 7.1 {Continued)

%EFOR
See Appendix A,
Rapsodie'® Table A21) sre 1 4+20 sgEr '
Neutron Spectrum fast fast thermal thermal
Coolant Na Na NaK NaK
In Primary Coolant 137Cs 86Rb ]4]Ce, 1311, 103Ru ]37Cs, 1311, 132Te_I
137cq, 835y, 90g. 957 b,
]4OBa-La, ]44Ce, 106Ru
gg g:;gary Piping 14]Ce, ]37Cs, 1311’ 895r, QOSr, 952r-Nb, 895r, QOSr, 95Zr-Nb,
1321’ ]AOBa-La, ]44Ce, 137Cs, 106Ru 103Ru ]44Ce, 106Ru-Rh:
957 -Nb, Vsr-y, 1405, 12, Hce
91Y
In Cold Trap ]37Cs, ]O6Ru, ]44Ce-Pr




An interesting results concerns ?gqreqat1on in the primary
sodium system of EBR-II at Tow temperature After a reactor
shutdown on November 15, 1970, the primary pumps were turned 8;f and
the sodium was cooled to 350°F on November 17. %gmpling of 13/Cs and
22Na continued during and after_this time. The 42Na activity in the
sodium remained constant. The 137Cs activity, however, steadily
decreased from 11 nCi/gm Na to 4 nCi/gm in one month. This decrease
can be seen in Table A25 of _Appendix A, as reported in Reference 16.
It was supposed that the 137¢s segregated from the bulk of the
quiescent sodium and concentrated at the sodium-metal and sodium-gas
interfaces in the primary tan% After the sodium was reheated and
operation again started, the 37Cs activity returned to its original
value, as can be seen from later results in Table A25, Appendix A.

7.1.2.3 BR-5

The following results for BR-5 operation were obtained from
Reference 17.

- The USSR sodium-cooled PuOp-fueled 5MW(th) BR-5 fast reactor was
operated for 8 years from 1959 to 1967. At the end of the first stage
of operation (1962-1964) there were 63 assemblies with Pu02 fuel with
5.0 - 6.5% fuel burnup in the core. Between 1964 and 1967, the reactor
was operated with PuC fuel, to 2.4% burnup. Integrated power for the
8 years was 4100 MW days.

During the eight years of operation there was no situation
endangering the integrity of the reactor because of sodium leakage
from the heat-transfer system. No sodium leakage occurred at pipe
welds. Isolated leakages did occur in liquid metal fittings, through
the level metering devices, in the heat exchanger equipment, and
through a fault in the drainage piping of the primary circuit. Four
of 65 valves were replaced due to sodium leaks.

A unique feature of BR-5 operation was long-term operation with
an excessive number of fuel failures. Before completion of operation
with the Pu02 core, 17 of the 63 fuel assemblies contained failed fuel.
The concentrations of fission product activities in the sodium and in
the primary system walls at the end of the first stage of operation is
given in Table 7.2.

Befgre 2% burnup, the reﬁgdual activity in the sodium was g%e
only to At 3% burnu? 7Cs was detected { ~ 20% of the
activity). At 5% burnup, 7Cs was 200 times its activity at 3%
burnup, and other fission products were found in the primary sodium
(see Table 7.1).

7.1.2.4 Dounreay

Dounreay fuel is U-Mo alloy and is vented to the NakK coo]ant2
Dur1ng operation the fission product act1v1 ¥ és ~ 100 times the Na
act;vgty, the dominant isotope being 138Cs ( Cs activity = 0.6 Ci/gm
NaK
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Table 7.2

Fission Product Activity in BR-5 During
First Stage of Operation (1962-64)

Isotope Activity

Primary Sodium ‘ 131I 0.8 mCi/liter
137CS 7 mCi/liter
957 _Nb 0.3 mCi/liter
]408a-La 2 mCi/liter

Walls of Primary System 131I 70 mCi/cmz
3es 78 wCi/cm
957 -Nb 55 mCi/cm’
]4oBa—La 19 mCi/cm2

Table 7.3

Gamma Activity of Fission Products in DFR Coolant,
6 Days After Sampling

Energy(MeV) Possible Isotopes "~ Activity (uCi/gm Nak)
0.14 183¢, | 144¢¢ 0.7
0.22 132;4 1.2
0.364 131, 6.8
0.5 103p,,, 106, 0.7
0.67 132y 137¢g 7.3
0.76 97rNb | 2.3
1.6 140g, 12 8.8
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The fission product gamma activities 6 days after sampling
in the DFR coolant are given in Table 7.3.8

7.1.2.5 R\igsodie | |

k
After three years of operation, including 500 equlvalent days at
24 MW, Rapsodxe was shut down for conversion to 40 MW operation. At
that time a sthdy of fission groducts in the sodium was made and the
results are summar1zed here. ! Operation had proceeded with one

failed fuel pin, w1th direct contact of sodium coo]ant and the UO2-Pu0,
fuel.

]37Cs and ]4OBa were the main fission products deposited on
primary system pipes. .
- y a4 . 141
Fission ducts deposited on the pr1 ry pump included: " Ce,
137¢, 131 ?58{ ﬁoBé‘a\;La ngr Nb ,and BBEY Y. " The axial
distribution of 137¢s was: plotted in Refenence 18 for the primary pump.

The ]37Cs level in the;primary soeihm rose steadily to 0.05uCi/gm
Na at the end of the 500 effective dayé of operation at 24 MW.

The primary pump was decontamlnated by a]gernate washing in
water and dilute nitric ?39 phosphor1c acids. A 90% decontamination
factor was obtained for Cs, which was not considered adequate for
‘future work. A sample steel boit ‘from the pump was washed with alcohol
with a resulting 99% decontamjnation factor, but it was considered
too dangerous to use alcohol, for the, entire pump.

7.1.2.6 SRE

During Run 14 of SRE from July 12 26, 1959, fuel element cladding
failures occured in 14/0of the 43 elements. The total accumulated
irradiation through Run 14 was 2426 MWd. The fuel in SRE was
metallic uranium, bonded with NaK, and clad in stainless steel. 20
The fate of f1ss1on products from these failures is well documented
and is reviewed here in some detail. Unfortunately some uncertainty
exists on its direct app11cab111ty to an LMFBR 'system since 7 to
70 1bs. of carbon were also in the system.

Pr1or_tquun 14, small amounts of fission praﬂucts were found
in the primary sodium. The fission product levels detected prior to
Run 14 are given in Table 7.4, which is reproduced from Reference 20.

After Run 14 the fission product levels rose to the values listed
in Table 7.5, again reproduced from Reference 20. It is interesting
to note in th1s table that the variation in fraction of isotope
released 68 the primary sodium was only a factor of 10 between the
Towegt (103Ry) and the highest (137Cs) isotope.

In Table 7.6 are listed primary sodium Tevels for three samp11ng
y dates -- at the end of Run 14, 3 months later, and one year later.
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The fission product gamma activities 6 days after sampling
in the DFR coolant are given in Table 7.3.8

7.1.2.5 Rapsodie

After three years of operation, including 500 equivalent days at
24 MW, Rapsodie was shut down for conversion to 40 MW operation. At
that time a study of fission groducts in the sodium was made and the
results are summarized here.) Operation had proceeded with one
failed fuel pin, with direct contact of sodium coolant and the U02-Pu0,
fuel. '

]3705 and ]4OBa were the main fission products deposited on
primary system pipes.
. . . . 141
Fission ducts deposited on the primary pump included: " Ce,
137¢s, MI, 1527 ﬁoBa-La, 8g2r~Nb,and 8sr- Y. The axial
distribution of 137Cs was plotted in Reference 18 for the primary pump.

The ]37Cs level in the primary sodium rose steadily to 0.05uCi/gm
Na at the end of the 500 effective days of operation at 24 MW.

The primary pump was decontaminated by a] ernate washing in
water and dilute nitric TQQ phosphoric acids. A 90% decontamination
factor was obtained for Cs, which was not considered adequate for
future work. A sample steel bolt from the pump was washed with alcohol
with a resulting 99% decontamination factor, but it was considered
too dangerous to use alcohol for the entire pump.

7.1.2.6 SRE

During Run 14 of SRE, from July 12-26, 1959, fuel element cladding
failures occured in 14 of the 43 elements. . The total accumulated
irradiation through Run 14 was 2426 MWd. The fuel in SRE was
metaliic uranium, bonded with NaK, and clad in stainless steel. 20
The fate of fission products from these failures is well documented™
and is reviewed here in some detail. Unfortunately some uncertainty
exists on its direct applicability to an LMFBR system since 7 to
70 1bs. of carbon were also in the system.

Prior to Run 14, small amounts of fission products were found
in the primary sodium. The fission product levels detected prior to
Run 14 are given in Table 7.4, which is reproduced from Reference 20.

After Run 14 the fission product levels rose to the values listed
in Table 7.5, again reproduced from Reference 20. It is -interesting
to note in this table that the variation in fraction of isotope
released_to the primary sodium was only a factor of 10 between the
Towest (103Ry) and the highest (137Cs) isotope.

In Table 7.6 are listed primary sodium levels for three sampling
y dates -- at the end of Run 14, 3 months later, and one year later.
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Table 7.4

Typical Radiocactivity Levels of SRE
Primary Sodium Prior to Run 14 20

Sample No. R-24 R-27 R-32

Sampling Location Material Evaluation Reactor Pool Material Evaluation
Facility Facility

Date of Sample Removal 10/2/58 2/6/59 4/14/59

Date of Last Reactor Scram  9/25/58 1/29/59 4/6/59

Specific Activity (uCi/gm Na)

5vb-2r — 5.2x10~2 2.9x10™3
103gy, 5,9x10~% 8.0x10™ ———
106p, 2.2x10-3 — [
131 5.1x1073 1.6x1072 4.0x10~2
137¢g 5.1x107% 6.5x10™%  1.5x10~2
180pa-1a —_— 2.8x107% | _
14lce — 5.4x10~" 4.3x10-2
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Table 7.5

Initial Fission Product Analysis of SRE
Primary Sodium After Run 1420

~
T Primary Coolant Activity Total Coolant Inventory Total Reactor Inventory f‘.xaetié’i\/flnventow
Isotope {uCi/gm Na)@ {curies)? {curies) ” Pelea
1370g 1.26 2.77x101 8.70x103 3.18x1073
134cg 0.02 -4x10-1 2102 2x1073¢
8 sr 20.0 4.44x102 1.60x105 2.78x107:
9 0gr 0.97 S 2.14x10! | 8.15x10° 2.63x107°
_ 1311 0.74 1 63x10! 1.68x10" 0.97x1073
_‘ lilce 4.38 9.65x10} 1.27x105 n.76x10-3
g Litce rere 1.41x102 1.69x105 n.67x1072
Logara " 165 3.63x10} T 5.61x10% 0.65x10"?
_, S 13.9 3.06x102 5. 33x13“ | n.55x10~?
103py 0.95 2.09x10! 7.52x10% 0.28x1073

(a) As of July 26, 1959

(b) Multiply values in this colum by -3 to adjust fraction released to average values for those fuel elements
which suffered cladding failures (14 of 43 elements failed).

(c) Fram neutron capture in 133cg; estimated.
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Table 7.5

Initial Fission Product Analysis of SRE
Primary Sodium After Run 1420

Primary. Coolant Activity

Total Coolant Inventory

Total Reactor Inventory

Fraction of Inventory

Isotope (uCi/gm Na)@ (curies)?@ (curies) Releas
1370g 1.26 2.77;101 8.70x103 -3.18x1073
1340 0.02 ~4x10-1 2x10%° 2x10-3¢
Bgr 20.0 4.44x102 1.60x105 2.78x1073
9 0gy 0.97 2.14x10! 8.15x103 2.63x1073
131y 0.74 1.63x10! 1.68x10% 0.97x1073
1hlce 4.38 9.65x101 1.27x10° 0.76x10-3
thce 5.18 1.41x102 1.69x105 0.67x1073 .
140y 18 1.65 3.63x10! 5.61x10% 0.65x1073
9 Szr-nb 13.9 3.06x102 5. 53105 0.55x10-3
103gy 0.95 ' 2.09x10! 7.52x10% 0.28x1073

(a) As of July 26, 1959

(b} Multiply values in this colum by ~3 to adjust fraction released to average values for those fuel elements

.

which suffered cladding failures (14 of 43 elements failed).

(c) From neutron capture in 133cg; estimated.
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Sample Date

Time After Run 14

137CS

Table 7.6

Fission Product Analyses of SRE Primary Sodium
As a Function of Time After Run 14 20

7/26/59

0

1.26
0.02
20.0
0.97
0.74
4.38
5.18
1.65
13.9
0.95

Primary Coolant Activity (uCi/g Na)

10/31/59

97 days

0.45
0.006
0.25
0.060
0.00012
0.000088
0.00031
0.0067
0.0045
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7/26,/60

1 year

0.028

Undetectable
Not analyzed
Not analyzed
Undetectable
Undetectable
Undetectable
Undetectable
Undetectable

Undetectable

Ratio
Oct. 31 (actual)
Oct. 31 (decay

only)

0.36
0.3
0.043
0.062
0.63
0.00016

0.00008

0.6013

0.024



Also listed are the ratio of the Oct. 31 results to the values which
would result if radioactive decay were the only loss mechanism for
the isotope. The fact that the ratios are below unity indicates

that other mechanism such as deposition on primary system walls or
deposition in the cold trap are effectively removing.fission. products
from the sodium. Discussion of cold trap purification of the SRE
system is given later in this sect1o? {see Zsction 7.2.4 ﬁ}

July 26, 1960 (one year later), the Ba-La, and 1 Ce had
decayed to th xten? §hat they yere undetectab]e. However the
decreases in Ru, and 137Cs were attributed to other removal
mechanisms, such as cold trap cleanup. A strontium analysis was not
made in the final sample. ‘

Analysis of fission product activity on primary pipe samples
was also made. Residual sodium on samples of pipe walls was
removed by methanol and water. Next the pipe was subjected to a
series of etches by hydrochloric acid. Sodium, methanol wash, and
HCY etch solutions were analyzed. An example analysis of the etch
solution at the surface is given in Table 7.7. _gn additi?n
Reference 20 shows a graph of the activities of 5Zr-Nb, 4dCe, and
37¢s as a function of depth into the pipe wall, to a depth of 0.2 mils.

7.1.2.7 SEFOR

The only fission product reported in the SEFOR sodium was SCRb
(see Appendix A, Table A22), which is actually an activation product
of 85Rb which results from decay of 85Kr.

7.2 Cold Traps
7.2.1 Brief Description of Cold Trap Technology

Cold traps are used for the purification of sodium in liquid metal
cooled reactors. Impurities are removed in cold traps by precipitation,
making use of the fact that solubilities are reduced by lowering the
sodium temperature, and by adsorption on surfaces in the cold trap.

The principal impurity to be removed by a cold trap is sodium
oxide (Nas0). 0perat1on of the cold trap, including temperature and
duration of operation, is governed by the need to reduce the oxygen
content of sodium. The principal mechanism for oxide removal is
precipitation. Traps operating in the 2500F to 300°F range can hold
the oxygen content down to the 1 ppm to 3 ppm (parts by weight) level.

*A recommended equation for oxygen solubility is given by Eiche]bergerZ]

as follows: log S = 6.239 - 2447/T(9K), where S = ppm by weight of
oxygen in sodium. This expression was based on 107 solubility
determinations from five laboratories. Published work at that time
(1969) represented a serious lack of agreement however, so that better
data may be available by now.
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Table 7.7

Example of SRE Primary Pipe Wall Fission-Product
Contamination from HCL Etch at Pipe Surface 20

Isotope Contamination Level*
(uCi/cm?)

90gr 0.78

957r-Nb 2.7

likce 2.1

137¢g 0.022

*Corrected for radioactive decay since 7/26/59 for
camparative purposes. '
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Other nonradioactive impurities removed by cold traps include carbon
and hydrogen.

Cold traps are also effective in removing some fission products
from the sodium. Removal occurs even when the fission product
concentration is lower than the saturated value for the material at
the cold trap temperature. For some materials, such as cesium and
sodium iodide, the concentration in sodium at a metal surface is
higher than the concentration in the bulk liquid, and adsorption or
some other transfer mechanism occurs at the surface to remove the
material from solution.

A Brief review of cold trap operation and experience is given by
Hinze.2

In a cold trap a bleed stream from the main sodium system (i.e.
the primary or secondary system) is cooled, and precipitation of the
impurity (e.g. Naz0) occurs. A large surface :on which the impurities
are collected is present in the trap, frequently in the form of
stainless steel mesh. The collection process includes one or more of
the following processes and operations: crystal formation and re-
tention on metal surfaces, filtration, and settling. After leaving
the cold trap (or the stcel mesh part), the sodium is reheated and
returned to the main system. Initial reheating is generally done in
an economizer (usually, but not necessarily, external to the cold trap)
in which the exiting stream is heated by cooling the incoming bleed
stream.

Hinze22 describes early designs and experience for the cold traps
for the Submarine Intermediate Reactor (SIR?, Fermi, EBR-II, Sodium
Reactor Experiment (SRE), Hallam (HNPF), and Dounreay, and also
reports some USSR experience. Both the Fermi and the EBR-II primary
cold traps were 500-gallion traps containing stainless steel mesh.
Only one trap was in each primary system. The traps were run until
they "plugged" with oxide, i.e. until the pressure drop across the
trap due to oxide deposition increased such that insufficient flow
could be maintained. In some cases (e.g., the primary trap in Fermi
and the secondary trap in EBR-II) the trap plugged early during the
purification of the sodium. Then a new trap was installed which has
not yet required replacing. The primary cold trap in EBR-II lasted
until June, 1968, when it was replaced.

SEFOR had two primary cold traps, only one of which was operated
at any one time. Each trap had to be replaced after one year (~ 1500 .
hours of operation each) due to plugging.23 Total Nay0 collected was
V200 1b. Excessive oxide buildup had resuited from zero power
operation with the vessel cover removed, when the argon in the
refueling cell and over the sodium was contaminated from excessive
leakage of nitrogen (and oxygen impurity) from adjacent cells.

The first Fermi primary trap was also removed prior to power
operation. The trap was examined by Westinghouse; however, the
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reportzi is not avaiiable to the public and no final public report was

jssued. The report was available to Hinze, however, because he
reports in Reference 22 that the trap was found to contain 50 1b. of
oxygen, 1 1b. of carbon, and lesser amounts of hydrogen, nitrogen,
and metallic impurities. -

The above experience indicates that it is difficult to predict
how long a coid trap will last in an LMFBR power plant. Hence, it is
difficult at this stage to estimate how often cold traps, with their
accompanying charge of fission and activation products, will be
shipped away from the reactor for decontamination or storage in the
environment.

Brief descriptions of cold traps appear in the 1000 MWe follow-on
reports. For example Reference 25 (the GE design) shows four primary
system cold traps operating in parallel and six secondary system cold
traps. Each trap (in both systems) has a 20 cu ft volume (150 gallons)
and a maximum oxide capacity of 560 1bs. The traps are constructed
of 304 stainless-steel, each with a 35 inch high and 3%:Anch#dfameter
bed of stainless-steel packing. The traps are cooled by forced
convection of the cell atmosphere nitrogen. The economizers are not
"built-in", but are separate from the cold trap.

7.2.2 Cold Trap Decontamination Terminology

It is useful to review some of the theory and definitions
concerning cold traps in order to appreciate the data on fission product
removal reported in the literature. Different reports quote a
variety of measured or design quantities but no summary of the
relations between these quantities was found. Hence, this background
is provided in this section.

A number of reports on removal of fission products by cold
traps report values for a surface deposition constant K. This constant,
with units of length, is defined as: -

K = drams deposited/cm2 of deposition surface area
grams/cm3 concentration in sodium

This constant is generally found to be inversely proportional to the
absolute temperature of the sodium. Experimental information for cesium
and iodine is reviewed below in Section 7.2.3.

Another parameter that is used in cold trap technology is a
"decontamination factor," D. For a particular nuclear species,

this factor is defined as: Concentration in coolant

D =Decontamination factor = without coid traps operating
Concentration in coolant
with traps operating

* Personal communication, P. Cohen, Westinghouse, December 21, 1972.
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Another related term in use is a "Concentration ratio", C, defined
for a particular nuclear species as: 3
Grams in trap/cm” sodium in trap
C = Concentration ratio = Concentration in remainder of the
system

The factors D and C are related as follows:

Let X

concentration in the system without a trap

Y = concentration in the system outside the cold traps, with cold

traps operating.

system volume

VT cold trap volume

If traps are opérating, the concentration in & trap is CY. From
conservation of total production of the particular nuclide with or
without trap operation,

XVS = YVS + CYVT

The decontamination factor, D, is related to X and Y by: D = X/Y.
Therefore
VT
D=1+C

Vs

Values of concentration ratic found at SRE are given in Section 7.2.4.4.
Cold trap efficiency, € is freguently repofted, where € is the

efficiency for precipitation, defined as:

- entering concentration - exit concentration
entering concentration - saturation concentration at the
minimum ccld trap temperature

None of the parameters listed above are related to rate of
deposition in a cold trap. The experimentai work found on cold trap
deposition did not provide information on deposition rate. Atomics
International does, however , provide for & rate calculation of cold
trap deposition in their STP-1 fission product transport code.26,27

Shown be%gw is an equation similar to one proposed by Atomics

International to describe the removal rate of material i from the
sodium in a cold trap:
i i

i i
N —p i N o)y o+ N (1 - e® PZ/F)
dt v 7 (1)

C
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b3
p~ 2
1]
]
(1]
=
1]

atoms of nuclide i in coolant (atoms)

c
Vc = volume of coolant in total primary (or secondary) system (cm3)
el = cold trap efficiency for removal of nuclide i
F = flow rate in the trap (cm3/sec)
ci = solubility of nuclide i in_the trap at the minimum cold
trap temperature (atoms/cm %
P = surface area per unit length of traps (sz)
k! = deposition rate parameter of the trap (atoms deposited/sec/cmz)
atoms/cm3
Z = length of trap (cm)

Only depletion is considered in the above equation (no source term is
included). . -
N

The factor (V&—-- 91y is a measure of the excess of the concentra-

C

tion above saturation, and therefore the first term of Equation (1)
represents removal by precipitation. This term is assumed to be
positive or zero in the Al codes.

The second term of Equation (1) represents deposition by
adsorption. The following derivation of the second term is useful to
provide an understanding of it:

Let Nc(t)/v = Concentration of an impurity entering the trap
(equal to the average concentrat1on in the total
system, (atoms/cm3)

Nc(z,t)/vC = concentration at height z in the trap
The change in NC as a function of height is:

[ Nc(z,t)] Nc(z,t) P

Vc F

Integrating from z = 0 to Z, and letting N _(Z.t) = N_(t) at z = 0, gives
_ - xPZ/F
NC(Z,t) = Nc(t) e |

Q)IQJ
N

Next we consider the time dependence of N The transit time of
the sodium in the cold trap is PZ/F. Hen%e,
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dNC(t) . NC(Z,t) - Nc(t)
at PZJF

_ N (1) (1 <FEE
PZ/E

which is the second term of Equation (1).

Information on the deposition rate parameter xwas not found.
Perhaps it is dependent on conditions in the cold trap which vary with
time, thus making «xtime dependent.

It is noted further that the parameter xin Equation (1) is a
deposition rate (i. e. per sec) whereas the deposition constant K
is an equilibrium-type vaiue and not related to a rate. ATthough
many of the experiments which report K are made in fiowing sodium,
it remains uncliear how the two constants xand K are reiated -- a re-
lation that is necessary before using Equation (1).

7.2.3 Experiments on Cold Trapping of Particuiar Radionuclides

7.2.3.1 Cesium

Cooper and Tay?orzg of Westinghouse studied cesium sorption from
sodium by the following surfaces: polished 304 stainless-steel, as-
received 304 stainless-steel, polished nickei, single-crystal
aluminum oxide, and oxidized zirconium. Cesium concentrations from
<0.1 apm (atom parts per miilion) to 46 apm were studied.

It was concluded that cesium was sorbed by Van der Waal forces
as opposed to chemisorption. Numerica; results showed the sorbed
cesium surface concentration (atoms/cm¢) to be inversely proportional
to temperature and directly proportional to cesium concentration in
the sodium (atoms/cm3).

Later the same experimenters ran experiments on cesium trapping
by 304 stainless steel to study the effect of Naz0 on deposition
rate.29 Cesium was coid trapped from almost oxygen-free sodium and
from sodium containing oxygen. Initial cesium coricentrations were
0.13 and 0.059 apm. Their results are reported as fraction of the
initial cesium removed by cold trapping, and this fraction varied from
0.18 to 0.52.

Among their conciusions were:

1. Cesium is removed from flowing sodium by reversible physical
adsorption on metal surfacas in the absence of precipitated Na20, or
by adsorption on both metal and Na20 surfaces in the case of Napg0
precipitation.
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2. Precipitation of Na,0 increased the Cs fraction removed
from the sodium. Values are given for atoms of cesium deposited
per cm of surface and per gram of sodium for various conditions
2particu1ar]y oxygen concentrations) and for various flow rates

flow rate had little effect).

3. Adeduate LMFBR Cs traps can be designed based on adsorption
on clean metal surfaces. Precipitation of Naj0 in this trap would
increase the capacity.

Iwetzig, Guon, and Sﬂberberg26 of Atomics International showed
relative trapping levels by stainless steel for cesium concentrations
of 65 ppm and three different oxygen concentrations (5, 55, and 105
ppm), as a function of temperature. The deposition levels increased
with increasing Na20 concentration, and the iog of the deposition
level was inversely proportional to temperature. Deposition occurred
at temperatures above which Nas0 had not precipitated, indicating
that adsorption occurs directly on metal instead of on Na20. Later
studies of deposition of cesium on 304 stainiess steel in the range
of cesium concentrations of 0.7 to 6 ppm and ogﬁgen concentrations
from 10 to 25 ppm were reported by Guon of AI. Among the conclusions
were:

1. Cesium deposition requires the presence of a third constituent.

2. Cesium deposition and dissolution kinetics are rapid with
nc apparent hysteresis.

3. A deposition constant, K, (defined in Section 7.2.2) can
be used to express the partition of cesium between the sodjum solution
and stainless-steel wall, in agreement with eariier results from
Westinghouse28 for different cesium concentrations.

4. Surface treatments of stainless steel prior to sodium
loading can resuit in increased cesium deposition by a factory of
10 and possibly 100. The surface treatment referred to concerned
the temperature history of the surface prior to deposition; the
report shows a relation between K and surface temperature.

Further studies by Guon3] showed further distribution coefficients
(called a "partition parameter" in Reference 31) for cesium, barium,
and manganese on stainless-steel surfaces.

Recently Colburn of Westinghouse has presented two papers
summarizing work there on cold trapping of cesium and iodine. 2,33
In t?g first32 he reports distribution coefficients for both 137Cs
and 1371, Further conclusions presented in the paper were:

1. Large Cs deposits observed were not due to physically adsorbed
metaliic Cs but, rather, are part of a nonmetallic precipitate.

4
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2. The distribution coefficient for Cs and I at cold-trap
temperature is strongly influenced by non-metallic contaminants in
sodium.

In the second work33 Colburn studied mechanisms for cesium and
iodine deposition in sodium on stainless steel which had been previously
exposed to hydrogen or oxygen. Examination showed that the deposition
behavior was dominated by interactions with the nonmetallic
contaminants, i.e. hydrogen or oxygen. Tests showed that hydrogen
was more effective than oxygen. Colburn suggests that the importance
of the surface impurities and possible differences in impurity
concentrations between experiments could have led to earlier dis-
crepancies in cesium surface distribution coefficients, K, reported
in the literature. He reports experimental values for “phase
distribution coefficients," D, at 2500F of 8.5 x 10° for Cs and
2.27 x 100 for I, where

atoms of Cs (orl)/gram hydrogen in the deposit
atoms of Cs (orlI)/gram sodium in bulk solution

D =

He suggests that the intentional addition of hydrogen to the sodium
may enhance the ability to cold trap cesium and iodine (while
simultaneously enhancing tritium removal by isotopic substitution
in the hydride precipitate).

C]ifford34 showed that some cesium could be removed by cold
trapping, although most of the cesium remained in the sodium in
his experiments. In two loops which operated for 2300 to 2500
hours, equilibrium was believed to have bsen achieved with the following
cesium distribution: one third of the 13/Cs deposited in the cold
trap, one half remained in the sodium, and the remainder was distributed
around the system on stainless steel surfaces. Adding 100 ppm
oxygen ‘to the sodium had little effect on the amount of trapped 137Cs,
although the cause could have been that the oxygen was absorbed
elsewhere in the system than the cold trap. The hot leg of the loops
were operated at 5000C, the cold leg at 300°C, and the cold trap in
the range from 1100C to 1750C. A total of 3 to 4 mCi of 137Cs was in
each trap but no data was provided concerning loop or trap sodium
inventories.

7.2.3.2 lodine

Cold trapping of iodine fission products agpears to be effective.
Two reports on iodine deposition by Colburn32,33 aiso gave results

for cesium; hence they were discussed in the previous section on
cesium,

Cooper, Grundy, and Tay10r35 reported experimental values of
the distribution coefficient, K, for Nal in sodium. They found that
log K is inversely proportional to the sodium absolute temperature, as
was the case with cesium. This relationship held both for low iodine

concentrations { ©10-0 to 10-9 apm) and for high concentrations (0.05 apm),
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although the distribution coefficients for the high concentration were
about a factor of five larger than those at Tow concentrations. In
all cases, more than 90% of the iodine was removed by cold trapping

at 2500F, They also conclude that 99% of iodine may be cold trapped
in high oxygen/hydrogen systems or by the addition of sufficient
natural iodine to increase the concentration beyond the Nal solu-
bility 1imit at the cold trap temperature.

7.2.3.3 Strontium, Barium, and Zirconium

C]ifford36 reported some experience with strontium in cold traps.
He reported that strontium deposited on the stainless-steel and
zirconium surfaces of a cold trap at 3000 to 5000C, with the
strontium collection at 300°C being an order of magnitude higher
than at 5000C. Stlightly more deposition occurred on stainless steel
than on zirconium.

At BR-5, barium and zirconium were collected }n the cold trap,
but much less effectively than iodine and cesium. !

7.2.3.4 Tritium

Cold trapping of tritium (a fission product as well as an
activation product) was discussed in Section 5.1.3.2.

7.2.4 Operating Experience on Cold Trapping of Fission Products at
Sodium-Cooled Reactors

7.2.4.1 Summar

Experience at each reactor for which data are available is reported
in Section 7.2.4.

Fission products which have been observed in cold traps are
listed in Tables 7.1 and 7.8. ‘

Table 7.8

Fission Products Observed in Primary Cold Traps
of Sodium or NaK Cooled Reactors

38 137 134

EBR-II Cs Cs, 1
17
BR-5 | ]3705, ]36Cs, 1311’ 1331, 1351’ QSZr-Nb, 14OBa_La
8
Dounreay 137CS
SRES?

]37Cs, ]06Ru, ]44Ce-Pr
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7.2.4.2 EBR-II

Despite experimental work reviewed in_this report and results from
other reactors that show the success of 137Cs removal by cold traps,
EBR-I1 ?sysonnel maintain that the przmary system cold trap does not
reduce Cs sat1sfacto¥§1y at EBR-I1I1.37 This result is shown by
observing the reported 137Cs activity Tevels in the primary sodium,
as shown in Table A25 of Appendix A. In 1971 the level built up
to 20 nCi/gm Na from failed fuel, and stayed there.

Experience with jodine (and tritium--see Section 5.1.3.2) at
EBR-II was different. The cold trap does remove 1311 so that the
levels are generally below 0.1 nCi/gm in the primary sodium (see
Table A?gT Appendix A). Also EBR-II personnel can observe increases
in the I levels in the cover gas when the primary cold trap is
cut off.37 '

A primary system cold trap was removed from operation from EBR-II
in 1965. Unfortunately the contents of this cold trap were never
analyzed; the trap still sits in a field near EBR-II.

Recently limiggd data have been reported concernxng the EBR-II
primary cold trap. A gamma spectral scan of the rap gxr1ng 8
shutdown per1??51n 1 72 1dent1f]ed radiation from 2 6 CQ
657n, Sb, 134cs, and 137Cs. The ratio of the 37¢s to 2Na
activ1t1es Ya; ~18. The same ratio in the primary sodium was “0.36.
Hence, the Cs concentration ratio in the cold trap for this
measurement was ~50. This is far below the value reported by SRE
(see Table 7.9 below).

The dose rate from the cold trap during the 1972 shutdown was
90% higher than the value during a shutdown one year before, in
1970-71.  The measurements in the previous shutdown are reported in
Reference 15. The dose rate 2 in. from the surface was 290 mR/hr
at 132 days after the 1972 shutdown compared to 153 mR/hr at 132 days
after the 1970-71 shutdown..

7.2.4.3 BR-5

The BR-5 cold trap was reported to trap ]311, ]3703, and ]36Cs.17
More than 90% of the I and Cs activity was trapped. The cold trap
also collected zirconium and barium, but much less efficiently than
I and Cs.

The ]35Xe and the 133Xe activities in the cover gas were reduced
by factors of two and three, respectively, wh?n the co%d trap was
operating, due to trapping of the precursors 51 and
7.2.4.4 SRE

Extensive data are available from SRE cold trapping experience
because the cold traps were used to clean up the sodium system after
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Table 7.9

Comparison of Impurity Levels in SRE Cold Trap to those in Sodium
Coolant 22,39

Impurity In Cold Trap In Coolant Concentration Ratio
Carbon - 144-1550 p.p.m. 18-60 p.p.m. 2-80

137 4.0x10%,Ci/g 1.5x1072,¢i/g. 2.7x10°

125y, 4.3 uCi/g 0.6x10°2 ci/g. 7.2x10

Fe 200- >500 p.p.m. 50 p.p.m. 4- .10

Si 200~ >500 p.p.m. 50 p.p.m. 4- 410

Mn 50- 500 p.p.m. <5 p.p.m. 10- >100

Pb 5 >500 p.p.m. 10 p.p.m. 0.5- >50

Cr 5- >500 p.p.m. 5 p.p.m. 1- >100

Ni 10- 300 p.p.m. 5 p.p.m. 2- 60
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extensive fuel cladding failure.22’39 There was a large amount of
carbon in the system, however, which leads to uncertainty in applying
the results directly to a cold trap system without carbon. Hansen
provides arguments that oxide_impurity in the sodium was responsible
for the greater retention of 137Cs instead of the carbon impurity.

The most interesting results are the concentration ratios, which
are reported in Table 7.9. The large co?centration_ratio for
37¢s is particularly noted. The total !37Cs trapped was v10 Ci.
In addition to those shown in Table 7.9 (only one of which is a fission
product), the fission products 106Ru, 144ce-Pr, and 110Ag were also
observed in the cold trap.

7.2.4.5 SEFOR and Fermi

Although reports on oxide removal by cold traps in SEFOR23 and
Fermi22 are available (as discussed in Section 7.2.1), no results
were found on fission product rempval by cold traps at these facilities.
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8. GASEOUS RADWASTE MANAGEMENT

The proposed gaseous radwaste systems of FFTF and EBR-II together
with some review of present systems for EBR-II, Fermi, SEFOR, Rapsodie,
and Dounreay are discussed in this section. Also a comparison is
made with LWR gaseous radwaste systems.

The quantities of gaseous activity that will be released from
FFTF are expected to be trivial. This results from two factors:
(a) a sophisticated gaseous radwaste system will be used on FFTF, and
(b) there is virtually no liquid coolant leakage from an LMFBR from
which noble gases can escape to the environment. Although sophisticated
gaseous radwaste systems have not been used heretofore on fast reactors,
such systems will probably be used on future LMFBR power plants.
Nevertheless, results are presented here for 85Kr releases both with
and without such systems since their future use is not assured.

The current situation in LWR power plants differs from expected
future LMFBR plants for two reasons: (a) generally, gaseous radwaste
systems on present LWR's are not as effective as the FFTF system and
(b) significant coolant leakage occurs in LWR components, providing
a pathway for fission-product gas transport to the enviromment not
present in the LMFBR. In Section 8.4 current "typical" LWR gaseous
effluents are described together with projected reductions in these
effluents if such reductions are warranted.

The 85Kr releases from an LWR can be reduced to aboyt the same
levels as an LMFBR, assuming that sophisticated gaseous radwaste
systems are used on both. However, it is move difficult in the LWR due
to coolant leakage. Without an e]abggate gaseous radwaste system
on either the LMFBR or the LWR, the °°Kr release rate would be comparable
for the two reactors, with a slightly lower rate for the LMFBR.

The large contributors to total gas releases from an LWR are
the short-lived isotopes. These can be reduced to }ow values, but
this requires reduction or containment of coolant leakage, which is
- difficult. Since there is no routine coolant leakage from an LMFBR,
these short-lived isotopes are not released even from an "unsophisticated”
gaseous radwaste system that depends only on holdup time.

8.1 FFTF Gaseous Radwaste Systems]’z’3

The Fast Flux Test Facility (FFTF) is a 400 MWt sodium-cooled
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reactor, being designed and constructed at Hanford under the management
of the Westinghouse Hanford Company for the USAEC Division of

Reactor Development and Technology. The purpose of FFTF is to provide
experimental data in support of the LMFBR program in a number of

areas, including: fast neutron effects on fuels and materials; fast
reactor fuel performance; and system and component performances. In
keeping with this purpose, the design wil:. allow reactor operation with
continuous noble gas release to the primary system from up to 1%

of the fuel pins. Also, four special sodium-cooled closed loops will
permit testing of vented or defective fuel. FFTF is designed to
release practically zero quantities of radionuclides to the environment.
This "near zero release" operation will b2 achieved primarily by

means of high-integrity sealing of the primary sodium systems and
through the use of two gas processing systems, namely, the Radio-
active Argon Processing System (RAPS) and the Cell Atmosphere
Processing Systems (CAPS). Salient details of these features are
discussed below. ' :

8.1.1. Primary Sodium System Seals

The FFTF reactor will operate with a maximum outlet temperature
of the coolant of approximately 1050°F. At this temperature, the vapor
pressure of sodium is only 0.018 atmospheres absolute. In order to
prevent inleakage of air into the reactor, it is necessary to
pressurize the reactor with an inert gas. At FFTF argon has been
chosen for this service; the reactor cover gas pressure is nominally
10 inches WG or approximately 1.025 atmospheres absolute. The closed
loops require an argon cover gas pressure of about 55 psig in order to
prevent sodium pump cavitation. Since the argon cover gas lies on
top of the sodium in the reactor and closed loops, certain gaseous
fission products, primarily the Kr and Xe isotopes, which escape
from defective or vented fuel pins can disengage from the sodium and
collect in the argon cover gas. Consequently, it is important to
reduce the leakage of this potentially contaminated cover gas into the
reactor building.

To accomplish this, gas buffered seals are used in the reactor
head and in the closed loops. Each buffered seal consists of two seals
in series, with positive argon buffer gas pressure (e.g., 2 psig in the
reactor head seal) maintained in the annular space between the two
seals. Since all seals leak to some extent, there is some argon
buffer gas continuously leaking into the reactor and into the reactor
building from the inter-seal spaces. Therefore, it is necessary to vent
argon cover gas from the primary system, at a rate which depends on the
amount of leakage, in order to maintain the cover gas pressure in the
proper range. The flow rate of argon from the reactor cover gas region
is expected to be about 4 standard cubic feet per minute (scfm). The
closed-Toop cover gas will contribute an additional 0.02 scfm. This
flow of contaminated argon cover gas goes to the Radioactive Argon
Processing System (RAPS), where its activity is substantially reduced.
The relatively "clean" argon leaving the RAPS is recycled for use as
cover gas or for pressurization of the buffered seals.
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The buffer gas which leaks intc the reactor buiiding from the
interseal spaces shouid present no significant radiation hazard,
as it has practically the same sgegiffc activity as the effiuent from
RAPS. Although the references!s2s report no values for the volumetric
leak-rates into the reactor building, it is reasonable to assume a
value equal to the total leak-rate from the inter-seal spaces into
the reactor and the closed loops, i.e., about 4 scfm. The specific
activity of the buffer gas is estimated in Reference 1 to be 10-5 Ci/mi,
most of which is 85kr. Assuming this activity and the leak rate of 4
scfm, the rate at which activity leaks into the reactor building and
thence to the environment via the reactor building ventilation system
is:

3 5

28317 ml 1077 ,Ci 1440 min  _ -3 Ci
. X H X = 1.63 x 10 day

min ft m1 day

4 ft

Thus, the annual discharge of activity to the environment stemming
from leakage of buffer gas into the reactor building is only about 0.5 Ci.

8.1.2 Radioactive Argon Processing System (RAPS)

This system (RAPS) is designed to receive the contaminated argon
cover gas from the reactor and the four closed loops and to process it
on a continuous basis. The system is desigaed to process an inflow
of about 700,000 Ci of noble gases per day,c yielding a pugified
argon effluent having a specific noble gas activity of 1072 uCi/ml or
less, which corresponds to a maximum allowable specific activity of
1 MPC* for Kr-85.

The basic flow-sheet of RAPS is shown in Figure 8.1 Contaminated
argon, vented by pressure controllers from the various cover gas
regions, is piped to a surge tank, from which it is metered into a
processing loop consisting of four cryogenic charcoal delay beds,
four heat exchangers for removal of decay heat, a fractionation column,
a gas circulator, a surge gas storage tank, and various control
elements.

The delay beds are quite effective in hoiding up xenon (and
iodine, if any exists in the cover gas), less so for kr¥pton. Table
8.1 summarizes the delay times under design conditions.% For these
delay times, virtually all radioactive xenon and most of the short-lived
krypton is eliminated in the decay beds.

Argon leaving the last decay bed is recooled to -280°F before
being injected into the fractionation column. The stable xenon
isotopes and the krypton isotopes are concentrated in a pool of liquid
argon in the bottom of the fractionation column by the refluxing action

* From T0CFR20, Appendix B, Table 1 (maximum permissible average concen-
tration in restricted areas to persons of age 18 or morej.
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of the column. The fractionation column is expected to remove 99.9%
of the xenon and krypton isotopes from the gas stream. The purified
argon gaseous effiuent from the column is expected to have a specific
noble gas activity of 10-% uCi/m1 or less. The purified argon is
recycled back to the buffered seals.

" When it becomes desirabie to remove the accumulation of noble
gas nuclides in the bottom of the column, the column is isolated and
its contents are gasified and transferred to an ambient-temperature
tank for Tong term storage. Under design operating conditions (1%
defective fuel), the annual accumulation of Kr-85 in the fractionation
column will be about 300 Ci. Other noble gas nuclides will be
present in only trace quantities.

If it is assumed that,1éakage from RAPS is negligible, there is
virtually no release of radioactivity from this system to the
environment.

8.1.3 Cell Atmosphere Processing System (CAPS)

The primary sodium equipment cells are provided with virtually
inert atmospheres of nitrogen with approximately one percent oxygen.
The cells are sealed and the atmospheres are maintained by feed-and-
bieed pressure controis. Effluents from these cells are processed by
the Cell Atmosphere Processing System (CAPS) before release to the
environment.

The basic flow-sheet for CAPS is shown in Figure 8.2. Gas vented
from the inert atmosphere cells is pumped into a surge tank, from which
it is metered into the processing equipment, consisting of a disiccant
unit, two cryogenic charcoal delay beds, two 1iquid nitrogen cooled
heat exchangers for removal of decay heat, & gas circulator, and vartous
control elements. The effiuent from CAPS is mixed with air passing
through the FFTF heating and ventilation system and exhausted to the
environment.

Although the final design of CAPS has not yet been made, an
estimate of the delay times associated with the charcoal delay beds is
53 days for xenon and 2 days_for krypton at a flow rate of 25 scfm
and a temperature of -100CF.3 CAPS should be able to process between
0 and 50 scfm of contaminated inert gas, depending on the demand.

The normal release of activity from CAPS is virtually zero, since
there should be no release of activity from the primary system under
normal conditions.

8.2 EBR-II Gaseous Radwaste Systems

8.2.1 Present Operation

EBR-II is used to test %ue? for the LMFBR development program.
The driver fuel is metallic U-235. Test pins are made of potential
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LMFBR fuels such as oxides, carbides, and nitrides, with oxide test
pins predominating.

At present EBR-II cannot operate with failed test pins. When
oxide pins fail, fission product gas is rapidly released. Leakage from
the cover gas to the reactor building is sufficiently h1gh that
EBR-II must be shut down when a test pin fails and rema1n shut down .
until the failed pin is located and removed.

EBR-II can operate with failed drive- fuel, however. Failed
metallic fuel releases fission product gas at such a slow rate that
the present cover gas cleanup system can reduce the activity from
failed driver fuel adequately.

The present gas radwiste system is designed: (a) to operate
during normal reactor operation and (b) to purge the cover gas when
a failure occurs in a test pin.

8.2.1.1 Normal Operation -

During normal operation the escape rate of the cover gas from the
reactor tank is ~ 1000 ml/min. Of this ~130 ml/min passes through
the various monitoring systems and then is discharged to the atmosphere
through the stack. The remainder (i.e. 900 mi/min) leaks to the
reactor building. The air in the reactor building is continually being
purged, with the exhaust being discharged to the atmosphere through
the stack. Hence all 1000 ml/min of cover gas eventually is discharged
directly to the atmosphere via the stack.

8.2.1.2 Fast Gas Purge System

In the event of a test fuel pin failure the reactor is shut down,
and the Fast Gas Purge System is put into operation. This system
removes the cover gas and eventually sends it to the atmosphere
through the stack.

The flow rate to the system can be varied up to 3 standard cubic
feet per minute (scfm). The purged argon is replaced with fresh argon
while monitoring the cover gas at slightly above atmospheric pressure.
The activity in the cover gas can be returned to a tolerable level
in 3 to 4 hours.

In the Fast Gas Purge System, the first step is to remove sodium
vapor in a vapor trap. An aerosol trap filters out particles of size
greater than 5y . This is followed by a gas sampling and monitoring
station. Finally there is a variable speed pump and a flowmeter. The
gas is then sent out of the containment to the suspect exhaust stack
and to the atmosphere.

8.2.2 Proposed Gas Radwaste System

A system has been proposed4 for use at EBR-II which would allow
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operation with failed test fuel. The proposed system is described
here because of its educational value. It is an example of a system
that has been extensively analyzed and one for which the analysis is
available. If it is implemented, it will serve as a useful demonstra-
tion that operation with failed oxide fuel is feasible, or at least it
will identify problems involved with such operation.

8.2.2.1 Criteria

The first step toward designing a system for operation with failed
test fuel was to determine the required design criteria.> Ultimately
this meant specifying the flow rate to the proposed cover gas cleanup
system and the activity of the gas to be processed by the system.

The design criteria were:

® Operation with 12 defective oxide fuel pins at a linear power
density of 16 kW/ft.

®* Detection of a new test pin failure by a step release of
133
Xe.

¢ Activity in the reactor building below the maximum permissible
concentration as defined by 10 CFR 20.

® Gas release to the environment from the stack to be below
the maximum permissible concentration at ground level as
defined by 10 CFR 20.

The number of defective fuel pins and linear power density were
based on proposed fuel failure test requirements by the General Electric
Co. Calculations were made of fission gas release rates from
defective oxide pins to determine the rage at which activity of each
isotope would be added to the cover gas.® The Booth diffusion model
was used for these calculations.

Detection of failed oxide pins by xenon tagging has been successfully
demonstrated in EBR-1I, and test fuel pins are now being tagged. In
order for the xenon tagging method to work, the level of xenon
isotopes in the cover gas must be kept low. Th? gact that a new
failure has occurred is indicated ?g a rise in 133xe activity. It
was determined that a 25% rise in '93Xe activity due to a new fuel
pin failure was sufficient for detection. A pin failure is expected
to increase the cover gas activity by 0.2?§1Ci/m1. Therefore, the second
design criteria meant that the cover gas e activity from 12 failed
fuel pins must be held to <1.0uCi/ml.

In order to meet the 1 uCi/mil ]33X3 actiyitg frop 1? fai;gd pins,
the required cover gas purge rate was determined to be 10 scfm. °
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For the resulting activity levels in the cover gas, the present
leakage rate of +1000 ml/min from the cover gas to the reactor
building is too great. In order to reach 10 CFR 20 MPC levels, the
leakage rate must be reduced by a factor of 100, to 10 ml/min. It
is anticipated that this can be done by replacement of seals known
to be principal sources of the current high leakage.

8.2.2.2 Cover Gas Cleanup System

The 10 scfm of cover gas purged must be treated in order to
remove radioactive krypton and xenon isotopes from it. The method
selected for the proposed EBR-II system is the use of charcoal adsorption
beds. This method was selected over other possibilities (e.g.
cryogenic distillation, permselective membranes, and selective absorption
in 1iquid fluorocarbons) on the basis of relative costs, relative
effectiveness, complexity, possible material problems, and space
requirements.

Before passing through the charcoal delay beds, the gas passes
through an aerosol removal system. This system will remove sodium
liquid entrainment and fine particlies. Aerosol traps will be
followed by high efficiency fiiters, but the specific design for neither
has yet been selected. A gas flowmeter will also be in the aerosol
removal system. There will be two redundant modules, each containing
a trap, filter, and flowmeter, and each module will have sufficient
capacity to perform the entire aerosol removal function independently.

Two conceptual charcoal delay-bed systems have been designed from
which a final selection will be made. The simpler design is a 7-day-
delay system.

8.2.2.3 Seven-Day-Delay System

The 7-day-delay system is shown in Figure 8.3. Flow capacity
through the system is 10 scfm, although lower flow rates (and longer
delay times) would be used if fewer than 12 fuel pins had failed. For
seven days flow is directed through one delay bed, e.g. T1. The
argon cover gas is cooled in cooler HX1 to -1360F. At this low
temperature, the xenon and krypton in the cover gas are adsorbed on the
charcoal. Decay heat from Xe and Kr in the delay bed causes the
temperature to rise toc -649F as the argon passes through the bed.

The argon is then filtered (F3), reheated to 809F, and returned to the
reactor. The delay bed provides a seven-day holdup of xenon and a
seven-hour holdup of krypton.

After seven days of service, the cover gas flow is switched to the
second delay bed, T2, and the first bed, Tl, is regenerated, i.e.
the xenon and krypton isotopes are removed. Regeneration is accomplished
by heating the bed to 4000F (at which temperature the adsorbed xenon
and krypton are released from the charcoal) and backflushing the bed
with a small fiow of cover gas diverted from the outlet of the
oparating delay bed, T2. This hot gas from T1, which now contains the
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1

xenon and krypton from T1, is cooled in HX1 and is compressed into
bottles. The volume of gas bottled each week is 162 standard cubic
feet. The bottles are shipped off site for further processing or
storage. After regeneration, the gas in the bed is recirculated
through the blower and cooled until the bed returns to operating
temperature (-1000F).

Another small bleed stream is sent to a Xe-tag cold trap, T3. The
xenon is held up in this trap for about one hour. In the event of a
fuel element failure, the trap will collect and retain the xenon tag
sample for later analysis.

This delay bed system removes nearly all of the xenon activity
from the cover gas stream before it is returned to the reactor. Since
the krypton is held a shorter time on the beds, some of it returns to
the reactor. The fraction returned for each krypton isotope is
listed in Table 8.2. Also shown in Table 8.2 are the calculated
activities and decay heat rates in the delay bed in service for both
xenon and krypton for operation with 12 failed fuel rods.

8.2.2.4 24-Hour Delay System

The 24-hour-delay-system is shown in Figure 8.4. Three delay
beds are used on a 24 hour cycle each.

The most fundamental change in this system compared to the 7-day
system is the addition of the secondary delay beds T4 and T6. After
regeneration of one of the 24-hour-delay beds, the argon is cooled
and sent to the secondary delay beds T6 and T4. The delay bed T4
operates at room temperature and provides a 50-day holdup of xenon
isotopes. The outlet gas from T4 is cooled to -600F and flows through
the krypton retention bed, T6. The regeneration flow rate is
approximately 9 scfh and approximately 6 hours is required, so that
approximately 54 standard cubic feet of gas is used for regeneration.
The outlet from T6 is either sent to the stack or recirculated back
through the primary delay beds and to the reactor. The krypton holdup
time in T6 is 7 days. Hence all of the krypton isotopes will decay in
T6 except 85r.

Once each week the krypton retention bed, T6, is regenerated, and
the effluent is compressed into bottles, for storage or shipment off-
site. During regeneration, T6 is heated to 300°F. Regeneration of
this bed is accomplished during regeneration of a primary delay bed;
hence the same flow rate (9 scfh) is used. Regeneration requires only
2.1 hr., hence only 18.9 standard cubic feet each week must be bottled. -

8.3 Gaseous Radwaste Experience in Other Operating Fast Reactors

8.3.1 Fermi

Tables of cover gas data for Fermi are given in Appendix A of this
H
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131mye
133Mmyg
133 xa
135myq
135 yo
137 xa
138 xo
139 xo
140 wo

TABLE 8.2
¥enon and Krypton Conditions in Delay Beds

Fraction Returned Activity

Half Life To Reactor On Bed
(Ci)

1.86 hr 0.209 19.8
4.4 hr 0.517 32.9
10.76 hr 1.00 0.0032
76  min 0.102 83.5
2.8 hr 0.355 55.5
3.2 min <1076 10.2
33 sec <10-6 0.76
11.9d4 .0 0.87
2.34d | 0 15.1
5.27d o) 384
15.6 min q¥) 17.3
9.2 hr ‘ N 92 .4
3.8 min A0 92.0
14 min N0 41.1
41 sec 0 0.45
13.7 sec 0 0.05

Decay Heat
(Including Daughters)

(Btu/hr)
0.02
0.36
2.8 x 107°
4.02
3.52
0.49
0.07
8.48 total

0.00
0.07
1.53
0.18
1.07
2.75
1.60
0.02
000

7.22 tco*al

Total decay heat = 15.70 Btu/hr
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report. Initially there was a problem of achieving tight sealing

of the cover gas system,® but there was no real problem in keeping

the cover gas clean as long as the primary sodium temperature was

kept below 600°F. The waste-gas system was_quite oversized for the
associated systems. In fact, Bruzzi et ai.’ calculated that the

Fermi waste-gas system could adequately handle the large activities
which would result if the original fuel were replaced by vented-to-
coolant fuel, i.e. it could handie perhaps 100 times more activity than
expected in normal operation.

8.3.2 SEFOR

Performance of the gaseous radwaste system is only partially
indicated in the tables of cover gas act:vity in SEFOR in Appendix A
of this report. The main reasons that tie cover gas showed so Tittle
activity were that the pins were not pusied to excessive performance
Timits, i.e. 1ittie leakage, and that trimp fuel background was so Tow.

8.3.3 Rapsodie

During its first year of operation, Rapsodie had a few releases
of fission gas,” but the cover gas cleanup system, combined with
the relatively small releases, prevented any operational problems.
These first releases did permit Tocation and sealing of small leaks in
the primary argon circuit. The only proylem with the system was an
anticipated gradual plugging of the argo: cover gas lines of the
primary system, caused by deposits of a nixture of sodium and sodium
oxide. Also the g?te valves in the syst:m lost their air-tightness due
to these deposits.

8.3.4 Dounreay

The use of vented fuel places strinjent requirements on the
gaseous radwaste containment and cleanup systems. The first problem
encountered was excessive leakage from the cover gas to the main
sphere. !l Modification of several joints corrected this problem.
The radwaste treatment system is basically just a holdup system, and
the turnover rate of cover gas volume is so small that extrem?$y
hign activities are fo¥ng in the cover gas. /fctivities of 10'~ and
4 x 109 dpm/Titer for Xe and 135e and argon activity of 2 x 10/
dpm/1iter are typical, but variations by two orders of magnitude are
possible at various points around the system. Indeed, the gas control
panel at one time was inaccessible for 48 hours after shutdown due to
radiation fields surrounding the panel.

8.4 Comparison of LWR and LMFBR Radgas =ffluents

A comparison was made between the radioactive gaseous releases
from Tight-water reactors (LWR's) and an LMFBR having a radgas system
similar to the FFTF system.
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8.4.1 LWR Gaseous Releases

Two recent studies provide excellent summar1§s of radioactive
gas emission from LWR's, the first an ORNL study'¢ and the second
a comprehensive USAEC Regulatory study.]3 The ORNL and the
Regulatory studies both assumed 0.25% failed fuel for the calculated
fission-gas releases. Although this assumption leads to generally
higher estimates for activity releases to the environment than is
warranted by actual LWR operating experience, these results are
used here for the purpose of comparison with LMFBR results (for
which 1% failed fuel has been assumed).

8.4.1.1 ORNL Study

A comprehensive survey of LWR gaseous waste systems was p¥esented
by ORNL staff members at the 12th AEC Air Cleaning Conference. 2

This survey involved a detailed study of roughly 100 LWR plants

based upon information contained in docketed documents such as the
Preliminary Safety Analysis, the Final Safety Analysis, the
Applicant's Environmental Report, and the Amendments thereto, as

well as information obtained by direct questioning of the applicants,
reactor vendors, and architect engineers.

As a result of this study, it was determined that those
radionuclides which are normally available for escape in gaseous
form include the noble fission product gases (Kr and Xe), the
fission ?roduct halogens (Br_and 1), certain activation products
such as 6N, 13N 90, and 4 Ar, and tritium, which may originate
either from ternary fission or activation. Experience has shown
that the noble gases and the jodines contribute virtually all
of the radiologically significant gaseous activity released from
LWR's of current design.

The sources of emission can be divided into two major categories:
(1) inadvertent leaks from tanks, piping, valves, etc. which allow
gaseous activity to escape without being processed by the radgas
system, and (2) operational releases in which fluid is deliberately
withdrawn from the cooling system of the reactor. The latter
category would include steam generator blowdown, exhaust from the
condenser air ejectors and releases from various system degassing
operations.

The ORNL study presents tables of "typical" gaseous releases
from PWR's and BWR's, identifying sources as well as isotopes.
Table 8.3 is a summary of releases from a tyrical 1000 MWe PWR,
based on numbers taken from the ORNL study. It is seen that a 1000
MWe PWR with 0.25% defective fuel will "typically" release roughly
2,500 Ci annually of noble gas radionuclides. most of which consists
of 133Xe with a 5.77-day half-1ife. More important, because of its
10.7-year half-1ife, is 89%Kr, which has an estimated annual release
of about 800. Ci.
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Kr-83m
85m
-85
-87
-88
-89
Xe-13Tm
-133m
-133
-135m
-135
-137
-138
I -131

-133

Table 8.3

Typical Annual Gaseous Release from a 1000 MWe PWR Operating

With 0.25% Defective Fuel (based on Reference 12)
Release Rate, Ci/yr

Coolant
Concentration Auxiliary Containment Primary ; Shim Bleed Steam

p Ci/ml Building Purge Degasification Degasification Generator Total
3.865E-02 1.068E 00 2.643E-03 0.0 0.0 1.079E 00 2,150E 00
2.076E-01 5.737E 00 3.359E-02 0.0 0.0 5.796E 00 1.157E O]
1.219E-01 3.368E 00 6.751FE 00 9.252E G1 7.194E 02 3.403E 00 8.254E 02
1.125E-01 3.110E 00  5.240E-03 0.0 0.0 3.142E 00  6.257E 00
3.604E-01 9.960E 00  3.708E-02 0.0 0.0 1.006E 01  2.006E 01
8.546E-03 ?.362E-N1  1.665F-05 0.0 0.0 2.386E-01  4.748E-01

-518£-01 4.196E 00 1.573E 00 7.729E 00 2.239E 01 4.239E 00 4.013E 01
3.724E201 1.029E 01  7.428E-01 2.625E-04 1.623E-04 1.046E 01 2.143FE 01
2.775E 01 7.669E 02 1.292E 02 - 5.277E 61 7.481E 01 7!747E 02 1.798E 03
2.393E-02 6.614E-01  2.302E-04 0.0 0.0 6.682E-01  1.330E 00
6.003E-01 1.659E-01  2.033E-01 0.0 0.0 1.676E 01  3.355E 01
1.756E-02 4.852E-01  4.7109E-05 0.0 0.0 4.902E-01  9.754E-01
8.317E-02 2.298E 00 8.657E-04 0.0 0.0 2.322E 60 4.621E 00
6.166E-01 8.519E-02  4.375E-01 0.0 0.0 9.907E-01  1.513E 00
6.845E-01 9.458E-02  5,283E-02 0.0 0.0 7.078E-01  8.552E-01



It should be stressed that most of the activity releases in
the above "typical" PUR stem from leaks of reactor coolant in the
Reactor Building, Auxiliary Building, and steam generators. Gaseous
activity from these sovurces are, for the most part, vented directly
to the environment. Over 90% of the 133Xe, and virtually all of the
other short half-1ife isotopes, escape to the environment in this
fashion. Consequently, the effect of adding a cryogenic "cleanup”
sgstem to the tail-end of the radgas system would be to reduce the
85¢r emission rate substantially ?by about 80-90%), but to diminish
the emission of the short half-1ife isotopes only marginally (since
these isotopes come principally from points outside the radgas system).
The net effect of such a cryogenic system would be to reduce off-site
radiation exposure rates by marginal amounts. In view of these
considerations, it does not seem practical for PWR's to incorporate
cryogenic units into existing radgas systems until sources stemming
from coolant leaks can be reduced to insignificant levels.

8.4.1.2 USAEC Regulatory Study

Another recent and very comprehensive study of the radioactive
liquid and gaseous releases from LWR's was performed by the USAEC
Directorate of Regulatory Standards.13 1In this report, a number of
alternative gaseous radwaste systems wore considered and evaluated
for both PWR's and BWR's. Results for six PWR radgas systems are
presented in Table 8.4 based on 0.25% c2fective fuel). Annual
releases were estimated for each systen. The total annual releases
for the six systems are summarized in Table 8.5. (A more detailed
presentation of the releases from each system, indicating sources for
for each radionuclide, is found in Reference 13.)

For all radgas systems represented in these two tables, the
annual emission of noble gas radionuclides ranged from 1300 Ci to
170,000 Ci, with 133xe (5.77 day) accounting for the larger part
~of the released activity. The more important (radiologically)
85Kr annual releases ranged from 5 Ci to 800 Ci. The upper limit
represents releases from PWR radgas systems of current design. (Note
the excellent agreement between this value and the corresponding
value reported in the ORNL study).

Results for gaseous releases from a BWR were similar to those for
a PWR (except for the total noble gas -elease with Tittle radwaste
equipment), and therefore are not presen?gd here in detail. For
example, based on the Regulatory Report,'® the annual emission of
noble gases from a 1000 MWe BWR for 0.25% ggfective fuel would
range from 2300 Ci to 2 x 106 Ci, and the ©°Kr annual releases would
range from 1 Ci to 600 Ci.

8.4.2 Comparison of LAR and LMFBR Radioactive Gas Releases

In Section 8.1,1 it was estimated that the FFTF would discharge
about 0.5 Ci/yr of 5r to the environment. Normalizing this value
to a 1000 MWe (2500 MWt) unit, the annual release of 85%r from a
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Summary of Variables for PWR Gaseous Radwaste Treatment Systems

TABLE 6.4

PWR Gas Case No.

1

2

3

4

Ll

Primary system gases

Secondary system

Reactor containment
purge

Auxiliary building

ventilation

Turbine building
ventilation

Degree of Removal

Iow high high

low medium medium

low low low

kquipment Units, Functions, and Flow Paths*

None 60-day decay storage 60—day decay on

~ONe

None

None

“anks, HEPA filter

Charcoal kidney
adsorber for
iodi

charcoal bed,
HEPA filter

Charcoal adsorber
for iodine, HEPA
filter, clean steam
for gland seal,
blowdowm tank
vented toc con-
denser

Charcoal kidney
adsorber for
iodine

high
high

low

60—day decay on
charcoa' “ed,
HEPA filter

Charcoal adsorber
for iodine, HEPA
filter, clean steam
for gland seal,
blowdown tank
vented to con-
denser

Charcoal kidney
adsorber for
iodine, charcoal
adscrber for
iodine, HEPA filter

Charooal adsorber
for iodine, HEPA
filter

Charcoal adsorber
for iodine, HEPA
filter

high
high
high

Recambiner, 60-day
decay storage tanks,
selective adsorgtion

Charcoal adsorber
for iodine, HEPA
filter, clean steam
for gland seal,
blowdown tank
vented to con-
denser

Charcoal kidney
adsorber for
iodine, charcoal
adsorber for
iodine, HEPA filter

Charcoal adsorber
for iodine, HEPA
filter

Charcoal adsorber
for iodine, HEPA
filter

high
high
high

Cover gas recycle

Charcoal adsorber
for iodine, HEPA
€ilter, clean steam
for gland seal,
blowdown tank
vented to con-
denser

Charcoal kidney
adsorber for
iodine, charcoal
22%orber for
iodine, HEPA filter

Charcoal adsorber
for iodine, HEPA
filter

Charcoal adsorber
for iodine, HEPA
filter

*All gases to S6-meter roof vent unless stack is indicated.
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Table 8.5

Estimated Annual Releases (Ci/yr of Radioactive Gaseous Effluents from 1000 MWe PWR
with 0.25% Defective Fuel (Based on Reference 13)

System System System System System System

Nuclide 1 2 3 4 5 6
Kr-83m 210 3 3 3 3 3
85m 1,100 . 19 19 19 19 17
85 800 800 800 800 26 5
87 620 10 10 10 10 10
88 2,000 33 33 33 33 33
89 31 1 1 1 1 ]
Xe-131m 920 35 35 35 18 5
133m 2,100 36 36 36 36 20
133 160,000 2,900 2,900 2,900 2,900 1,200
135m 120 2 2 2 2 2
135 3,400 55 55 55 55 48
137 70 2 2 2 2 2
138 420 77 7 7 7
Total Noble
Gas 170,000 3,900 3,900 3,900 3,000 1,300
1-13] 1.8 1.2 0.3 0.04 0.04 0.04

133 0.7 0.6 0.2 0.03 0.03 ’ 0.03



LMFBR operating with 1% defective fuel and an FFTF~type

radwaste system would be only about 3 Ci. Unlike the LWR, there
should be almost no release of short-lived fission gas to the
environment from an LMFBR. Confirmation of these low release
rates, of course, must await actual operating experience since
these are only estimates at this time.

The 39A production rate for a 1000 MWe LMFBR with 30 ppm potassium
impurity in the coolant was estimated in Section 5.3.3.1 to be ~30
Ci/year. ATl of this would eventually leak to the environment
regardless of whether argon or helium is used as the cover gas
(unless argon is deliberately separated from helium in a purification
system for a helium cover gas). This radioactive source is not
present in a LWR.

These values compare favorably with gaseous activity releases
from 1light water reactors. As indicated in Section 8.4.1 for an
assumed 0.25%_defective fuel, even the most sophisticated PWR
radgas system'® would release 1300 Ci of noble gases annually,
inciuding about 5 Ci of 85kr, whereas "typical" PWR annual
radioactive gaseous releases amount to roughly 2500 Ci of noble gases,
including about 800 Ci of 89Kr. The most soph1sf1cated BWR radwaste
system would release only 1 Ci of 85Kr annually.
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9. LIQUID AND SOLID RADWASTE MANAGEMENT AT EBR-II

The only information collected on 'iquid and solid radwaste from
an operating fast reactor was for EBR-II. »2 This is a test reactor
with elaborate hot cell facilities that would not normally be present
at an LMFBR power plant. For example, irradiated fuel test pins
are routinely dismantled in the hot cells, and 1rrad1ated cladding
and other materials must be stored.

In Secticn 9.2, it is shown that the high level solid waste
stored at the EBR-I1I :5 of the order of 100 Ci/yr, while the
intermediate solid waste is ~ 3000 Ci/yr. For comparison, for a 1000
MWe 1i%ht water reactor the solid waste activity is 5000 to 10,000
Ci/yr. ‘

9.1 Liquid Radwaste System

Suspect liquid waste from EBR-II is liquid waste that contains
radioactive material, generally in water solutions. Approximately
100,000 gallons per year of suspect waste is processed. No estimate
of the activity in this waste is available. After processing, this
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waste is added to non-radiocactive indu-trial waste which is sent

to a leach pit, where it either evaporctes or settles into the lava
below. Typical sources of this suspect waste include decontamination
of equipment, solutions from chemical laboratories, and emergency
showers. » ’

In the early days of EBR-II the su-.pect waste was pumped directly
to the leach pit. Later this method was chanyed to an evaporation
process, carried out several times each week. This process is shown
schematically in Figure 9.1(A). The present system provides a
decontamination factor of 102 to 103.

A decontamination factor of 104 is now desired at EBR-II.
Therefore, the liquid waste system will be modified to add a settling
tank for solids before the liquid enters the evaporators and to add
additional equipment after evaporation. These additions are shown
schematically in Figure 9.1(B).

The solid sludge from the evaporators is stored in 55 gallon

drums, which are encased in concrete for shielding. This sludge is
eventually processed as solid radwaste.

1

9.2 Solid Radwaste Management

Solid waste from EBR-II is classified &s low, intermediate, or
high level waste. The concern here is with solid waste other
than the irradiated fuel itself, which is shipped offsite for
reprocessing. About 90% of the solid waste volume is low level;
nearly all of the activity is high level. 1In Table 9.1 are listed the
activity concentratidn ranges for the different levels, together
with typical annual volumes and the 1971 activity totals for each
level. The activity levels are values after 15 days of storage.

The intermediate wastes are placed into 1 cu ft shielded
containers and sent, together with the low Tevel waste, to the
National Reactor Testing Station (NRTS) Burial Ground. Typical
sources of low level wastes are dry decontamination and filters.
Intermediate wastes come mostly from analytical cells and chemical
facilities.

High lTevel wastes are stored in a 7 acre storage facility at
EBR-II. About half of this capacity had been used through 1972. The
wastes are placed in 1 ft. or 2 ft. high containers, these are then
placed in a 6 ft. high can, and the can is inserted in a 12 ft.
deep, 16 inch diameter hole in the ground, or on grids at 6 ft.
intervals. Finally the 6 ft. above the can is filled with gravel
shielding.

Any solid waste that contains plutonium or other transuranium
elements is wrapped several times in plastic bags, placed in 55
gallon drums and stored cutdoors on an asphalt pad at an interim sto-

rage facility at NRTS. On the order of 3 mg of plutonium was stored
in 1971.
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Table 9.1
EBR-II Solid Waste Management
Annual Production v 5 x 107 Ci
Shipped from site with fuel Vv 90% of production

Processed at site v 5 x 10° Ci

1971
Range Volume Activity

Level (Ci/ft?) (£t?) (ci) _ _ Disposal Site
Low 1x10°% to .1 13,000 3 x 10®* NTRS Burial Ground
Intermediate .1 to 5 1,000 3 x 103 NTRS Burial Ground
High >5 150 1.5 x 10° EBR-II Site High Ievel

Storage Facility
Pu & Other , Stored in 55 gallon
Transuranium drums, wrapped in
Materials plastic, on asphalt

pad above ground at
NTRS (interim storage)
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APPENDIX A:
Environmental Operating Data for Fermi, SEFOR, and EBR-II

Environmental radiation data for Fermi was reported monthly to
the AEC, and data for SEFOR was reported quirterly. These reports
are available in the AEC's public documents room in Washington, D. C.

Similar data for EBR-II are reported in the ANL monthly Reactor
Development Program Progress Reports. Data for the EBR-II are
tabulated only through 1971 because the AEC did not make the 1972
and 1973 progress reports (the ANL-RDP series) available to the
general public while this review was in progress. Since completion
of this review, these progress reports have been made available to the
public.

The data are summarized in the following tables. Much of the
data is quoted as total vy, B, oraactivity. These data are of
1imited usefulness since specific isotopes are not identified.

It is useful, however, to observe the type of environmental data

that must be reported to the AEC by the reactor operations. It is
also of Tlimited use to observe that apparently no significant
differences in radiation in the environment surrounding Fermi

and SEFOR were observed over the background present before plant
operation. The integrated power for SEFOR is very low since it was
an experimental reactor which operated at low load factor and at a
power level of 20MW(th). Total exposure date (MWd) were not reported
for SEFOR, : :
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, Table Al
Integrated Power and List of Reports (FERMI)

Report # & Date Operation Period

Integrated Power

Mwd

EF-101, January 1972 January 1972 _ 0
July 16, 1970-January 31, 1972 5941

EF-100, December 1971 December 1971 0
July 16, 1970-December 31, 1971 5941
EF-99, November 1971 November 1971 1491
July 16, 1970-November 1971 5856

EF-98, October 1971 October 1971 0
July 16, 1970-~(ctober 1971 4365

EF-97, September 1971 September 1971 0
July 16, 1970-September 1971 4365

EF-96, August 1971 August 1971 0
July 16, 1970-2ugust 1971 4365

EF-95, July 1971 July 1971 0
July 16, 1970~July 1971 4365
EF-94, June 1971 June 1971 1029
July 16, 1970-June 1971 4365

EF-93, May 1971 May 1971 19
: July 16, 1970-May 31, 1971 3336

EF-92, April 1971 April 1971 155
July 16, 1970-April 1971 3317

EF-91, March 1971 March 1971 0
July 16, 1970-March 1971 3162

EF-90, February 1971 February 1971 142
July 16, 1970-February 1971 3162

EF-89, January 1971 January 1971 427
July 16, 1970-January 1971 3020

EF-88, Deceamber 1970 December 1970 145
July 16, 1970-December 1970 2593
EF-87, Noveamber 1970 November 1970 1381
July 16, 1970-November 1970 2448
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EF-101, January 1972

EF-100, Deceamber 1971

EF-99,
EF-98,
 EF-97,
EF-96,
95,
EF-94,
EF-93,
EF-92,
EF-91,
EF-90,
EF-89,
EF-88,

EF-87,

November 1971
October 1971
September 1971
August 1971
July 1971
June 1971
May, 1971
April 1971
March 1971
February 1971
January 1971
Decerber 1970

November 1970

Table A2 -

Liquid Waste Discharge (FERMI)

Total amount o discharge
(gallons)

0

6467

6937

7068

6967
0

6967

1810

Toﬁal activity
mCi

0
4.02®
0
0.72@
0
1.1 (a)
0
0
1.376(@ ®©
0.
0
4.62"®
0.
9.14®

4.23@

(@) All effluents released to the environment after dilution with the
circulating pump discharge were: belcw MPC.

(b) This value was -eported in EF-93 as 1376 mCi.

By letter of Oct. 18,

1972, froa W. C. Morison, Fermu Assistant Plant Superintendent, to
A. B. Reynolds, it was learned that the correct nmumber was 1.376,
not 1376 as reported.
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Table A3

Gaseous Waste Discharge (FERMI)

The following paragraph appeared in every monthly report:
"Approximately 1x10% cubic feet of jaseous effluent were released
through the plant stack. The concentration of particulates and halogens
with half-lives greater than 8 days was less than 0.143 MPC at the waste
gas stack outlet. The concentration of all other isotopes was less than
100 MPC at the gas stack cutlet. These levels meet the requirements of

the Technical Specifications."
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Table A4

Fr7ironmental Surveys

Airborn Dust (FERMT)

Reactor Area* Background Group
Report # No. of Gross o Gross 2 Gross o Gross B
.and Date Period Samples  uCi/oex 07! uCifocx107}* WCifoex10-*%  uCi/cox1o-'*
EF-101 A {Aag. 5 - Sept..2, 1)7) 39 2.18 33.7 1.84 33.6
Jan., 1972 B }s\ep: 2 - Sept. 30, 1971) 40 1.70 14.2 1.75 13.5
1967}, 2.67 .5 3.31 7.7
EF-10C No :eéaorts ‘on envirommental surveys were received during this penod
Dec., 1971
EF-99
Nov., 1971 y
EF-98 A {June 10 kY July 8, 1971) 40 T 627 1.85 60.3
Oct., 1971 B (July 8 - Aug 5, 1971) 40 58.8 1,55 57.9
1967 N 7.5 131 7.7
EF~97 A (April 15 - m)\;‘“l.'!, 1971) 40 2.;,2’ 53.1 2,25 56.8
Sept., 1971 B (May 13 ~ June 11"7,: 1971) 40 ¢ 60.3 1.93 . 65.5
1967 FEXY 7.5 3.3 7.7
EF-96 March: 18 - April 15, fé,zl 40 1.77 29.5 1.77 30.5
Aug., 1971 1967 ‘\( 2.67 7.5 3.31 7.7
EF-95 No reports on envimnnent:ﬁ suxveys";zere received during this period.
July, 1971 » ‘
EF-94 A Wan. 21 - Feb, 18, 1971) - 40 1.87 10.5 1.76 10.6
June, 1971 B (Feb. 18 - March 18, 1971) 40 1.48 14.1 1.63 15.5
' 1967 “ 2.67 7.5 3.31 7.7
" EF-93 No reports on envxromgntal surveys ;dere received during this period.
May, 1971 / N
EF-92 ‘No reports on env}fi’jommtal surveys werc;?geceive(‘ during th:s period.
April, 1971 f,f'l k ‘
EF-91 No' rerorts o}»rg/isnvimmental surveys were received during th's period,
March, 1971 /
EF-90 3
Feb., 1971 .
EF-89 /
Jan,, 1971
EF-88 A (Sep'. 3 - Oct. 1, 1970) 40 1.50 \ 12.8 1.59 12.4
Dec.. 19707 B (0ct. 1 - cet. 2y, 1970) 40 1.39 1.70 13.0
(/j 1967 2,67 .5 .31 7.7
r;x-‘—az,--’i A lune 1= aly 1o 40 1.70 u.\?x‘; [ fl.4
NovZ, 1970 B o(July 9 - Aug. b, 1970) 40 1.5% 12,4 1.86 4.9
// C (Aug. 6 - Sept. 3, 1970) v 2.07 an.8 1.97 40.2
/" kS
1967 2.67 7.5 3.31 7.7

*There are five sspling stations around the reactor area and five station:

samples are continuously collected and removed weekly.

away from the reactor area where
Collected samples during the periods were analyzed

and averaged, and compared to the 1967 yearly average results (background group).
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Report #
and Date

EF-101

Jan., 1972

EF-100
bec., 1971
EF-99
Nov., 1971
EF~98

Oct., 1971

EF-97

Sept., 1971

EP-96
Aug., 1971
EPF-95
July, 1971
EF-94

June, 1971

EF-93

May, 1971
EF-92
April, 1971
EF-91
March, 1971
EF-20

' Feb., 1971
EF-89
Jan., 1971
EF-88

Dec., 1970

EF-87

Nov., 1970

Table Ad
Environmental Surveys - Alrborn Dust (FERMI)

Reactor, Avea*

No. of Grosg Gross B
Periocd Samples  WCi/cox10-!3 WCi/cex10™1
A (Aug. 5 ~ Sept. 2, 1971) 39 218 33,7
B (Sept. 2 - Sept, 30, 1971) 40 1.70 '14.2
1967 ' 2.67 7.5

No reports on environmental surveys were received during this period,

A (June 10 - July 8, 1971) 40 1.97 62,7
B {July 8 ~ Aug. 5, 1971) 40 1.87 58.8
1967 2.67 7.5
A (2pril 15 - May 13, 1971) 40 2.32 53,1
B {May 13 - June 10, 1871} 40 1.77 60.3
1967 2.67 7.5
March 18 - 2pril 15, 1971 40 1.77 29,5
1967 2.67 7.5

Ko reports on envircnmental surveys were received during this period.

A {(Jan. 21 - Feb. 18, 1971) 40 1.87 10.5
B (Feb., 18 - March 18, 1971) 40 1.48 14.1
1967 ' 2.67 7.5

No reports on envirommental surveys were received during this peried.

No reports on environmental surveys were received during this period.

No reports on environmental surveys were received during this period.

A (Sept. 3 - Oct. 1, 1970) 40 1.50 . 12,8
B (Oct. 1 - Cct. 29, 1970) 10 1.39 12.9
1967 2,67 7.5
A (June 11 - July 9, 1970) 40 1.70 63.4
B {(July 9 - Aug. 6, 1970) 40 1.55 42.4
C {Aug. 6 - Sept, 3, 1970) 40 2.07 . 40.8
1967 2.67 7.5

Background Group

Cross a

uCi/cexl0™®

1.84
1.75
3.31

1.85
1.55
3.31
2.25
1.93
3.31
1.77

3.31

1.76
1.63

3.31

1.59
1.70
3.31

'1.85
1.86
1.97

3.31

Gross B
wCi/cex10-1*

33.6
13.5
7.7

60.3
57.9
7.7
56.8
65.5
7.7
30.5
7.7

10.6
15.5

7.7

12.4
13.0

7.7
61.4
44.9
40.2

7.7

*There are five sampling stations around the reactor area and five stations away from the reactor area where
samples are continuously collected and reroved weekly. Collected samples during the periods were analyzed
and averaged, and carpared to the 1967 yearly average results (background group).
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Table AS
Envirornmental Surveys.- Precipitation (FERMI)

Reactor Area* Background
Report § No. of Gross o Gross B Gross o Gross 8
and Date Period . Samples mCi/sq. mile nCi/sq. mile mCi/sq. mile mCi/sq. mile
EF-~101 A (Aug. 5 - Sept. 2, 1971) 9 0.151 12,2 0.173 10.4
Jan. ,b 1972 B (Sept. 2 - Sept. 30, 1971) 10 0.113 5,03 0.156 4.85
1967 0.205 5.1 0.337 6.04
EF-100 No reports on environmental surveys were received during this period.
bec., 1971
EF-99
Nov., 1971 )
EF-98 A (June 10 - July 8, 1971) 10 0.151 20,7 0.219 25.1
Oct., 1971 B (July 8 - Awg. 5, 1971) 10 0,083 10.7 / 0.138 11.8
1967 r 0205 5.1 0.337 6.04
EF-97 A (April 15 - May 13, 1971) 10 0.117 17.96 0.130 18.08
Sept. 1971 B (May 13 - June 10, 1971} 10 '0.202 33.3 0.177 28.3
1967 0,205 5.1 0,337 6.04
EF-96 March 18 ~ April 15, 1971 10 0.090 15.5 0.140 12.7
Aug.:, 1971 1967 0,205 5.1 0.337 6.04
EF-95 No reports on envirammental surveys were received during this period.
July, 1971 )
EF-%4 A (Jan, 21 ~ Feb. 18, 1971) 10 . 0.164 7.82 0.174 6,86
June, 1971 B (Feb. 18 - March 18, 1971) 10 ‘ 0.106 11.2 0.197 10.3
1967 i 0.205 5.1 0.337 6.04
EF-93 No reports on envirommental surveys were received duri.né this period.
May, 1971
EF-92 No reports on envirommental surveys were received during th.is period,
April, 1971 ,
EF-91 * No reports on envirommental surveys were received during this period.
March, 1971
EF-90
Feb,, 1971 ] v L
EF-89
Jan., 1971
. EF-88 A (Sept. 3 = Oct. 1, 1970} 10 0.090 7.80 | 0.108 . 7.57
Dec., 1970 B {Oct. 1 ~ Oct. 29, 1970) 9 0.057 6.99 0.067 ‘ 8.76
1967 : 0.205 5.1 0,337 6.04
EF-87 A (June 11 - July 9, 1970)

Nov., 1970 B (July 9 ~ Aug. 6, 1970)
¢ (Aug. 6 - Sept. 3, 1970)

-

*Two groups of samples were collected fram flVF‘ locations around the reactor site and five locations away from
the reactor area to indicate background. The samples were analyzed for gross o, 8 and y-activity, and compared
to the 1967 yearly average results.
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Report
and Data
EF-101
Jan., 1972 %
EF-100
Dec,, 1971
EF-99
Nov., 1971
EF-98
oct., 1971
EF-97
Sept. 1971
EF-96
Agg., 1371
EF-95
July, 1971
EF-94
June, 1971
EF-92

May, 197
EF-92
April, 1971
EF-91
March, 1971
EF-%0
Feb., 1971
EF-89
Jan., 1971
EF-88
Dec., 1970
EF-87

4
g ore, e

H);( reactor arca o dyeiteato hockoround, The cgmlos

1970 /

'

‘

Lroyronmersal Surveys -

No reports on environmental surveys

A {(June 10 - July 8, 1%71)

10
B (July 8 < Aug. 5, 1971) 10
1967 k!

A (April 15 - ng 13, 1971) 10
B (May 13 - Junéklo, 1971) 10
1967 . 4

March 18 - April 15/ 1971 10
1967 k

No reports on environmenta! surveys

A (Jan, 21 ~ Feb. 18, 1971;

B (Feb. 18 - March 18, 1971) 1o

1967

No reports on enviranmental surveys
Nc reports on environmental surveys

No reports on envirgnmental surveys

A (Sept. : - (et 1, 1970) 10
B o(Qot, 1o et 29, i970) 3
1967
A (June 11 - July 7, 1370;
g (July 9 -~ Aug. £, 1970)
T (Aug. £ - Sept. ©, 1970;

o eers e ool ioetexd froes i

to the 1967 yoearly averaae roso Ls,

10

were receivect

Toweat de

Tablee 23

Pyt (FFRMT )

i isis

Reac-or Area*

No. of Gross o Gre s 8
Period Samples m'i/sq. mile  mCi/s . mile
A (Aug. 5 - Sept. 2, 1971) 9 0.151 12 2
B (Sept. 2 - Sept. 30, 1971) 10 0.113 T3
" 1967 0.205 <

were received during this period.

0.151

0.083 10.7
0.205 S
0.117 1.9
0.202 31,3
0.205 5.1
0.090 15.5
0.205 5.1

were received during this period.

0.164 7.82
0.106 11.2
0.20% 5.1

during this period.
during this period.

were received

were received dur:ng this period.

0.090 7
3,057 I
n..20m £

el Lhe roactor it
malyzed for aqrose o

Moy ,
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Gross a Gross £
nCi/sq. mile mCi/aqg. mile
o.173;’ﬂ 10.4
o.;é% 4.85
5337 6.04
0.219 25.1
0.138 11.8
0.337 6.04
0.130 18.08
0.177 28.3
0,337 6.04
0.140 12.7
0.337 6.04
0.174 6.86
0.197 10.3
0.337 6.04
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0.108 7.57
£.067 8.76
.337 6.04

and five Tocations away from
Coand v-activity, and comared



Report &
arnd Date

EF-101

Jan., 1972

EF-100
Dec., 1971
EF-99
Nov., 1971
EF-98

Oct., 1971

EF-97

Sept., 1971

EF-96
Aug., 1971
EF-95
July, 1971
EF-94

June, 1971

EF-93

May, 1971
EF~92
April, 1971
EF-91
March, 1971
EF-90
Feb., 1971
EF-89
Jan., 1971
EF-88
Dec., 1970
EF-87

Nov., 1970

Table AR

Environmental Surveys - Surfa o Water (FERMI)

Lake Erie
No. of Swan Creek (Intake)
Period Samples*  x10~° uCi/ml x10=° uCi/ml
A (Aug. 5 - Sept. 2, 1971) 16 6.73 5.68
B (Sept. 2 - Sept. 30, 1971) 16 5.92 . 6.29
1967 8.68 5.60

No reports on envirommental surveys were received dur:ng this period.

A (June 10 - July 8, 1971) 1 8.22 6.97
B (July 8 ~ Aug. 5, 1971) 12 7.13 5.78
1967 ‘ v ' 8.68 5.60
A (April 15 - May 13, 1971) - 12 10.2 6.47
B (May 13 - June 10, 1971) 12 9.74 8.50
1967 8.68 5.60
March 18 - April 15, 1971 12 6.35 8.87
1967 : . 8,68 5.60

No reports on envirommental s .rveys were received dur 'ng this period.

A (Jan. 21 - Feb. 18, 1971) - 12 14.5 15.2
B (Feb, 18 - March 18, 1971) 12 8.49 7.12
1967 8.68 5.60

No reports on enviranmental surveys were received dur .ng this period.

No reports on envirormental surveys were received dur ng this period.

No reports on envirommental surveys were received during this period.

A (Sept. 3 - Oct. 1, 1970) 12 9.14 4.58

B (Oct. 1 - Oct. 29, 1970 12 8.59 5.21

Reactor Reactor
Channel {Outlet)
x10-% uCifmi %10~ uci/md
5.17 4,91
5.58 5.45

5.79 Not Collected

7.00 -

5.79 -

6.70 -
7.08 -

5.79 -

*Two qroups of samples were ol lected from four or three locations (one sample a week from each) and analyzed for

gross .

activity,

The resuits were compared to 1967 yearlv averaged results,
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S8t

EF-101

EF-100
EF-99
EF-98

EF-97

EF-96

EF-93

EF-94

No of Monroe Flat Rock Dundee Toledo
Report # Period Sarples* x10-° 1Cifml  x10™° yCi/ml  x10-% pCi/ml  x10-7 ;Ci/ml
A 32 4,18 6.83 6.17 4.20
B 32 4.64 6.41 7.14 3.65
1967 3.26 3.73 3.17 2.51
¥o reports on envircnmental surveys were received during this period.
No reports on environmental surveys were received during this pericd.
A 32 5;58 7.49 7.37 5.60
B 32 4,60 7.68 " 6.99 4.88
1967 3.26 3.73 3.17 2.51
A 32 . 5.14 6.04 6.69 4.34
B 32 5.06 7.27 5.37 o 3.8%
1967 3.26 3.73 3.17 2,51
Zﬁg%i 2 4.16 6.26 5.83 6.05
1967 3.26 3.73 3.17 2,51
No reports on environmental surveys were received during this period.
A 32 11.8 12.6 13.9 9,36
‘B - 32 7.15 10.6 1.4 7.69
1967 3.26 3.73 3.17 2,51

EP-93
EF-92
EF-91
EF-90

EF-89

EF-88

EF-87

No reports on environmental surveys
No reports on environmental surveys
No reports on environmental surveys
No reports on envirormental surveys

No reports on environmental surveys

A 32 4.32
B 2 4,02
1967 3.26

No reports on environmental surveys

Table A7

Envirommental Surveys - Drinking Water (FERMI)

were
were
were
were

were

6.54
5.83
3.73

received during this peried.

received during this peried.

received during this period.

received during this period.

received during this period.

7.20

6.24

3.17

4.14
3.53
2.51

were received during this period.

Detroit
%x107% yoi/ml

3.86
3.87
2.64

4.24
4.16
2.64
4.98
4,64
2.64
3.16

2.64

8.25
4.22

2.64

4.01
3.66

2,64

Allen Park Ann Arbor
x10-% uCi/ml  x10~? uCi/ml
3.76 3.99
4.27 3.76
Not Collected 2.23
5.25 5.47
4,07 4,76
Not Collected 2.23
4.30 6.38
4,96 4.89
Not Collected 2.23
4.32 5.18
Not Collected 2.23
9.89 9.67
) 6.15 38.7
Not Collected 2.23
3,82 4.49
4 a7 4,22
Not Collected 2,23

Colghester
x10=° uCi/ml’

6.47
3.54
Not Collectad

8.24
5.24

Not Collected
5.57
4.94

Not Collected
4.66

Not Collected

19.8
7.93

Yot Collected

3.29
9.18
Not Collected

*Two groups each containing thirty-two samples (daily composite samples collected weekly) from neighboring cities were analyzed for gross £
activity, and compared to the 1967 results,
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Tahle A7
Envirommental Surveys -~ Drinkiny Water (FFRMT)

.

Lo No of Monroe Flat Rock Dundee Toledo Detroit Allen Park Ann Arbor Colchester
Report # Period Samples* x10~° |Ci/ml  x10™% 1Ci/ml  x10-° ,Ci/ml  x10°° uCi/ml %1072 jci/ml x10-* pCi/ml x10-° uci/ml x107* uCi/ml
EF-101 A 32 4.18 6.83 6.17 4,20 3.86 3.76 3.99 6.47

B 32 4.64 6.41 7.14 3.65 3.87 4.27 3.76 3.54

1967 h 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Collectel
EF-100 ' No reports on envixpmenml surveys were received during this period.
EF-99 No reports on environmental surveys were received during this period.
EF-38 A 32 5.58 7.49 7.37 5.60 4.24 5.25 5.47 8.24

B 32 4.60 7.68 6.99 4,88 4.16 4,07 1.76 5.24

1967 3.26 3.73 3.17 2.51 2.64 Not Collected 2.23 Not Collected
EF-97 A 32 5.14 6.04 6.69 4,34 4.98 4.3C v.30 5.57

B 32 5.06 7.27 5.37 3.89 4.64 4,96 4.89 4.94

1967 3.26 3.73 3,17 2,51 2,64 Not Collected 2.23 Not Collected
EF-96 zigﬂ% 2 4.16 6.26 5.83 6.05 3.16 4.32 5.18 4.66

1967 3.26 3.73 3.17° 2,51 2.64 Not Collected 2.23 Not Collected
EF--95 No reports on envirommental surveys were received @Quring this period.
EF-94 A 32 11.8 ic.0 NP 3.36 ST .89 I.c 19.8

B 32 7.15 10.6 11.4 7.69 4.22 6.15 38.7 7.92

1967 3.2¢6 . 3.73 3.1'} 2.51 2,64 Not Collected 2.23 Not Collected
EF-93 No reports on envlmnaxtal sii:;:veys were received during this period.
EF-92 No reports on env:.romental surveys were received during this period.
EF-91 No reports on envimimental surveys were received dﬁri._ng this period.
EF-90 No reports on envirommental surveys were received:duriiq this period.
EF-89 No reportson environmental surveys were received during this period.
EF-88 A » 32 4.32 6.54 7.20 4.14 4.01 3.82 4.49 3.29

B 32 4.02 5.83 6.24 3.53 3.66 3.77 4,22 3.18

1967 3.26 3.73 3.17 2.51 2.64 Not Collected R 2.23 Not Ccllectal
EF-87 No reports on envircnmental sumeysu were received during this period.

*Two groups each oontaining thirty-two samples (daily composite samples collected weekly) from neighboring cities were analyzed for gross £
activity, and compared to the 1967 results.




Tahle AR

fnvirormental Surveys - Milk (F RMI)

) Reactor Area ‘ Background Group
) No. of Monroe Nsv’.port_: 1 Xpsglant‘:i ' Am_)7Arb9r
Report # Period Samples* B(x10-7 uCi/ml)  8(x10~7 1Ci/mwl)  B(x10-" uCi/ml)  B(x10=" uCi/ml)
EF-101 A . 12.6 13.1 b1 14.0
B 4 11.0 11.9 13.4 11.2
EF-100 No reports on environmental surveys were received during this period.
EF-99 o |
EF-98 A 4 13.'3 10.8 11.4 15.1
B 4 1.4 - 11.9 12.9 10.5
=97 A 4 14.5 14.7 14.1 13.0
B 4 14.1 13.3 14.5 15.1
EF-96 i/,ig;;’i 4 12.8 13.7 11.1 13.0
EP-95 No reports on envirommental sw veys were received during this period.
EF-94 A ) 4 - i2.6 10.2 14.0 15.6
B B 13.0 13.6 14.3 13.1
Er-93 No reports on envirammental surveys were received during this period.
EP-92 bbA reports on environmmental surveys were received during this period.
EF-91 No reports on environmental surveys were received during this period.
EF-90 A i
EF-89
Mﬂ A 4 11.3 13.2 12.8 11.9
B 4 12.7 11.6 12.2 11.0
EF-87 '

*Two groups each containing four milk samples were collected two from the reactor area and two away from the
reactor area for bad(gm\md These samples were analyzed for gross beta and gamma activity.
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Table A9

Envirommental Surveys -— Fish (FERMI)

EF-101: Twelve sample; of Lake Erie fish (six from the reactor area
ard six from the Buffalo area) were taken and analyzed for
gross B and y activity during period A. No significant change
in the results was noted when compared to previously analyzed
samples. : ‘

EF-94:  Twelve samples of Lake Erie fish (six from the reactor area and
six from the Buffalo area) were taken and analyzed for gross
B and y activity during period B. No significant change in the
results were noted when compared to previously analyzed samples.

187



Table A10
Environmental Surveys --- Gamma Radiction (Férmi)
Two .groups (A,B) each containing ten gamma radiation exposure
analyses were conducted (ten locations of on:, four week exposure)

by the usage of environmental film packets. No gamma exposures
above normal were reported.

The same analyses were done for‘éach period and‘fhe‘same
results were reported. R
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Table All

Activity of Liquid and Gaseous Samples (FERMI)

Liquid Gaseous
Report # Date Location Gross 8 No. of Location Gross 8
and date Taken activity Samples : . activity
reported (highest (highest
concentra-~ concentra-
tion) tion)
uCi/crd pCi/cmd
EF-101 Jan. 19 Demineralized water 1.22x1078 4 Primary Shield Tank 3.5x1078
Jan. 1972 : v 4 Auxiliary Fuel Storage 1.6x107°
Facility
Jan. 19 Potable Water 1.22x1078 3 Reactor Cover Gas 3.5x10°5
- 1 Waste Gas Storage Tank 3.1x1075
No: 2
EF-100 Dec. 7 MK-15 Liquid Waste Tank 3.1x1075 _ Primary Shield Tank 3.5x10~8
Dec. 1971 Dec. 10 MK-15 Liquid Waste Tank 1:7x10" Auxiliary Fuel Storage — 1.4x107°
Facility '
Dec. 14 Cut-up Pool before Ion Exchange 6.8x1078 Reactor Cover Gas . 4,2x1073
Dec. 14 Cut-up Pool after Ion Exchange 1.8x1078 Waste Gas Storage Tank 2.2x107%
No: 2 .
‘Dec. 14 Decay Pool before Ion Exchange 2.0x1077 1 Waste Gas Storage Tank 4.1x107%
. ‘ . No: 1
Dec. 14 Decay Pool after Ion Exchange 3.9x1078
De¢. 20 Demineralized Water 1.2x1078
Dec. 20 Potable Water 4.5x1078
EF-99 Nov. 18 Demineralized Water 4.76x1078 5 Primary Shield Tank 2.75x1073
Nov. 1971 4 Auxiliary Fuel Storage 4,55x106
Facility
Nov. 18 Potable Water 11.22x1078 5 Reactor Cover Gas 1.82x1071
- . ' 1 Waste Gas Storage Tank = 1.32x10™%
1 Waste Gas Discharge Line 3.19x107°
No: 1
EF-98 Oct. 15 Demineralized Water 1.95x10~8 4 Auxiliary Fuel Storage 1.24x1076
Oct. 1971 : Facility
Oct. 15 Potable Water 5.86x10"8 Primary Shield Tank 3.16x1078
Oct. 18 Waste Liquid Tank MK-15 2.73x1075 4 Reactor Cover Cas 5.39x1073
1 FARB Transfer Tank 5.,94x1077
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Table All

Activity of Liquid and Gaseous Samples (FERMI)

N Liquid Gasenus
Report. 4 Date Location Gross B No. of Location “Gross =
and date Taken activity Samples activity
reported el (highest (highest
T concentra~ concentra-
e tion) tion)
_ uCi/cm’ © uCi/em’
EF-101 Jan. 19 Deminéralized water 1.22x1078 4 " Primary Shield Tank 3.5%107F
Jan. 1972 4 Auxiliary Fuel Storage 1.6x107"
. ) Facility
Jan. 19 Potable Water T 1.22x107" 3 Reactor Cover Gas 3.5x10"°
~~~~ ~— 1 waste Gas Storage Tank 3.1x10°° !
’ Wi oz
|
- {
EF- 100 Dec. 7 MK-15 Liquid Waste Tank 3.x{075 I Primary Shield Tank 3.5x10" %
Dec. 1971 Dec. 10 MK-15 Liquid Waste Tank Lot 5 Auxiliary Fuel Storage  1.4x107¢ !
) Facility :
. 2 t
Dec. 14 Cut-up Pool before Ion Exchange’ 6.8x107° ™4 Reactor Cover Gas 4.2x107° |
Dec. 14 Cut-up Pool after Ion Exchange 1.8x107° 1 Waste Gas Storage Tark 2.2x107*
7 ) No: 2
Dec. 14 Decay Pool before fon Exchange 2.0x10 1 o Waste Gas Storage Tank 4,1x10"" :
. Dec. 14 Decay Pool affer Ion Exchange 3.9x107° :
*- Dec. 20 Demine.;:aiizea water L.2x107F
Dec. 20 Potable Water 4.5x1078
EE-99 Nov. 18 Demineralizea wWater 1.76x107¢ 5 Primary Shield Tank 2.75x107°
Nov. 1971 o 4 Auxiliary Fuel Storage 4.55x107°
P Facility -
L-Tov. 18 Potable Water 1.22x107% 5 Reactor Cover Gas 1.82x10”"
e 1 Waste Gas Storage Tank 1.32x10:“
o 1 Waste Gas Discharge Line - 3.19x107°
No: 1 .
EF-98 oct. 15 Demineralized Water 1.95x103 4 Auxiliary Fuel Storage  1.24x107
Oct. 1971 ) . Facility
oct. 15 Potable Water 5.86x10~" 4 Primary Shield Tank 3.16x107F
' Oct. 18 Waste Liquid Tank MK-15 2.73x1075 4 Reactor Cover Gas 5.39x107°
1 FARB Transfer Tank 5.94x10™




Table All

Activity of Liquid and Gaseous Samples (FERMI)

" {conti nued)
— page 2
Liquid Gaseous 7
. [ Date Location Gross No. of Location ‘,__,Gi:gss :
~and date Taken . activity ‘Samples : activity
répor ted (highest . o (highest
g - cohcentra- o~ concentra-
i e tion) ) o tion)
| Ci/am? wCi /o’
L EF-97 T3 Cut-up Pool before Ion Exchange 3,62x10™" 5 LMikiliary Fuel Ctorage 1.37x107
Sept. 1971 e - ~" Pacility : ~
Scpt. 13 "m:;up after Ion Exchange 3.54x107% 5 Primary Shield Tank 7.49x10"°
~ Sept. 13 DecayP&Ql tofore Ton Exchinge 1.66x3107 5 Reactor Cover Gas 9.8x10""
Sept. 13 Decay Pool dfter Ion Exchange 1.22¢107° k
Sept. 20 Demineralized Watér. L.22x10™"
Skl 2 moeEt e 1.34x107% .~
i
T . . P
EF-96 Aug. 18 Waste Liquid Tank MK-15 ) 4.08x10-° 4 Auxiliary Fuel Storage 1.55x107"
Aug, 1971 ¥ Facility
| Aug. 24 Demineralized Water 4 Primary Shield Tanx 2.83x107"
i Aug. 24 Potable Water 3 Reactor Cover Gas 5.84x107"
i o
EF-95 July 19 Demineralized Water Below detectable 5 Awxiliary Fuel Storage 1.6x107"
July 1971 limits e Pacility
July 19 Potable water Below uetectable 5 Primary Shield Tank 4.9%107
< limits
P S %Reactor Covexr Gas 1.2x107°
,./"‘V:P o
EF-94 June 7 " * Decay Pool before Ion Exchange 2.24x107" 4 Aux].h.a:;y Fuel Storage 1.32x107°
June 1971 o , : Facilityn._
f,;ﬂ"ﬁ;le 7 Decay Pool after Ion Exchange 1.68x107" 5 Primary Shield “fank 2.15x107*
! T June 7 Cut-up Fool. before Ion Exchange 5.5%x1077 6 Reactor Cover Gas ., .Bx10™"
,,)»-“"h June 7 Cut-up Pool after Ion Exchange 1.22x1078 3 Waste Gas Tank No: 1 28x10™""
7 June 18 Demineralized Water 1.34x1078 3 Waste Gas Tank No: 2
| June 18 Potable Water 5.81x10~8
. EF-93 May 6 Liquid Waste Tank MK-15 5.18x1075 5 Reactor Cover Gas 9.94x10™"
May 1971 May 19 Demineralized Water 2.6x10"° Primary Shield Tank 1.97x107"
May 19 Potable Vater ) ©7.32x1078 4 Auxiliary Fuel Storage 1.16x10"6

Facility
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Table All

Activity of Liquid and Gaseous Samples (FERMI)

{continued)
Licquid Gaseous
Report # Date Location Gross 8 No. of Location Gross B
and date Taken activity Samples . activity
reported - (highest (highest
concentra- concentra~-
tion) tion)
uCi/cm? uCi/cm?
EF-97 Sept. 13 Cut-up Pool before Ion Exchange 9.62x1078 5 Auxiliary Fuel Storage 1.37x1076,
Sept. 1971 Facility
Sept. 13 Cut-up after Yon Exchange 3.54x1078 Primary Shield Tank 7.49x1077
Sept. 13 Decay Pool before Ion Exchange 1.66x10~7 Reactor Cover Gas ' 9.8x10™"
Sept., 13 Decay Pool after Ion Exchange 1.22x1078 '
Sept. 20 Demineralized Water 1.22x10~8
Sept. 21 Potable Water 1.34x10"8
EF-96 Aug. 18 Waste Liquid Tank MK-15 4.08x10~5 4 Auxiliary Fuel Storage 1.55x1075
Aug, 1971 : Facility
Aug. 24 Demineralized Water 2.1x10~8 Primary Shield Tank 2.83x1078
‘Aug. 24 Potable Water 1.22x1078 3 Reactor Cover Gas 5.84x1075
EF-95 July 19 Demineralized Water ‘Below detectable 5 Auxiliary Fuel Storage 1.6x10~8
July 1971 limits Facility
July 19 Potable Water Below detectable 5 Primary Shield Tank 4.9x1077
limits
5 - Reactor Cover Gas 1.2x1073
EF-94 June 7 Decay Pool before Ién Exchange 2.24x10"7 4 Auxiliary Fuel Storage 1.32x1076
June 1971 ' Facility .
June 7 Decay Pool after Ion Exchange 1.68x1077 - 5 Primary Shield Tank 2.15x107%
June 7 Cut~up Pool before Ion Exchange 5.5x1077 6 Reactor Cover Gas 1.8x10-!
June 7 Cut~up Pool after Ion Exchange 1.22x1078 3 Waste Gas Tank No: 1 1.28x107%
June 18 Demineralized Water 1.34x1078 3 Waste Gas Tank No: 2 9.94x1075
June 18 Potable Water 5.81x10-8
EF-93 May 6 Ligquid Waste Tank MK~15 5.18x1073 Reactor Cover Gas 9,94x1075
May 1971 "May 19 Demineralized Water 2.6x1078 Primary Shield Tank 1.97x1077
May 19 Potable Water 7.32x10°8 Auxiliary Fuel Storage 1.1e6x1076

Facility
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_ Table All

Activity of Liquid and Gaseous Samples (FERMI)

(continued)
page 3
Liguid Gaseous :
Report # Date Location Gross B No. of Location Gross 8
and date Taken activity Samples activity
reported (highest (highest
concentra- concentra~-
tion) tion)
uCi/cm3 pCi/em’
EF-92 April 16 Demineralized Water 1.2x10-8 Reactor Cover Gas 9.1x10™"
April April 16 Potable Water 1.2x1078 5 Primary Shield Tank 2.3x1077
5 Auxiliary Fule Storage 1.5x10-6
. Facility
EF-91 “March 1 Demineralized Water 1.2x108
March 1971 8 -
March 1 Potable Water » 3.5x10 4 Reactor Cover Gas 5.6x10
March 2 Cut-up Pool before Ion Exchange 9.9x1078
" March 2 Cut-up Pool after Ion Exchange 3.3x1078 3 Primary Shield Tank 3.7x10°8
March 2 Decay Pool before Ion Exchange 1.7x1.0"7 Auxiliary Fuel Storage . 1.3x1076
Facility
March 2 Decay Pool after Ion Exchange 8.6x10~8
March 22 Potable Water 1.2x1078
March 22 Demineralized Water 1.2x1078
' EF-90 1 Containment Building 8.7x10~7
Feb. 1971 4 Primary Shield Tank 1.2x1073
4 Reactor Cover Gas 1.2x107!
* 3 Auxiliary Fuel Storage 1.6x1076
* Facility
1 Waste Gas Storage Tank 2.0x10™%
No: 1
~ 1 Transfer Tank 1.1x10-6
EF-89 Jan. 13 Potable Water  2.44x1078 2 Containment Building 1.26%10-5
Jan, 1971 3 Reactor Cover Gas 1.57x107!
Jan. 13 Demineralized Water 1.22x10-8 4 Primary Shield Tank §.19x10-5
4 Auxiliary Fuel Storage 5.05x10-°
Facility
Jan. 20 Condenser out-Fall 1.68x1.077 1 Machinery Dame 1.37x1073
1 Waste Gas Tank No: 1 8.69x10™5
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Table All
Activity of Liquid and Gaseous Samples (FERMI)

R {continued)
N page 3
. Liquid Gaseous
Report ¢ , Date Location Gross ¢ No. of Location Gross ¢
and date ... Taken activity Samples activity
reported N {highest (highest
oconcentra- tra-
tion) _~"tion)
WCi/em? uCi/am3
B-92 April 16 Demineralized Water l.2x10" 5 Reactdr Cover ~as 9.1x10™"
April April 16 Potable ‘Water 1.2x10"" 5 “Primary Shield Tank 2.3:10°
5 Auxiliary fule Storace 1.5x10™
: Facility .
a1 March 1 Demineralized Water L.2%107" ‘
; arch 1971 -
; sardh 19 March 1 potable Water ; 3% Reactor Cover 5as 5.ox10
| . .
! March 2 Cut-up Pool before Ion Excharge™ 9.9%107
i .
i March 2 Cut-up Pool after Ion Exchange 3.3x1077 3 Primary ShieiZ Tark 37107
March 2 Decay Poel before Ion Exchange 1.7x107 2 Auxiliary Fuel Storace 1.3xk07"
‘ . Facility
March 2 Decay Pool after Ion Exchange 8.6x107" .
March 22 Potable Water - 1.2x107"
March 22 Demineralized Water 1.2x107°
EF-90 1 Containment Bulding 8.7x10™
Feb. 1971 Sriary TR Tamv Tt n
4 Reactor Cover 3as Sl.2x10™
3 Auxiliary Fuel Stcrage 1.6x107"
Facility
1 Waste Gas Storace Tank 2.0x10°"
No: 1 )
1 Transfer Tank 1.1x107¢
EF-89 Jan. 13 Potable Water 2.44x1078 2 Contaimment Building -. — 1.26x10™°
Jan. 1971 ) 3 Reactor Cover Gas ., 1.57x107
Jan. 13 Demineralized Water ‘]_..22ka.0'R 4 Primary Shield Tank 9.19%107:
4 Auxiliary Fuel Storage 5.05x10™"
Facility
Jan. 20 Condenser out~Fall 1.68x1077 1 Machinery Dore L.37x107"
1 Waste Gas Tanx Nc: 1 8.69x107"




Table All
Activity of Liquid and Gaseous Samples {(FERMI)
: {continued)
page 4 el
Liquid ‘ Gaseous =
Report ¢ Location Gross 8- No.. of Location i Gross . =
and date . activity Samples activity
reported (highest - (highest
concentra- o concentra-
tion) e tion)
. 3 L . P 3
~ vei/en T el
} \v“-u. T - ’ . .
EF-88 Zec. ~ Decay PSol, before Ion Exchange 1.7x107 5 Primary Shield Tank 1.6x10”
Dec. 1370 e, T Decay Pool af‘t’éx;.ﬂ;[on Exchange Leand® 5
lec. T Cut-up Pool before%i'on%Exchange T Ax10-7 4 Auxiliary Fuel 3torage
: Tank 1.6x10°"
Deo. T Cut-up Pool after Ion Exchange . 7.4x10~" 4 Reactor Cover %as 2.9x107"
Sec. @ Waste Liquid Tank MK-15 e 3.4x107" 1 Waste Gas Tank No: 1 3.8x10"%
Dec, 13 Denineraliqu Water X
Dec. 13 Potable Witer
EF-87 L 5, Containment Building 1.7x107¢
Nov. 1970 e ‘ 4 . Primary Shield Tank 2.6x107%
. o er Gas 8.1x10"
4 Auxiliary Fuel Storace 2.8x107¢
Facility
1 Waste Gas SyStem FARB 3.2x107"
g 1 Waste Gas Tark No:“Z,  6.4x1073
1 Waste Gas Tark No: 1 ™ 4.6x10~"
1 Waste Gas Tank No: 2 2.5x107°
1 Waste Gas Tank No: 1 2.7x10™"
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Table All

Activity of Liquid and Gaseous Samples (FERMI)

{continued)
n N page 4
Liquid Gaseous
Report # Date Location Gross B No. of Location Gross 8
and date Taken ) activity Samples activity
reported (highest (highest
concentra- concentra—
tion) tion)
uCi/cm3 1Ci/cmd
EF-88 Dec. Decay Pool before Ion Exchange 1.7x1076 5 Primary Shield Tank 1.6x10°6
Dec. 1970 Dec. 7 Decay Pool after Ion Exchange 1.4x1077 5 '
Dec. 7 Cut~up Pool before Ion Exchange 7.4x10~7 Auxiliary Fuel Storage
Tank 1.6x10°6
Dec. 7 Cut-up Pool after Ion Exchange 7.4x10"7 Reactor Cover Gas 2.9x10°°
Dec. 9 Waste Liquid Tank MK-15 3.4x10-" Waste Gas Tank No: 1 3.8x10-5
. Dec. 15 Demineralized Water 2.6x1078
Dec. 15 Potable Water 2.8x10-8
EF-87 5 Containment Building 1.7x1.076
Nov. 1970 4 Primary Shield Tank 2.6x10™%
4 Reactor Cover Gas 8.1x1072
4 Auxiliary Puel Storage 2.8x1076
Facility
1 Waste Gas System FARB 3.2x1077
1 Waste Gas Tank No: 2 6.4x10-5
1 Waste Gas Tank No: 1 4.6x10-°
z 1 Waste Gas Tank No: 2 2.5x1073
1 Waste Gas Tank No: 1 2.7x107"




Page Intentionally Blank


mallaire
BlankStamp


X

Table Al2
Primary Sodium Camposition (FERMI)

Chemical Analysis

Report # ' Sampie # Date C Cl Cr F Fe H Ni 0
taken {(ppm) (pam) (ppm) (ppm) {ppm) Non-hydroxide (ppm) (pom)
(ppm)

r-93 Purity variation of Primary sodiun test was oconcerned with the effect that temperature and radiation would have on the shield
plug graphite for releasing impurities into the primary sodium. Comparison of analyses of a sodium sample taken prior to the
power demonstration program and one taken immediately following the 200 MW(t) operation showed negligible changes in impurity
levels. Oxygen level remained below 10 ppm; carbon level was less than 35 ppm; and the indicated hydrogen level was less than
3 ppm.  There was no apparent correlation between power operation and impurity level. Operation of the cold trap during power
operation apparently maintained the iow level impurities in the sodium.

EF-92 Coil #58 April 5, 1971 0.7 0.3 0.8
Coil #59 April i2, 1971 = = = = = = = = - - - — . « = - - - - Resul“s =r= not published - - - - - - B

EF-88 Coil #54 Oct. 22, 1970 33 0.078 0.268 0.66 “0.138 8.0

Hydroxide H = 2.30 ppm




Table A13

Priiary Sodium Activity (FERMI)

Fission Products

24

activity : Na~ " activity Date
Report # (uCifcc of Na) (mCi/cc of Na) Reported
EF-101 2.5%10"¢ *kk January 1972
EF-100 13 December 1971
EF-99 ]3 November 1971
EF-98 2.3x107° October 1971
EF-97 2.3x107° September 1971
EF-96 2.5x107° August 1971
EF-95 2.5x1072 July 1971
EF-94 12.23 - June 1971
EF-93 0.865 May 1971
EF-92 2.68 April 1971
EF-91 1.8x1072 March 1971
EF-90 0.5 February 1971
EF-89 1.0 January 1971
EF-88 1.6 December 1970
EF-87 13 November 1970

Secondary System:

No radiation levels greater than instrument

background were detected at the surface of the

steam generators which indicates that the
radioactivity was well below 2.5x10~% uCi of Na

24

per cc of sodium as required by the Technical
Specifications.

***pyrpose of the sample taken is an investigation to determine the cause

of Nal4

found in the containment building atmosphere in December, 1971.
The sample is being analyzed to estabiish base data on Na
constituents.

22 and other



Table Al4
Uranium in the Sodium in the Transfer Tank System (Fermi)
A sodium sample taken from the electromagnetic pump line of

the FARB cold trap room transfer tank system on May 27, 1970 was
analyzed in two parts for December, 1970 (EF-88) as follows:

Sample A Sample B
238, 11.8+0.7 ppb 2.9+0.4 ppb
235

U 1.9+0.5 ppb - < 0.5 ppb

195
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Off-Site Radicactivity Releagse in Gaseous Waste--

Table AlS -

Noble Gas ‘and Activation Products (SEFOR)

N, - ) 7
Report # *\ Total Activity Total Time MPC(‘ﬂ Licensged Percent Maximgn Licensed Percent
. Released Volume of Average used Limit of Annual Hourly Average Limit of Hourly
Y, (Noble Gases Gas Release (uCisml) for Annual Limit Release Rate for Hourly  Limit
*and activation Released Rate Average {(uCi/sec) Averaqe’
products) (f£?) (uCi/sec) {(uCi/sec) : (\Ci/sec)
’\(Ci) ) =
10th Quarterly  8.99x16 261,000 1.14x10" 2x10™° 800 1.4x10" 544 1€
9th Quarterly 6.38x107° 127,000 .81x10™¢ 2x10~" 800 - 1x10-" 5T 1x107 1430 1.ex10™
:\'a,; ;y""’
$th Quarterly 1.37 . 155,700 174 %1077 800 i“""fw-i 18 3400 .53
: ; 5
Tth Quarterly 7.1x10° }?44"@9” 9.0x10” 2x10~3 BOu «“: 1.1x10°" .19 34075 5.6x10~°
) M, . s .- s /,
", Maximam Radloactlv:.tyfmésured
) o
Long-lived  ldShg-lived Noble Gas
Gross™u /;/“' Gross 8 Concentration
(ycj_/m_],)'f" - {(uCi/ml) (uCi/mi})
6th Quarterly 390,000 L1x107 L ag-1® - 1x10™
Sth Quarterly 125,280 <1x10-1- 1x10~
4th Quarterly 153,380 <1x10~17? <Ix10-1! ino-
3rd Quarterly 108,650 <1x10~12 <1x107H! <1x10=9 ™,
- . o
2 Quarterly 265,200 <1x10~17 <1x10~!1 <1x10~° '
7
t Quarterly 234,350 <1x10-13 «1x10-11 <1x10-°

{a) Based on ?’Kr observed in the cover gas.
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Table Al5

Off~Site Radiocactivity Release in Gaseous Waste-—
Noble Gas and Activation Products (SEFOR)

Report # Total Activity " Total Time MPC @) Licensed Percent Maximum Licensed Percent
Released Volume of Average used Limit of Annual Hourly Average Limit of Hourly
(Noble Gases Gas Release (pCi/ml) for Annual Limit Release Rate for Hourly Limit
and activation Released Rate Average (uCi/sec) Average
pxoduct):s) (££3) {uCi/sec) (uCi/sec) (uCi/sec)
(Ci ,
10th Quarterly  8.99x1077 261,000 1.14x10-3 2x10~8 800 1.4x10-4 544 3400 16
9th Quarterly 6.38x1073 127,000 .81x1073 2x10-8 800 bRtalingd 5.1x1072 3400 1.5x10"3
8th Quarterly 1.37 155,700 174 2x1078 800 2.2x10-2 18 3400 .53
7th Quarterly 7.1x1072 124,500 9.0x1073 2x10-8 800 1.1x10-3 .19 3400 5.6x1073
Maximum Radioactivity Measured
Long-~-lived Long-lived Noble Gas
Gross o Gross B Concentration
{uCi /ml) {(uCi/ml) (pCi/ml)
6th Quarterly 390,000 <1x10~12 1x10710 <1x1079
5th Quarterly 125,280 <1x10™12 1x10-10 <1x10-2?
4th Quarterly 153,380 <1x10-12 <1x10~11 <1x10-°
3rd Quarterly 108,650 <Ix10-12 <1x10”1 <1x10-2 ’
2nd Quarterly 265,200 <1x10~12 <1xlo~1t <1x107°
1st Quarterly 234,350 <xlo-1? <Lyo-!} <1x10~2

(a) Based on 87Kr observed in the cover gas.
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Table Al6

Off-sSite Radioactivity Release in Gaseous Waste~--

Halogens and Particulates (SEFOR)

Report # Total Total Time MPC Licensed Percent Maxinmum Licensed Percent of
Activity Volume : Average used (b) Limit of Annual Hourly Average Limit Hourly
Released of Gas Release (yci/ml) for Annual Limit Release Rate for Hourly Limit
(Balogens Rele%sed R(ate ' Average (1Ci/sec) Average
and Parti- (££3) uCi/sec) (uCi/sec) (1Ci/sec
culates) (@) /sec)
{ci)
10th Quarterly <7.39x10~5 261,000 <9.4x10™6 1x10-10 5.6x10~3 17 <.34 5.6x1072 6
9th Quarterly <3.6x1078 127,000 <4,6x10"° " 1x10-10 5.6x10~3 <1x10~Y <9,4x10~7 5.6x1072 | <1.7x10"3
8th Quarterly <4,4x10™7 155,700 <5.6x10-8 1x10-10 5,6x10-2 <1,0x1073 <9,4x1077 5.6x10~2 <1.7x10-3
7th Quarterly 3.5.0°7 124,500 4.4x1078 1x10-10 5.6x1073 791073 9.4x10~7 5.6x1072 1.7x1073

6th - lst Quarterlies:

None Cbserved

(a) Halogens and particulates with half-lives > 8 days.

{b) Based on the possible presence of 13!I,
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Table Al6

Off-Site Radioactivity Release in Gaseocus Waste--—
Halogens and Particulates (SEFOR)

Report # \“\“"‘\.k _Total Total Time MPC Licensed Percent Maximam ..~ Licensed Percent of
Adtivity Volume Average used (b) Limit of Annual Hourly Average Limit Hourly
Released \""-\L__okf Gas Relaase {(:Ci/ml) for Annual Limit “'Release Rate for Hourly Limit
(Halogens Released Rate Average o (.CL, sec) rarane
and Parti- (£t “~duCi/sec) (1Ci/sec) (:Ci/sec)
Cu]_at%) (a) ””"MNM n L
(Ci) e ’
10th Quarterly <7.39x10-° 261,000 ©9.4%107" 1x10™ 5.6x10~0. .17 <.34 5.6x107 6
9th Quarterly <3.6x107¢ 127,000 “4.6x107° 1x107*F 5.6x10™" A1x10% | <9.4x107 5.6x10™ <1.7x10”
8th Quarteriy 4 adxa 0" 255,704, - ~5.6x107 ix107+ 5.0al0™ <1.0x107° <9.4x10~7" veoxiu” L x0T
7th Quarterly 3.5x1077 ',,.f”iz4,500 4.4x10™° 1x10--° 5.6x107" L 79x10” 9.4x10°" 5.6x107 1.7x107°
6th ~ 1st QJarterh/M None Observed
(a) Halogens and particulates with half-lives - 8 days.
(b)" Based on the possible presence of 17!I.

il e MR A af a e e

S G A



Table Al7

Off-Site Radioactivity Release in Liquid e
\ Waste--Fission Products and Activation Products (5EFOR) 2

REFQ{E # Total activity of Total volume Total volume Volume average MPC Percent /Maxum.m concentra- 7

S, Fission Products and of ligquid of dillution concentration at used of limit tinn released, averaged

M"\x Activation Products waste discharged water discharge point {(uCi/ml) {,,(r{) over rot more than
T, Released (Ci) {gallons) (gallons) (uCi/ml) i e 24 hours (uCi/ml)

10th Quarterly 1.28x10 5.29x10 5.0x10" 6.8x10™" oo™ 002 9.0x10™"
9th Quarterly ©3.3x107¢ e 1.15x10" 5.0x10° oxtomr o 3uokiom P 006 1.0%10™"
8th Quarterly 4.6x1077 Cte12x100 62x10 - 1.9x107" 1.0x1077 <1.9 <5x10~"
7th Quarterly <7.2%10~" i78x10° 50%10° 30 1.0x1077 <3.8 Xiv©

Maximum radioactivity"l,eyel measured -

) (Fission products and activation products) volume discharged
o i) | « LA (gallons)
Ix107° : 1.6x10~° (Identified as tritium ¢ 1773
and C-14. No . emitters
- . observed above 1x107° '*u,c;%/m)
“1x107> 8310 , e ] 7774
“1x10” 3x10™7° T 7399
e 7 3rd Quarterly 1x107" 1%107" 4154
2nd Quarterly <10~ <1x10~* 6718
1st Quarterly <1x107* “1x10-% 3750

(a) All liquids are released to a tile field. Measured concentrations refer to values at the proint of discharge intc the tile field.

(b) Na?2? identified as garma emitter.
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Table- Al7

Off-Site Radioactivity Release in Liquid
Waste--Fission Products and Activation Products (SEFOR)2

Maximum concentra-

Report # Total activity of Total volume Total volume Volume average MPC Percent

’ Fission Products and of liquid of dillution concentration at used of limit tion released, averaged

Activation Products waste discharged water discharge point (uCi/ml) (%) over not more than
Released ' (Ci) (gallons) (gallons) (uCi/ml) 24 hours {(uCi/ml)
10th Quarterly 1.28x1075 5.29x10% 5. 0x10% 6.8x1078 3.0x20-5® 0,22 9.0x1075
oth Quarterly <3.3x1076 1.15x10% 5.0x10% <1.9x108 3.0x10-5 ) <0.06 3.0x10"7
8th Quarterly 4.6x10~7 12x103 62x103 <1.9x107% 1.0x1077 <1.9 <5x10~¢
7th Quarterly <7.2x10™7 4.8x103 50x10% <3.8x107° 1.0x10~7 <3.8 <3x1078
Maximm radioactivity level measured
~ (Fission products and activation products) Volume discharged
. ) e (gallons)
o {(uCi/ml) 8 (uCi/ml)
6th Quarterly <1x1078 1.6x10~5 (Identified as tritium 1773
and C-14. No y emitters
observed above 1x107% pCi/ml)

5th Quarterly <1x10-8 8x1.0~8 7774

4th Quarterly <1x10~8 3x10-8 7399

3rd Quarterly <1x10™8 <1x10™8 4154

2rnd Quarterly <1x1078 b <1x10~8 6718

lst Quarterly <1x1078 - <1x10-8 3750

(a) A1l liquids are released to a tile field.

{b) Na?2 jdentified as gamma emitter.

Measured concentrations refer to yalues at the point of discharge into the tile field,
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Off-Site Radicactivity Release in Liquid Wastes-
Tritium and Carbon-14 (SEFOR)

Table Al8

Total Curie

Tritiun

Volume Average

Concentration at

Total Curie

Carbon~14

Volure Average
Concentration at

Ak:tivity Released Discharge Point (a) (b) Activity Released Discharge Point (a) (c)

Report # (Ci) {uCi/ml) ., Percent of Limit % (ci) (uCi/ml) Percent of Limit %
10th Quarterly " 1.35%10~2- 7.1x10~* 2.4 1.3x10-% 6.9x10~° 8.6x10-"*

9th Quarterly 4.4x10"2 2.3x10~* 7.7 ‘ 4x10~-%-estimated

8th Quarterly 9.4x10~2 4.0x10-* 13.4 3.5x10-* -estimated

7th Quarterly  8.0x10-3 ' 4.2x10-° 1.4 3.0x10~*~estimated

6th Quarterly Total activity of tritium and carbon-14 is 1.6 x 10-° pei/ml.

5th Quarterly Not reported. Not reported.

4th Quarterly Not reported. Not reported. -

3rd Quarterly Not reported. Not reported,

2nd Quarterly Not reported Not reported.

1lst Quarterly Not. reported. Not reported.

(a) All liquids are released to a tile field.

at the point of discharge into the tile field.

Volume average concentration

at discharge

Total activity released

= Total volume of dilution water

(b) MPC used 3 x 10~% Ci/ml for one week breathing (soluble in water)

{c) MPC used B x 107 uCi/ml for one week breathing (soluble in water)

Measured concentrations refer to values
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N e &
B Table AlS
Off-Rite Radicactivity Release in Liquid Wastes- P
Tritium and Carbon-14 (SFFOR) ) e
- B B o - 'L‘/'
. T Tritium Carbon-14 .~
. Volume Average Volume-Average
Total Curie Cancentration at Total Curie Concentration at
Activity Released Dischardge. Point (a) (b) Activity Released Discharge Point (a) ()
Report # (Ci) GCiAmD).. Percent of Limit % (ci) {(uCifml) Percent of Limit %
/ l0th qQuarterly ~ 1.35x10-2 7.0:0-% e 2.4 1,308 6.9x10-° 8.6x10-*
9th Quarterly 4.4x10~7 2. 10" T 1.7 4x10-*estimated
8th Quarterly 9.4x10~2 4.0x20~" 13:1‘«, - 3,5%10~*~estimated
7th Quarterly 8.0x10"? 4.2%10- 1.4 o7 T 3.0x10~“-estimated
6th Quarterly Total activity of tritium and carbon-14 is 1.6'x 10~° uci/ml™._
5th Quarterly Not reported. o Not reported.
4th Quarterly Not reported. Not reported
3rd Quarterly -  “Not reported. ; s Not reported. v
2rd Quarterly .- #bt reported = - Not reported. “
1st Quarterly Not repcrtad$ Not reported.
. »"X,:“ )
{a) All liquids are released to a tile field. Measured concentrations refer to values ;
at the point of digcharge into the tile field.
e ’
Volume igeraqe concentration _ ___ Total tivity released .
at )gas/charge Total wolure of dilution water \\\
(b) b‘g@‘;usedﬂ 3 x 10~° uCi/ml for ane week breathing (soluble . in water) \

() "MPC used 8 x 10™* uCi/ml for one week hreathiné (soluble in water)



Table Al9
Envirormental Sampling

of Radicactivity in Vegetation, Soil, and Water (SEFOR) : P
f :
\ vegetation soil ®
Report . Month ¢ activity s activity ‘L activity & activity : 1ty & activity
\\ Ci/gmr-ash Ci/gm L Ci/ml

““Recheck level 50 1820 32 35 N 1.5%10"

pre-operational - 13 - 987 : 25 34 T ASougd - 6.1x10-7
All Quarterlies average ., ’ ]

10th Quarterly August, 1971 549 15 Y DS 30

“opterter. 1971 861 22 19 X X107

October, 1971 862 19 44 %l 1
“- 9th Quarterly M ‘15 1108 24.3 25 Lol 0~F

June, 1971 “15 151 . 22 27 R -

» July, 1971 ‘15 917 23 22 17T 4.6x107"
n 8th Quarterly February, 1971 . 32.6 26, 29 P S 3.2%1077
© March, 1971 30 . 1657 415 e 55 LT -3x10*

April, 1971 20.7 1640 20 Te 23.3 T 3.2¢107F
7th Quarterly November, 1970 16 1332 26 21 « X 7.0x10~°¢
December, 1970 23 1509 ‘ 15 23 T 7.3x107%
. January, 1971 " 19 1463 18 15 s e
6th Quarterly August; 1970 Cas - 964 ' 15 48
Sebtember, 1970 16.6 1471 15.4. 42 , ‘
- " Octaber, 1970 : <15 1395 20 22 ‘ Sl 3x10-%
Sth Quarterly -~ May, 1970 15 _ 762 w16 35 k0o «3x107%
June, 1970 7 949 ) 15 29 ixin” 3.3x107¢
July, 1970 8 - . 1317 RES V) 26 Ix107° 7.3x10°"
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Table: Al9
Environmental Sampling

of Radicactivity in Vegetation, Soil, and Water (SEFOR)

Vegetation @) soi1 ®) water ®
eport 4 Month o activity g activity o activity B activity e activity B activity
pCi/gm-ash. pCi/gm : uCi/mi
Recheck level 50 1820 32 45 3x1078 1.5x1077
pre-operational 13 987 25 34 <2x10-? 6.1x10-8
All Quarterlies average

10th Quarterly August, 1971 16 549 <15 27 <1x1078 <3x1078
September, 1971 18 861 22 19 <1x10-8 <3x1078

October, 1971 <15 862 19 44 <1x1078 <3x10-8

9th Quarterly May, 1971 <15 1108 24.3 25 <1x107% | 3x1078

' June, 1971 <15 1151 22 27 , . <1x1078 3x1078
July, 1971 <15 917 23 22 <1x10-8 4.6x1078
8th Quarterly February, 1971 32.6 1497 26 29 <1x10-8 3.2x10"8
‘ March, 1971 30 1657 <15 55 1.9x108 <3x10-8
April, 1971 20.7 1640 20 23.3 <1x10-8 3.2x10-8
7th Quarterly Noverber, 1970 16 1332 26 21 <1x1078 7.0x10-8
December, 1970 23 1509 15 23 <1x10-8 7.3x1078
January, 1971 19 1463 18 15 <1x107%  3.1x1078
6th Quarterly August, 1970 <15 964 <15 48 ' <1x10~8 2.3x107
September, 1970 16.6 1471 15.4 43 <1x10~8 1.2x1077

October, 1970 <15 1395 20 22 . <1x10~8 . 3x10-8

5th Quarterly May, 1970 15 762 16 35 <1x10~8 <3x1078
June, 1970 17 949 15 29 <1x1078 3.3x1078
18 1317 22 T 26 <1x10-8 7.3x10-8

_July, 1970
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Table .Al9
Envirormental Sampling

of Radioactivity in Vegetation, Soil, and Water (SEFCR)

(continued - page 2)

. b
Vegetation (@) Soil (b) Water( )
Report # Month o activity B activity a activity B activity o activity B activity
rCi/gne-ash pCi/gm pCi/ml
4th Quarterly Februvary, 1970 18 1007 16 22 $1x10™8 $3x10~8
March, 1970 - 15 2154* 15 27 <1x10-8 <3x1078
April, 1970 15 762 16 35 <1x1078 s3x1078
3rd Quarterly’ Noverber, 1969 <15 951 22 24 <3x1078 <5x10~8
Decenber, 1969 <15 966 21 32 <3x1078 <5x1078
Janvary, 1970 18 705 31 38 <1x10-8 <3x10~8
2rd Quarterly August, 1969 <15 941 22 28 <5x10-? <7x10-8
Septerber,” 1969 20 1003 <15 25 <5x10~9 <7x10~8
October, 1969 <15 1055 31 32 <3x10~8 <5x1078
1st Quarterly May, 1969 18 1026 22 29 <5x10™% - <7x1078
June, 1969 <15 966 22 17 - <5x107° <7x108
July, 1969 <15 941 21 28 <2x¢10~° 4.3x10-8

*Only long-lived fission products (fallout) were noted in gamma scan.

(a) No evidence of Co89,

1131

, or Na?" was observed.

(b) No evidence of Cof? or Cs!37 was observed above detection limits.
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Table Al9

Enviromental Sampling #
of Radioactivity in Vegetation, Soil, and Water {SEFOR) -
e {continued - page 2)
., (b (b)
T Vs;etation(a) %11( ) Water
Report # Month « activity g activity a activity § activity a activity § activity
rCi/gm-ash pCi/gm uCi/mb
4th Quarterly February, 1970 18 1007 16 22 <1x10~* <3x10°°
March, 1970 15 2154* 15 27 -1x10~* <3x10"®
April, 1970 15 762 16 35 “1x107" <3x107°
3rd Quarterly Noveamber, 1969 <15 951 . 22 24 < 3%10™° %1078
Decamber, 1969 15 966 21 32 <3x107° «5x107F
January, 1970 18 705 3. 38 <1x10~° <3x10~%
2nd Quarterly August, 1969 <15 941 22 28" ~5%10-" <7x10™*
Septenber, 1969 20 1003 <15 25 <516~ 7107
October, 1969 <15 ’ 1055 31 32 <5%10~¢
1st Quarterly May, 1969 18 1026 22 29 ~5%107" <7x1078
Jure, 1969 <15 966 22 17 ~5x1072 <7x107F
July, 1969 ‘15 941 21 28 ~2%10™ 7 4.3x%10"

*Only long—l‘j,ved( fission products (fallout) were noted in gamma scan.

(a) No evidence of Cof°, I!?!, or Na’" was observed.
(b) -No evidence of Co®” or Cs!?” was observed above detection limits.



Number of Stations:

Total Films Analyzed during Each Quarter: 51

17

Report # and
Report Period

Table 5720

Environmental Film Monitoring (SEFOR)

Maximum Radiation
Level Reported

Maximum Radiation
Level Reported during
Pre-Operational Survey
(millirad/month)

10th Quarterly
Aug. 1, 1971 thru
Oct. 31, 1971

9th Quarterly
" May 1, 1971 thru
July 31, 1971

8th Quarterly
Feb. 1, 1971 thru
April 30, 1971

7th Quarterly
Nov. 1, 1970 thru
Jan. 31, 1971

6th Quarterly .
Aug. 1, 1970 thru
Oct. 31, 1970

5th Quarterly
May 1, 1970 thru
July 30, 1970

4th Quarterly

Feb, 1, 1970 thru

April 30, 1970

3rd Quarterly
Nov. 1, 1969 thru
Jan. 31, 1970

2nd Quarterly
Aug. 1, 1969 thru
Oct. 31, 1969

1st Quarterly
May 1, 1969 thru
July 31, 1969

17 millirad/quarter
16 millirad/quarter

12 millirad/quarter

0 millirad/mntb
0 millirad/month
0 millirad/month
0 millirad/month
0 millirad/month
4 millirad/month

4 millirad/month

202

8



€02

Table A2l

Primary Sodium Composition (SEFOR)
Concentration (ppm). .

Date .
Report # C Taken Al Ag B Ba Be Bi C Ca Co Cr Cu Fe Li
10th Quarterly 8/16/71 20 <.2 <20 <6 <.6 <.2 25 6 <.6 <.6 .2 8
(8/1/71-10/31/71)
9th Quarterly 6/16/71 100 2 <10 <5 <.1 <.1 22 6 6 4 <3 4 <10
{5/1/71-7/31/71) _
8th Quarterly 3/17/71 <2 2 <12 <12 13 5 6 6 <20
(2/1/71-4/30/71)
7th Quarterly 12/18/70 <6 <,6 T <.6 <6 <.6 24 6 <6 < 6 <.6 4
(11/1/70-1/31/71) '
Primary Sodium Composition (SEFOR)

Concentration (ppm)

(part 