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FISSION PRODUCT BEHA VIOR IN THE MOLTEP. SALT REACTOR EXPERIMENT

£. L. Compere  E.G. Bohlmann
S. S. Kinslis F. F. Blankenship
W. R. Grimes

ABSTRACT

Essentially ali the frssiva product data fir aumcrcus and vared samples taken during operation of
the Multen Salt Reactor Experiment or as part of the examins..on of specimens removed after
particular phases of operation are repuried. together with the appropriate inventory or other basis of
9 comarison. and rekevant reactor parameters and conditions. Fission prodect behavior fell into distinct
chemical groaps.

The noblzgas fi-gon products Kr and Xe ‘vere indicated by the activity of their daughters to be
temuoved fron. the fuel salt by stripping 1 5. off-gvs during by pass flow through the pemp bowl. acd
by diffusion into moderator graphite. in reasunable accord with theory. Daughter products appeared
10 be deposited promptly on nearby surfaces including salt. For the shostdived noble-gas nuchdes.
most devay occurred in the tuel salt.

The fission product cements Rb. Cs. 27, Ba. Y. Zr, and ihe lanthanides all form stabke fluorides
which are soluble in luel alt. These were no: removed from the salt. and materia?f Yafances were
reasonzbly good. An acrosol it mist produced in the pump bowl permitted a very smal’” amount 1o be
transported into the offgas.

lodine was indicated (with kess certainty bevause of somewhat deficient material balince) also to

semain in the git. with no eviden:« of volatilication or deposition on metal or graphite surfaces.
; The clements Nb. Mo, Tc. Ru. Ag. Sb. and Te are not expectid 1o form stable Muoridss under the
' redox conditions of reactor fuel sali. These so-alled noble-metal clements tended to deposit
uviguitously on system surfaces - metal. graphite. or the sali-gas interface - 30 that these regions
accumulated refatively high proportions whike the salt proper was deplcted.

Some holdup prior to final deposition was indicated at Ieast for ruthenium and tellurium and
pussibly all of this group of elements.

Evidence for fission product behavier during operation over a petiod of 26 months with 223U fuel
{more than 9000 effective full-power hours) was corsistent with behavior Juring oper2tion usiny 133y
fuel over 2 perind of about 15 months (more than 35100 effective full-power hours).

FOREWORD

This report includes essentially all the fission product  Lamb, U. Koskela. C. K. Taze, F. [. Wyatt. J. H.

cwlia

data for samples taken during operation of the Molten
Salt Reactor Experiment or as part of the examination
of specimens removed after completion of particular
phases of operation. together with the appropriate
inventory or other basis of comparison appropriate to
each particular datum.

It is appropriate here 1o acknowledge the excellent
cooperation with the operating staff of the Molten Salt
Reactor Experiment. under P. N. Haubenreich. The
work is also necessarily based on innumerable highly
radioactive samples. and we are grateful for the con-
sistently reliable chemical and radiochemical analyses
performed by the Analytical Chemistry Division (J. C.
White. Director), with particular gratimde due C. E.

Moneyhun. R. R. Rickard, H. A. Parker, and H.
Wright.

The preparation of specimens in the hot cells was

conducted under the direction of E. M. King, A. A.

Walls, R. L. Lines, S. E. Dismuke. E. L. long. D. R.
Cuneo, and their co-workers, and we express our
appreciation for their cooperation and innovative assist-
ance.

Weare cspecially grateful to the Technical Publications
Department for very perceptive and thorough editorial
work.

We also wish to acknowiedge the excelient assistance

received from our co-workers L. L. Fairchild. §. A.
Myers. and J. L. Rutherford.
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1. INTRODUCTION

In molten-salt rezctos (or any with circulating fuel),
fission occurs as thw fluid fuel is passed through a coze
regior: large :nough 10 develop a critical muss. Tae
kinetic ervigy ~f the fission fragments is take1 up by
the fluid, substantially as keat. with the fission ‘raz-
ment atoms (except 1i:0se in recoil range of su taces)
rcmaining in the fuid, unkess they subsequently are
subject to chemical or physical actions that transport
them from i iiwd fuel In any event, progression
down the radiocactive dicay sequence characteristic of
each itssion cnain ensues.

in molten-salt reactors, this process accumulates
many fission products in the salt untii a steady state is
reached as a result of bumout, decay. or processing.
The first four perioric groups. including the rare earths,
tal! in this category.

Krypton and xenon isotopes are slightly soluble gases
iz the fluid Tuel and may be readily stripped from the
fuci o< such, though most oi the rare gases undergo
decay to :kali element daughters while in the fuel and
remain ther:.

A third ca’egory of clements, the so-called noble
metals (including Nb, Mo, T¢, Ru, Rh, Pd. Ag, Sb, and
Te) appear 10 be iess stable in s2lt and can aepnsit out
on various surfaces.

There are a number of :rnsequences of fission
product deposition. They provide fixed sources of
decay hea: and radiation. The afterheat effect will
require careful consideration in design. and the associ-
ated radiation will make maintenance of related equip-
ment more hazardous or difficult. Localization (on
graphite) in the core could increase the neutron poison
effect. There are indications that some fission products

(e g.. tellurium) deposited on metals are associated with
deleterious grain-boundary effects.

Thus, an understanding of fission product behavior is
requisite for the development of mcltensalt breeder
reactors. and the information obtainable from the
Molten Salt Reactor Experiment is 2 major wource.

The Moiten Salt Reactor Experiment ia its operating
period of nearly sour years provided essentially four

sources of data on fis'ion products:

1. Samples — capsules of liquid or gas -- taken from the
pump bowl periodically: also < irfaces exposed there.
. Surveillance specimens - assemblies of matenials
exposed in the core. Five such assemblies were
femoved afte; exposure to fuel fissioning over a
period of tir..
3. Specimens of material recovered from various sys-
tem: segments, particulazly after the final shutdown.
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4. Surveys of gamma radiation using remote collimated
instrumentation, Guring and afier shutdown. As this
is the s.bject of a separate report, we will ot deal
with this directly.

Because «f the continuing generation by fission and
decay iirough *ime. the fission product population is
constantly changinp. We will normally refer all measure-
ments back to the *itme at which the sample was
removed during fuel circulation. In the case of speci-
men: removed after the fuel waus drained, the activities
will normally refer to .he time of shutjown of the
reactor. Calculated inven:ories wili refer in each case
also to the appropriate time.



2. THE MOLTEN SALT REACTOR EXPERIMENT

We. will briefly describe here some of the character-
isti s of the Molten Salt Reactor Experimeni that might
be related to fission product behavior.

The fuel circuit of the MSRE'™ is indi-ated in Figs.
2.1 and 2.2. It consisted essentially of a reactor vessel. 2
circulating pump. and the shell side of the primary heat
exchanger, connected by appropriaie piping, all con-
structed of Hastelloy N.* “* Hastelloy N is 2 nickel-based
aloy containing about 17% molybdenum. 7% chrom-
wum, and 5% iron, developed for superior resistance 1o
corrosior. by molten fluorides.

The main circulating “loop™ (Fig. 2.2) containeu
69.13 f2? of fuel, with approximately 2.9 ft’ more in
the $.3-f1* purip bowl. which served a3 a surge volume.
The total fuelsalt charge 10 the sysiem amounted to
sbout 78 8 fi®; the extra volum:, amounting to about
9% of the systen: total, was contained in the drain tanks
and mixed with the salt from the main loop each tire
the fuel salt was drained from the core.

Of the salt in the main loop, about 23.52 ft* was in
fuel channels cut in vertical graphite bars which filled
the reactor vessel core, 33.65 ft> was in the reactor
vessel outer annulus and the upper and lower plenums,

6.12 f1* was in the heat exchanger (shell side). 2nd the
remaining 6.14 fti> was in the pump and viping.

About 5% (65 gpm) of the pump output was recir-
culated through the pump bowl. The remaming 1200
gpm {267 cfs) flowed through the shell side of the heat
exchanger and thence to the reactor vessel (Fig 23).
The flow was distributed around the upper pant of an
annuius separated from the core region by 2 metal wall
and flcwed into a lower plenum, from which the entire
system could be drained. The iower plenum was
provided with flow vanes and the support structure for
a two-ayer grid of 1-in. graphite bars spaced 1 in. apart,
covering the entire bottom cross section except for a
central (10 X 10 in.) area. One-inch cylindrical ends of
the two-inch-square graphite moderator bars extended
mto alternzie spacings of the grid. Above the grid the
core was entirely filled with vertical graphite moderator
bars, 64 in. tall, with matching round end half channels,
0.2 "m.deep and 1.2 in. wide, cut into each face. There
were 1108 full channels, and partial channels equivalent
to 32 more. Four bar spaces at the comers of the
central bar were approximately circular, 2.6 in. in diam-
eter; three of these contained 2-in. control rod thim-

W w4t eva

Fig. 2.1. Desigh flow sheet of the MSRE.
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ble tubes, and the fourth contained a removable tubular
surveillance specimen arrey.

At reactor temperatures the expansion of the reactor
vessel enlarged the annulus between the core graphite
and the inner wall to about Y in.

Model studics.”® indicated :hat although the Reyn-
olds number tur flow in the noncentral graphite fuel
channels was 1009, the square-root dependence of flow
on salt head 'uss implied that turbulent entrance
conditions pe;sisted well up into the channel.

Fuel salt reaving the core passed through the upper
plenum and the reacror outlet nozzie. to which the
reactor access port was attached. Surveillance speci-
mens, the postmortem segments of control rod thimble,

and a core graphite bar were withdrawn through the
access port.

The fuel outlet line extended from the reactor outlet
nozzle to the Tisup vary nczdde.

The centrifugal sump-type pump operated with a
vertical shaft and an overhung mpeller normally at a
speed of 1160 rpm to deliver 1200 gpm to the discharge
line at a head of 49 1, in addition to intemnal
circulation in the pump bowl, described below, amount-
ing to 65 gpm. Because many gas and liquid samples
were taken from the pump bowl, we will outline here
some of the relevant <iructures and flows. These have
been discussed in greater length by Engel. Hauberreich,
and Houtzeel.?
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Some of the major functions of the pump and pump
bowl were:
1. tuel circulation pump.
liquid expansion or surge tank.
pomt for removal and retum of system overflow,
Sysiem pressurizer.
fission gas siripper.
gas addition pomt (helium. argon. odl vapor).
holdup and cutlet for off-gas aad purge gas.
fuel enricher 2nd chemical addition poimt.
. sa't sample pomt,
. gas sample point,
- point for contacting specimen susfaces with liquid
or gas during operation,
12. point for postmortem excision of some system
surfaces.

hyll b B U A L

The major flow patierns are shcwn in Fig. 24.

Usually the pump bowl, which had a fluid capacity of
48 11, was operated about 60% full. Although the
overflow pipe inlet was well above the liquid level and

OFFGAS
LINE

00
LY
(1] ;

N
of
LEvEL
scaLe

was protected from spray, overflow rates of several
pounds per bour (0.1 to 10) resalted i the accumuia-
tion. i 2 toroidal overflow tank below the pump. of
overflow salt, which was blown back to the pussp bowl
at the mecessary imtervals (hours to weeks). The
overflow tank was connected to the mam off-gas lime,
but because the punp bowl overflow line exiended to
the bottom of the overflow tamk, kittle or ro off-gas
ook this path except when the normal off-gas exit
from the pumap bowl had beea appreciably restricted.

It was desirable® to remove as much of the xenon and
loypton fission gases as possible. particulady to miti-
gate the high ncutron poison effect of '?%Xe.
Consequently, about 50 gpm of pump discharge liquid
was passed into 3 scgmented toroidal spray ring near the
top of the pump bowl. Many %, and %-in. perfora-
tions sent stromg jets angled downward spurting into
the bquid a few inches away, releasing bubbles,
entraining much pump bowl gas — the larger bubbles
of which retumed rapidly to the surface - and
vigorously mixing the adjacent pump bowl gas and
Bquid. An additional “fountain™ flow of about I5 gpm
came up between the volute casing seal and the impeller
shaft. Other minor leakages from the volute to the
pump bowl also existed. At a net flow of 65 gpm (8.7
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cfm) im0 2 pemp ~wwi st volume of 29 fi®, the
average residenc: time of salv in the pomp bowl ws
about 20 sev.

The pump bowl iy flowed past skists on the
volute at an average velocity of 0.11 fps. accelerating 1o
1.7 fips as the salt approached the openings 1> the pusp
suction. Entrained bubble size can be judyed by noting
that bubbles 004 .m (0016 m) in diamevey are
estimated by Stoles’s law to rise at 2 velocity of 0.1 ips
in pum> bowt salt.

The salt turbelence also provided an underflow entry
10 the spiral metal baflle smrownding the sample
capsule cage. The baffle. curved into 2 spival about 3 m.
in diameter, with abost one-fourth of 2 tem overlap,
exiended from the sample tramsfer tube 2t the top of
phases, to the sloping bottom of the pump bowl, with 2
half<circle motzh on the bottom near the pump bowl
wall to facilitate liquid entry. Subsequent upflow
permi ‘ed release of associated gas bubbles to the vapor
space, vith liquid outflow through the ' -in. spiral gap.

Arowi the entry from the ssmple traasfer tube at
the top of the pump bowl was 2 cage of five vertical
Y4-in. rods terminating im 2 ring near the bottom of the
pump bowl. Sample capsules, specimen exposure de-
vices, or capsules of materials to be dissolved in the foel
were lowered by a steel cable into this cage for varying
periods of time and then withdrawn upward into the
sample iransfer tube 1o be removed. Normally (when
not in use) a slight gas flow passed down the tube, due
to leakage of protective pressurization arour. closed
block valves (gas was als> passed down the transfer tube
during exposure of many of the above-mentioned
items).

Gas could enter the sample baffle region from the
liquid and by diffusion via the spiral gap. Tiie rate of
passage has not been determined. vut some zvidence
wil! be conside-ed in connection with gas samples.

Purge gas. nonmally purified helium. entered the
pump bowl gas space through the annulus between the
rotating impeller shaft and the shield plug. normally at
a rate of 2.4 std liters/min. Some sealing oil vapor. of
the order of a few grams per day. is indicated to liave
entered by this path. Two bubbler tubes (037 sid
liter/min each) and a bubbler reference ine (0.15 sid
liter/min) also introduced gas into the pump bowl. With
an average pump bowl gas volume of 19 f1® at S psig
and 650°C, a flow of 3.3 std liters/min corresponds to 2
gas holdup time of about 6.5 min.

In order to prevent spray {rom entering the overflow
line or the two ';-in. off-gas exit lines in the 1op of the
pump bowl, 2 sheet metal skirt or roof extended across

the pump bowl gas space from the central shaft housing
10 the top of the toroidal spray ring. That some acrosol
st or organic mist still was bomme ou of the pomp
bowl was imdicated by the occasional plugping of the
offgas lime and by the cxamimation of maecrials
recovered from this regior, to be discusaed m 2
ssbsequent section.

The areas of the Hastelloy N swfaces exposed 0
circulating salt in the MSRE fuel loop were given'® as

follows:

Pomp on
Piping asa?
Heat exchonpes e n’
Reacior vessel a3l

852 W.791S x 10° cm®)

The areas of the graphite surfaces in the cose of the
MSRE are estimated from design data® 10 be:

Fuet chanacis 13235 m?
Tops aad bottoms 32m?
Comtact cdges 2025 m?
Sepport Lattice bars S m’

22497 m? (22497 x 10* cm®)

Thus the total surface area of the MSRE fwel loop s
3.041 X 10* cm?®.

Properties of the MSRE fuel salt have been given by
Cantor.'’ Grimes,'? and Thoma.'? Some of these are
gven in Table 2.1. As given by Thoma.'? the sverage
composition of the fuel (as determined by chemical
analysis) was that shown in Table 2.2.

The power ;2leased in the reactor as 2 result of
muclear fission was evaluated both from heat balance
data"*-'$ and from changes in isotopic composition.' *

An originally assigned full power of 8 MW. currecied
for various small deviations in fluid properties and
mstrument calibrations. gave a new heat balance full
power of 7.65. and the value based on isolopic changes
was 7.4 MW. Uncertaimties in physicd and nuckear
properties of the salt and in reactor instrument calibra-
tion are sufficient to acount for the difference.

At a2 rextor power of 7.4 MW the mean power
density in the circulating fuel was 3.6 W per cubic
centimeter of salt. About 88% of the fissions occurred
in the core iuc! ~hanaels. about 6% in the upper head.
and 3% each in the lower head and in the outer
downflow annulus.' ¢ The average thenmal-neutron flux
in the circulstiong fuel was about 2.9 X 10’ 2 neutrons
cm”? sec™! for 2?°U fuel at full power. The ther-
mal-neutron flux was about 3 X 10" neutrons cm 2
sec”'  near the cenier of the core and Jeclined both
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Table 21, Piysical properties of the MSRE fusl mit

Propenty Vaie* Estimated precision

Viacosity wlcentipoises) = 0.116 exp {37SS/TC°K)} n
Thermal conductwity 0010 watt ca™? °C? 0%
Electrical conductivity x=-222+681 x OO *10%
Liguidus temperature 4au°C wrC
Heat capacity

Liquid Cp=05Taaig™ °C™* 2I%

Sold Cp=031+361X 10*N°O calg™* °C™* %
Density

Liquid P=2575 -S43 % 1I0°°TCO) N

= 139.9 BiN® 1 650°C

Expansivily 214 X 107%/°C at 600°C +10%
Compressibility MK = 23X 1072 exp (1.0 X I8 T(°K)] cm®/dyne Factos 3
Vapos peessert log Miomrs) = 3.0 - 10,000/TN°K) Facios 50 from 500 to 700°C
Sweface tension 7 =260 - 0.5217°C) dymev/cm +30, - 10%
Solebility of He, Kz, Xe WO He K1 Xe 2 Factos 10

500 6 013 00
400 106 055 017
T00 15.1 1.7 067
800 201 44 20
X 10°® mules cm ™ meht atm !

Isochoric heat capacity, C,, <,

C
O 8! clgmoke™ clgaom™ -£
0“l t‘ -3 0‘-l c'
500 043, 16,4 69 | AT
00 048, 154 68, | B 1Y
700 047, 154 0.7 1.2
Sonc velocily

S00°C: pa= 3420 m/sec

600°C: pi= 3310 msec

700°C: g = 3200 my/sec
Thermal diffuswity

S00°C: D = 204 X 10~ cm?/ser

600°C: D= 214X 107 . m3/sex

100°C: D= 2.15 X 1072 (m3/sex
Kmematix viscosily

S00°C: ¥= 744 % 103 cm?jrez

S00°C: ¥=43, % 1072 e’ vec

700°C: ¥= 284 x 10°? «m?/sec
Prandtl numbes

SOU°C: Py = 35

600°C: Py = 20.4

700°C: Iy = 13,

SAppixable over the femperature sange 530 1o 650°C The value of dlectsnal vonductnity given here wae estimated by
G. D Robbms and i bared on the avsumplion: that ZsF4 and UF 4 behave identically with Thi 4. see G D. Robbins and
A S GaRanies, MSR Mogram Scmisnny. Nogr Rep Ang. 31, 1970, ORNL 4548, p. 139, bid., ORNL 4622, p. 1C].



Table 2.2. Average composition of MSRE (edl salt

Runs 4-14° Runs 16-20°

LiF . mole % 643 1) 645:15

BeF2. mole < 00:-16 0415

LF,4. mole & §s0:01. 490 : 0.16

UF,4 . mole T 0.809 = 0.024 0.137 = 0.004

Cr.ppm 64 + 13 (range 35-80) 80 : 14 (range 35-10™
Fe. ppm 130 + 45 157 < 43

Ni. ppm 67 = 67 46 + 14

*Operation with 223U fuel.
®Operation with 233U fuel.

radially and axially to values about 10% of this near the
graphite periphery_The fast flux was about three times
the thermal flux in mest core regions.

B. E. Prince'’ computed the central core flux for
133y 10 be about 0.8 X 10" ? neutrons cm 2 sec ™! per
megawatt of reactor power. or about 6 X 10'? at full
pcwer. The relatively highe  flux for the 223U fuel
results from the absence of >>*U as well as the greater
neutron productivity of the 23U.

Across the period of operation with 23*U fuel. 2*°Pu
was formed more rapidly than it was bumed, and the
concentration rose until about 5% of the fissions were
contributed by this nuclige. During the 223U opera-
tions, the plutonium concentration fell moderately but
was replenished by fuel addition. The resultant effects
on fissionyields willb  cussed later.
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3. MSRE CHRONOLOGY

A ske.chy chronology of the MSRE. with an eye
toward tactors affe-ling fission product measurements,
will be given below. More complete details are avail-
able '3

3.1 Operation with *** U Fuel

The
November 28. 1964: after draining the tlush salt. 452
kg of carrier salt ("LiF-BeF,-ZrF . 62.4-32.3-5.3 mole
. mol. wt 40.2) was added to a drain tank tollowed by
235 kg of "LiF-*3*UF, eutectic sait (72.3-27.7 mole
. mol. wt 103.7) in late April. Circulation of this salt
was followed by addition of LiF-2?3UF, (937 en-
riched) eutectic salt beginming on May 24, [965.
Criticality was achieved on June [. 1965. Addition of
enriched capsules of "LiF-233UF, eutecti salt con-
iinued throughout zero-power experiments. which in-
cluded controlled calibration. The !cop charge at the
beginning of power operation ceusisted of a total of
4498 e of salt (nominai ~omiposition by weight. "Li.
11.0% ~: Be. 0.35%: Zr. 11.04%: and U. 4.6287%). with
390 k2 iv. the drain tank (ref. 2. Table 2.15).

Operatior. of the MSRE was commonly divided into
runs, during which salt was circulating it the fuel loop:
between runs the sait was retumed to the drain tanks.
mixing with ‘he residual salt there.

Run 4. in which significant power was first achicved.
began circulation in late December 1965: the approach
to power has been taken arbitrrily as beginning at
noon January 23. {966. for zuiposs »f accounting for
fission product prodnction and delay.

Significant events during the subsequent >neration of
the MSRE until the termivauon of operaiicn on
December 12, 1969, are siown in Fig. 3.1. The time
period and accumulated power for the various runs are
stown in Table 2.1,

Soun after sigriticant power levels were reached.
diff.culty in mantaining off-gas flow developed. De-
rsits f varnish-like material had plugged small pac.
sages and a small filter in the off-gas system. A small
amount of oil in the off-gas holdup pipe and from the
pump had evidently heen vaporized and pol, merized by
the heat and radiation from gas-borne fission products.
The problem was relieved by installation of a larger and
more efficient filter downstream from the holdup pipe.
On resumption of operation in April 1966. full power
was reached in run 6 after a brief shutdown to repair an
electrical short 1 the fuel sampler-enricher drive. The
first radio:hemical analyses of salt ssmples were re-
ported tor this run. Run 7. which was substantially at
full power. was teeminated in late July by taillure of the

MSRE was firs: loaded with flush salt on’

blades and bub of the main blower in the hear removal
system. Whit. a replacement was redesigned. procured.
and installed. the array of surveillance specimens was
removed. and examinations (reported later) were made.
Some buckling and cracking of the assembly had
occur” d* because movement resulting from ditferential
expaision had been inhibited by enirapment and
freezing of salt within tongue-and-groove joints. Modi-
fications in the new assembly permitted ifs continued
use. with removals after runs 11. 14. and 18. when it
was replaced by an assembly ol another design.

Run 8 was halted to permit installation ot a blower:
tun 9. to remove from the otfgas jumper tlange above
the pump bowl some flush salt deposited by an overfill.

During run 9 an analvsis for the oxidation state of the
tuel resulted in a U¥/U* value of 0.17 . Because values
nearer 17 were desired. additions of metallic I=2rvilium
as r0d (or powder) were made® using the sample
enricher. interspersed with some samplss from iime to
time 1o determine U U*".

During run 10 th- irst “treeze-valze” gas sample was
taken from the pump bowl. The serics ol samples besun
at this time will be discussed in a later secior. Run 10
operated at tull power for a month, with a scheduled
termination to permit inspection of the new blower.

Run 11 lasted for 102 davs, essentially at full power.
and was terminated on schedule to permut routine
examinations and return of the core surveillance speci-
men assembly. During this sun a total of 761 gof 35U
was added (as Li'-UF, cutectic salt) withow: difficulty
through the samplerenricher. while the reaior was
in operation at full power. After compietion of main-
renance the reacior was vperated ar full power dur ng
run 12 for 42 days. During this penod. 1527 ¢ of
135U was added using the sampler-caricher. Beryl-
hum additions were followed by samples showinz
(P U* of 1.3 and 107, Attempts to untangle the
campler drive cable wvered it. dropping the sample
cipsule attached to i, thus terminating run 12. Th:
cable latch was soun recovered: the capsile w, sub-
sequently found in the pump bowl during the final
postmortem exammation. Run {4 comnmenced on
September 20, after some coolant pump repaiss, and
continued without tuel drain for 18% days: the ceactor
was operated subcritical for several days in November
to permit clectrical repairs to the sampler-cnricher.
Reactor power and temperature were varied to deter-
mine the effect of operating conditions on ' *%Xe
stnpping* Dunng run 14 the first subsurface salt
samples were taken using a freeze-valve capsule.
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Table 3.1. MSRE run pesiods and power accomulation

. Cumulative total Cumubitive effectrve full-
Run Date started Daze draimed Run hours hours puwer hours
4 1-23-66° 1-2666 s0.8’ 303 4
5 2-13-66 2-1666 550 5675 5
6A 4866 4-2266 3421 2.146.3 b2
6B 4-25-66 3-29-66 107.5 23127 1133
6C 5-8-66 5-2866 3750 3Joosc in
1A 6-12-66 6-2866 3481 374 634
78 6-30-66 7-2366 $530 4.355.7 1055
Survedhance spevimen 2ssemdly removed. New assembly installed.
3 10-8-66 10-31-66 546.1 6.7476 1.386
9 11-766 11-20-66 3012 72130 1.545
¢ 12-13-66 1-1867 8272 86285 2.262
11 1-28467 5-1.67 2361 .4 13406 4510
Surveillance spevimen asse.nbly removed. Reinstalied.
12 6-18€7 8-1167 127178 135483 5566
13 9-1567 9-18-67 77.8 14717 5626
14 9-20-67 22568 4468.2 18997.0 9.005
Sarvelllance specomen assemoly removed. reinstalied. Off-gas <pecumen wnstaiied.
235U removed from castier salt by fluonination. 2334 fuel added.
15 10-2-68 11-2868 1372.1 2495¢ .1 9006 5
6 12-1268 12-1768 i1t o 2540-9 9.006 .5
17 1-1362 4-10-69 2085 .8 28.146.1 10.487
18A 4-12469 4-1569 74.7 281693 10.553
18B 4-1669 6-169 1134 .4 294026 11547
Surveillance specimer assembly 1emoved. New assembly nstalled.
19 8-1769 11269 1856.7 330987 12.79%
20 11-2569 12-1269 356.7 340552 13.172

Final drain_ Surveillance specimen assembly removed. System 10 standby.

Pestmortem. Januar, 197§, S.omants from core graphite. rod thimble. heat exchanger. pump bowl. freeze valve. Sy<tem to

standby.

“From deginning of approach to power. taken as noon, Jan. 23, 1966. Prior circulation in run 4 not included.

After the scheduled termination of run 14, the core
surveillance specimen assembly was removed for exami-
nation and returned. The off-gas jumper line was
replaced. the examination of the removed line is
reported below. A specimen assembly was inserted in
the off-gas line.

All major objectives of the 233U operation had been
achieved, culminated by the sustained final run of over
six months at full power. with no indications of any
operating instability. fuel instability, significant cor;o-
sion. of other evident threats to the stability or ability
to sustain operation indefinitely.

3.2 Operaiion with ?°>U Fuel

It remained to change the fuel and to operate with
233U fuel. which will be the normal fuel for a

molten-salt breeder reactor. This was accomplished
across the summer of 1968. The fuel. in the drain tanks.
was treated with fluorine gas, and the volstilized UF,
was caught in traps of granular NaF. Essentially all 218
kg of uranium was recovered.? and no fission products
{except ?*Nb), inbred plutonium. or other substances
were removed in this way. The carrier salt was then
reduced by hydrogen sparging and metallic zirconium
treatment. filtered to remove reduced corrosion prod-
ucts. and returned to the reactor. A mixture of 22 UF,
and "LiF was added to the drain tanks. and some
13IRUF, was included to faclitate desired isotope ratio
determinations.

Addition of capsules using the sampler-enricher per-
mitted criticality to be achieved, and on October 8,
1968, the US. Atomic Energy Commission Chairman,



Glenn Seaborg. a discoverer of 233U first tovk the
resctor to significant power using > >3 U fuel.

The uranium concentiation with 233U fuel (837
enriched) was about 0.3 nole . The fuel also
contained about 540 g of **°Pu_ which had been
formed during the *3*U operation when the ‘uel
contained appreciable 232U

During the final months of 1968, zero-power physics
experiments were >ccompanied by an increase in the
entrained gas in the fuel. Beryllium was added tohalt a
tise in the chromium content of the fuei. Some finely
divided ircn was recovered frum the pump bowl using
sample capsules containing magnets. During 2 subse.
yuent shutdown to combine all fuel-containing salt in
the Jdraxn 1ank for base-line isotopic analysis. a stricture
in the off-gas line was removed. with sume of the
material involved being recovered on a filter.

At the beginning of run 17 in January 1969. the
power ‘evel was regularly increased. with good nuclear
stability being attained at full power. Transients attrib-
wi~y to bekavior of entrained gas were studied by
varying pump speed and other variables: argon was used
as cover gas for a time. Freese-valve gas samples and salt
samples were taken. and a new double-wall-type sample
capsule was employed. Further samples were taken for
;sotopic analysis. The lower concentrations of uranium
in the fuel led to unsuccessful efforts to determine the
U*/U* ratio. However, beryllium additions were con-
tinued as Cr** concentration increases indicated.

In May 1969. restrictions in the off-gas lines appeared
and subsequently aiso in the off-gas line from the
overflow tank. Operation continued. and run 18 was
terminated as scheduled on June §.

Surveillance specimens were removed. and an assem-
bly of different design was installed. This assembly
contained specially encapsulated uranium. as well as
material specimens. A prelimmary survey of the distri-
bution of fission products was conducted. using a
collimated Ge(Li) dicde gamma spectrometer.® This
was repeated more extensively after run 19.

After completing scheduled routine maintenance, the
reactor was returned to power in August 1969 for run
19. Plutonium fluoride was added. using the sampler-
enricher. as a first step iit evaluating the possibility of
using this material as a significant component of
molten-salt reactor fuel.

At theend of run 19, 11 reactor was drained without
fluzhing to facilitate an eatensive gamma spectrometer
survey of the location of fission products.

The fate of tritium in the system was of considerable
interest, and a variety of experiments were conducted
and sampi~s taken to account for the behavior of this
product of reactor operation.”

Bevause salt aerosol appeared to accompany the gas
taken into gas sample capsules. 2 few double-walled
sampie capsules equipped with suntered metal filters
over the entrance nozzies were used in run 20

After final draining of the reactor on Decernver 12,
1969. the surveillance specimen assembly was rermoved
for exzmninatiot:. and the reactur was put in standby.

ta January 1971 the reactor ceil was opened. and
several segments of reactor components were excised
for examination. These included the sampler-enricher
from the pump bowl_segments of a control vod thimble
and a :central graphite bar from the core. segments of
heat exchanger tubes and shell. and a dramn line freeze
valve in which a small stress crack appeared du-ing final
drain operations. The openings in the reacto. were
sealed. and the reactor crypt was closed.
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4. SOME CHEMISTRY FUNDAMENTALS

Discussiws of the chemisiry of the elem nts of majo-
significance in molten-salt reactor fuels hav2 been mad:
by Grimes.! Thoma.® and Baes’ Some refevant high-
lights will be summarized here.

The oririnal fuel of the Moltea Salt Reactor Expen-
ment consisted essentially of a mixiure of 7 Li%-BeF, -
ZrF, -UF, (65-29509 mole %). The fuel was circu-
lated at arout 650°C. contacting graphite bars in the
reactor vessel and passing then through a pump and
heat exchanger. The equipment was constrected of
Hastelloy N, a Ni-MoCr-Fe alloy (71-17.7-5 w1 7).
Small amounts of structural elements. particularly
chromium. iron. and nickel. were found in the salt.

The concentration of fission product elements i the
molten salt fuel is lower than that of constituent or
structural elements. The following estimate will indicate
the limats on the coencentration of fission products
evenly distiibuted it the fuel.

For a single nuclide of fission vietd v. at a given
power P_ the number ol existing nuclide atoms in the
salt is

4=FXPXyXr .

where F is the system fission rate at unit power and 7 is
the effoctive time of operation. This is th- actual time
of opeiation for a stablc nuci:de and equals /N at
steady state for a radivactive nuclide. The contribution
1o the mole fraction of the fission product nuclide in
45 X 10° g of salt of molecular weight 40 is then

A

45 X 10%
“ex 100 :

40

X

As an example. for a single nuclide of 7 yicld and
30-day half-life at 8 MW. 4 = 9.4 X 10?' atoms and
X = 1.3 X 10°7. Because the inventory of a fission
product element in olves only a few nuclides. many
rudivactive. the mole fractions are typicaliy of the order
of 1 X 107% or less.

Traces of other substances may have entcred the salt
in the pump bowl, where salt was biought into vigorous
contact with the purificd helium cover gas. Flow of this
gas to the off-gas system served (2 remove xenon and
krypton iission gases from the system. A slight leakage
or vaporization of oil into the pump bowl used as a
Jubricant and seal for the circulating pump introduced
hydrovarbons and. by decomposition, carbon and hy-
drogen into the system. For the several times the
reactor vessel was opened for retrieval of surveillance

assemblies and for mzintenance. the pussible ingress of
cell air should be taken into account.

The biaary molten fluoride system LiF-BeF, (66-34
mole ) melts® at about 459°C. The solutin chemistry
of many substances in this solvent has been discussed
by Baes” Much of the redox and oxide precipitation
chemistry can be summarized in tenas of the free
energy of formation ol undissolved species.

Free energies of formation of varous species caku-
lated at 650°C largely from Baes's data are shown in
Tabie 4.1. The elements of the table are listed in terms
of the relative redox stability of the disscived fluorides.

Table 4.1. Free energy of formation at 650°C (4G° - keal)

Li*. Be'. ind F ™ ~1¢ at unit axtivity ; all others,
activities in mole fraction units

. Dissolved in .

Solid Lif -2Bek 5 Gas
Lit 126.49
Lak, 363.36 354.49
CeFy 364.67 356.19
NuF3 341.30 33214
Bek, 216.16
BeO 123.00 109.37
Bel, 74 48
UF, 31092 300.33
Uk, 359.19 392.52
vo, 221.08
Uk, 44939
Puk 3 316.93 308.10
,Puy0, 185.39
Ziky 319252
210, 21942
NbF 4  296.3%)
NbF 5 366.49
",Nb; 04 i1v.14
NbC 324
Crly « 150.7) 152.06
Y4Cr3Ca 7510 BS
Fely 138.18 134 59
NiFz 121.5% 11340
M“':J i 186.3)
MoO, 99 81
Mok ¢ 306.65
Tekg 259.13
Tekg 13226
Teks 200.59
Tek 5 98.36
Te¥ 4215
TC: ':‘o 446' l
Cly 139 57
H¥ 50.29 66.12
Hy G 4704
Fubg 1713.72




As one example of the use of the free energy data. we
will “aivulate the dissolved CrF, concentration sufli-
ciznt to halt the dissolution of chromium from Hastel-
loy N il no region of lower chromium potentiai can be
developed as a sink.

For the reaction

Cr?(s) + 2UF4(d) = CrF,(d) + 2UF5(d).
AG= 15206 - 2[ 39252 | 30088)
= 31.22 keal.

ace k] P
23RT/I000 4233
logk =logCrF, logCr® 2 log(U*/U*) .

logK = = 739

If we assume U%/U™ ~ 100 and noic that the
chromium concentrazion in Hastelloy N is about 0.08
mole fracticn(logC® = 1.10)

log CrFy =7.39+( 1.10)
+2X20= 449=log(3.2X107%) .

A mole fraction of 3.2 X 197% corresponds to a weight
concentration of 52 X 3.2 X 107%/40 =42 ppm Cr** in
solution,

To obtain a higher concentration of dissolved Cr®*.
the solution would have to be more oxidizing. Further-
more. the Hastelloy N surface during operation be-
comes depleted in chrutnium. and a chromium sink of
lower activity. CryC; (equivalent to a mole fraction of
about 001s to 0.01). may be formed: all this would
require a somewhat more oxidizing regime to hold even
this much Cr®* in solution.

The free cnvigy data can be used to estimate the
quanlities in solution only when the species shown are
dominan’. Thus it is shown by Ting. Baes. and

15

Mamantov’ that under conditions of moderate concen-
trations of dissolved oxide. pentavalent niobium exists
largely as an oxyfluoride. which may be stable enough
for this rather than NbF, to be the sig.nfizant dissoived
species under MSRE conditions.

The stability of the variot:s fluorides below chromium
in the tabulation are such as to indicate that at the
redox potetial of the U/U™ cousle. onhy the
elemental form will be present in appreciable quantity.

In particular. tellurium® vapor is mucs more stabic
than any of its fluoride vapors. Uniess a2 more stable
species than those listed in the tabke exists in molten
salt, these data indicate that tellurium would exist in
the salt as a dissolved elemental gas or as a telluride ion.
[No data are available on Tey(g). etc.. but such
combinaiions would not much aifert thi; view ]
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S. INVENTORY

Molten-salt reactors generate the full array of fission
products in the circu'ating fuel. The amount of any
given nuclide is constant!y changing as a result of
concurrent decay and generation by fission. Also.
crrtain fission product elem:nis, particularly noble
gases. noble metals. and othen. may not remain in the
sali because of limited solubility.

For the development of information o fission
produ:t behavior from sample data. exch nuclide of
each sampic must be {and here has been) fumished with
a suitable dasis of comrparison calculated from an
appropriate model. against which the observed values
can be measured. The most useful basis is the total
invenioty. whick is the number of atoms of a nuclide
which are in existence at a given time as a result of alf
prior fissioning and decay. It is frequently useful to
consider the salt as two parnts, circulating fuel salt a d
dnain tank salt. which are mixed at stated times. It is
then convenient to expiess an inventory value as
activity per gram of circulating fuel salt. affording for
salt samples a direct comparison with observed activity
per gram of sample.

For deposits on surfaces. it is useful to calculate for
comparison the total inventory activity divided by th-
total surfa:e arez in the primary system.

Some of the comparisons for gas samples will b2
based on accumulated inventory values, and others on
production rate per unit of purge gas flow. These
model; will be developed in a later section.

Ir. the calculation of inventory from power history.
we Have in most cases found it adequate to consider the
isotope in question as being a2 uirect product of fission.
or at most having only one significant precursor. For
the nuclides of interest. it has generally not appeared
necessary 1o account for production by neutron absorp-
tion by lighter nuclides. These assumptions permit us to
calculate the amount of nuclide produced during an
intervai of steady relative power and bring it forward to
a given point in rea time. with unit power fission rate
and yield as factorable items.

In Table 5.1 we show yield and decay data used in
inventory calculations. In the case of ''®™Ag and
133Cs. neutron absorption with the stable element of
the lighter chain produced the nuclide, and special
calculations are required.

The branching fraction of '2?Sb t0 '**"Te is a
factor in the net effective fission yicld of '2°™ Te. The
Nuclear Data Sheets are t) be revised' to indicate that
this branching fraction is 0.157 (instead of the prior
literature vaiue of 0.36). All our inventory values and

calculations resulting from them have been proportion-
ately altered to refleci this revision.

The inventories for 125U operation were calculated
by program FISK? using a fourth-order Runge-Kutta
aumerical integration method.

Difterential eguations descriting the formation and
decay of each isotope were writtzn. and time steps were
defined which evenly divided each period into segments
2dequately shorter than the half-ives or other time
constants  of the equation. The program FISK was
written in FORTRAN 3 and executed on a large-scale
digital computer at ORNL. Good agreement was ob-
1ained with results irom parallel integral calculations

Tte FISK calculation did not take into account i
ingrowth «f >*Pu during the operation with ' U
fuel. The effect is slight _xcept for ' ®¢ Ru. We obtained
values taking this into account in separate calculations
using the integral methoc..

For the many samples taken during operctinn with
333y fuel. a one- or two-clement integral equation
calculation® was made over periods of steady power.
generally not exceeding a day. Bevause the plutonium
level was relatively coastant {about 500 g total) during
the 22°U openation. weighted yields wer used. as-
suming® «nat. of the fissions. 93.5% came from 323U,
2.2% from 2?%U. and 4.3% from 23*Pu.

For irradiation for an interval 1, at a fission rate F
and yield Y. followed by cuoling for a time r,. the
usual expressions’ for onc- and two-clement chams are

Fission+ A~ B~

Fr
Aloms.—\(f,ﬁ; (1 eMhpeina
1

FYA A, M

|

! e

LY

Atoms B(13) = e i

] (_AZII

where A; and X, are decay constants for nuclides A and
B.

A program based on the abuve expressions was
writien in BASIC and execvted periodically on a
commercial time-sharing computer (o provide a current
inventory basis for incoming radiochemical data from
tecent samples.

To remain as cutrent as possible, the working power
history was obtaincd by a daily logging of changes in

Az
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Table 5.1. Fimion prodect data fcr inventory calculatioas

) ) ) Cumubative frssson yicld®
Cham Isotope Haif-tife Fraction 13y 135 1399y
39 Sr 52days 1 5.86 479 1.711
90 Sr 28.1 years 1 642 N 22
91 Sr S67T w I 557 581 243
91 Y 59 days 10 557 581 243
95 Y i 65 days 10 605 6.20 497
95 Nb 35 days 1.0) 605 6.20 497
99 Mo 67 he 10 4.30 606 6.10
103 Re 395 days 10 180 3.00 567
106 Ru 368 days 10 024 0.33 457
109 Ag Stable 91 b + resonance) 0044 0.030 1.40
110 Agim) 255 days
il Ag 7154d:ys 1 0.0242 00192 0232
12§ b} 2.7 years ] 0084 0021 0115
127 T etm) 100 days 022 060 0.13 0.39
129 Tetm) 34 days 0.36? 100 0350 200
132 Te 3.2 days 10 440 4.24 510
131 1 3.05 days 10 290 293 3.7s
133 Cs Stable (32 b + resonance) $7s 6.61 653
134 Cs 750 days
137 Cs 299 years I 658 6.15 663
140 Ba 128 days 1 540 635 5.56
41 Ce 323 days 1 649 640 5ol
144 Ce 204 days 1 461 562 393
147 Nd 111 days ] 198 2.36 207
147 Pm 2.65 years 1 198 236 207

“Frzm M. . Bell. Nuclear Trammutation Data. ORIGEN Code Library: L. E. McNees<,
Engineering  Dovolopmont Studies for Molten-Sslt Breeder Rescior Processing No. !,
ORNL-TM-3053. Appendiz A (Novembes 1970

s is the value given i the carier litesature. The revised Nuclear Data Sheets witi

mndicate that the branching fraction 5 0.157.

“ Pasentheses indicate nominal values.

reacto; power indicated by nuclear instrumentation
charts: the history so cbtained agreed adequately with
other decterminations.

In practice. the daily power log was nrocessed by the
computer to yield a power history whic, could remain
stored in the machine. A file of reactor samiple times
and fill and drain times was also stoicu. us well as
fission product chain data. It was thus possibic to
sspdate and store the inventory of each nuclide at each
sample time. A separate file for individual samples and
their segments containing the available individual nu-
clide counts and counting dates was then processed to
give corre_ted nuclide data on a weight or other basi:
and. using the stored inventory data. a ratio to the
appropriate reactor inventory per unit weight. The data
for individual salt and gz3 samples were also accumu-
latid for inclusion in 2 master file along with pertinent
reactor operating parameters at the time of sampling.
This filc was used in preparing many tables for this
report.

Only one ad hoc adjusiment was made in the
inventory calculation. Radiochemical analyses in con-
nection with the chemical processing of the salt to
change from 225U 1o 222U fuel indicated that *$Nb.
which had continued to be produced from the **Zr in
the fuel wher. run 14 was shut down. was entirely
removed from the salt in the reduction step in which
the salt was treated with zirconium m.tal and filtered.
To reflect this and provide meaningal *$Nb inveniories
for th: next several months. the calculated **Nb
inventory was arbitrarily set at zero as of the time of
reduction. This adjustment permitted agreement be-
tween inventory and observation during the ensuing
interval as *$Nb grew back into thz salt from Jdecay of
the *5Zr contained in it.

In this report we have normaily tabulated the activity
of each nuclide per unit of sample as of the time of
sampling and also tabulated ihe ratio of this to
inventory. For econemy of space we then did not
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tabulate inventory: this can of course be calculated by
dividing the activity value by the ratio value.
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6. SALT SAMPLES

6.1 Ladic Samples

Radixchemual analyses were vbtained on salt samples
taken from the prmp bowl bepnnmg in ru: 6. using the
sampler-ennicher’ ¥ (Fig. 6.1). A tared hydrogen-fired
copper capsule (ladle. Fig. 6 2) which could coatain 10
g of st was attached to a cable and lowered by
windlass pasi Two cuntainment gate valves down 2
slanted tiansfer tube untd i* was befow the surface of
the liqud with the mist shield m the pump bowl.
Altcr an mterval the capsule was 1sised sbowe the latch.
until the salt frwes. and e n was ra'sed mto the upper
containment arez a4 paved n a2 sezied Uramsport
container and trarsferred to the Hirr. Radaiion Level
Analytkal Laboratery. Simmlar provedures were fol-
lowed with other tvpes oi capsules 10 oe described
later. The various kinds of capsules had kemuspherical
ends and were ¥y an.diam cvlinders. o . or bess in
bength. Ladies were about 3 m. long.

After removal from the transport contaziner m the
High Radiation Level Analytinal Labotatory . the cable

was shipped off. and the capsule and contents were
mspected and weighed. The top of the ladle was cut off.
After this. the sample in the copper Ladie bottom part
was placed in a copper containment egg and agitated 45
min in 3 pulverizer mixes. after which the powdered sa:
was transferred (Fig. 6.3) to 2 polyethylene bottle for
reter . or anaysis. Data from 19 such samples. from
un 6 1o run 14, are shown in Tables 6.1 2..d 6.2 s
ratios to mventory obtained from program FISK. Full
data are given in Table 6.7. at the end of this ¢

There will be further discusaon of the results.
However. a broad overview will note that the noble-gas
Jdaughters ang iv<ooking isotopes were generally close
1w wwentory values. while the noble-meta group was
nt s high. and values appeared 10 be more erratic.
Noble-metal .udides were observed 10 be stronghy
weposited on surfaces experimentally exposed to pump
bowl gas. Thas mmplicd that some of the noble-metal
ativity ubserved for ladle salt samples couid have been
picked up in the passage through the pumr Sowi gas
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MIOTO 63904

Fig- 6.2. Contaimer for sampling MSRE salt.

FnOTO 62746

Fig. 6.3. Apparates for removing MSRE salt from peiverizes-mixer 10 polyethylene sample buttle.
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Table 6.1. Nobieges denghtess and sult-seeking isotapes i it samples
fovm MSRE ponp bows duing sssainm-172$ . gevetion

Expressed 35 ratyo 1o ammonet caicwiated for § g of wreent wy sall ot of samplang

y Se89 SS9 S92 Bels0 Cyi37  Celdl  Celd3  Celdd NI4T Z1 95
«T1 52366 92 ost o ose
T 52666 o Ge3 o6 0ss
107L 2746 067 as3 oss Y] 0
7100 1666 (Y3 2711 0% 095 ox?
1L 11368 o 07: 089 043 oTs 120 L2
so5L 10866 084 o.m or? 107 0.9s
1o 122866 080 6.7 1.3% LY" 104 095
10-200 1967 074 on (X CYT) 350 o1
11-08L 21367 046 on o 0ss 109
-1 22167 0.80 os? '%; ] 0.9%0 398
1nam 3967 091 130 1.9
1145L +1767 on 0. 023 !
11-S1L L7867 'Y 1.10 09 0s? (Y7 120 086 |
152 5167 06 1.10 09 042 109 0.% r
11-54L 5567 0%
11-58L 5847 058 1 103 160 110 1.10
1206L 2047 07 as3 1.00 1.04
12271 11747 0.7s 0.97
14220 11-767 960 o 1.02
1420FV 11467 03y o» 076 1.04 1.04
430KV 12567 087 or 0.77 055 1.06
46V 22748 0.87 114 059 120 132
1466EV 3568 090 4500 12 240 094

Tabie 6.2. Nobie metals in st mmgles ffom MSRE pump biwl dawing ssaninm-235 apesation
Expressed a3 catios to amosat calculated fos | g of mvemory st 2t tene of ampling

Sample Dote  NO95  Mo®9  Re103 Re-105 Rui06 Aglll Tel2m Teld2 K31 K33 F13S

&7 52366 0.57 001330 50 057 27 091 oSS
»19 52666 277 042 931 0351 092 069 0383
107 62166 0.58 00%8s 133 044 081 069 066
7-10 V466 0.9%0 0.21 wn 040 079 o091
712 71366 1551 0.19 0.20 i o 0.3) 033 075 073 064
305 10-3-66 266 0.0376? 0.06205 0.080%9 i.10

1012 12-2866 044 0.022is 0.02659 0.0343S al12 0.14 091

10:29 1967 0.95 0.3 0.0155]) 001994 n7 0.17 0.96

1108 2-1367 0.03324 1.3 0.12 0.0%9:2 047 0.70

112 22167 0.0 1.44 0.09972 0.09972 0.31 094

11-22 3967 1.03 V.N6643 007756 042 1.33

1145 41767 0.3 n92 0.21 0.16 0.0%972 0.31 1.09

1-51 4-28-67 0.04431 044 0.05540 003324 0]2 na7 0.14 093

1152 5-167 ¢0221e 0.49 1.22 0.08864 009972 0.17 0.14 0.9¢

11-54 5-5-67 0.1% 0.21 0.0221e 102216 00364 082

11-58 5-8-67 0.24 00334 0.3 012 003324 017 0.12 o.lé

12-06 6-20-67 0.39 0.09972 043 (X

12-27 7-1767 D38 0.75 0.12 0.08864 0.17 0.12 099

14-22 11-76% 000111 047 0.06643 0.07756 011 0.0664% 820

14-20KV 11467 0.00066 0.0]1440 0.00212 0.00665 004432 0.00665 0.74

1430FV 12587 0.00001 ©0.00554 0.001.) 0.00222 onI219 001219 050

1463FV 21768 0.00003 0.00222 0.00044 0.00078 0.0n222 061

14-66FV  ).5-68 0.02216 0.00443 0.00033 0.00332 0.01219

LT T R Y L il
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and transter tube regions. and indicated that sl
samples taken from below the surface were desiracie.

6.2 Froeze-Value Samples

Begmaing m run 10, gas samples 1q.v.) had been taken
using 2 “freeze-value ™ capsule (Fig. 6.4).

To prepar: 2 freczevalve apsule. it was heated
sufficiently 10 melt the salt seal. then covled under
rauum. [t was thus pussible to lower the capsule
nozzie below the surface of the salt in the pump bowt
before the seal melted: the vacuum then sucked in the
samplc.

After the freezevalve capsule was transferred 1o the
High Radiation Level Analytical Laboratory. inspected.
and weighed after removing the cable. the entry nozzle
was sealed with chemically durable wax. The capsule
extenor was then leached repeatedl; with “verbovit™

ORWL-OWG S7-4784A

— STAINLESS STEEL
CABLE

Ye-in. 0D NICKEL

YOLUME
20¢c ——
LigBeFg NICKEL CAPILLARY

Fig. 5.4. Freeze valve copsule.

(Verseme. boric ad. and itk xid) and watl
HNO; -HF solution untidl the atvity of the leach
solution was acceptably low. The capsule was cut apant
in theee places - m the lower sealing cavity . st abose
the seaiing pastition. and near the top of the capsule.
Salt was exizacted. and the salt and sat-encrusted
capsule parts were weghed. The metal parts were
thoroughly leached ot dissotved. as were aliquots of the
salt.

Four samples (dessgnated FV) weie taken late i run
14 using th.s techmique. Results shown near the bottom
of Tables 6.1 and 6.2 show that the vilwes for
salt-seeking isotopes and daughters of noble-gas isotupes
were little changed and wete near inventory . but values
for noble-mets: nuclids were far below inventory. This
supports the view that the hiquid salt held little of the
noble metals and that the -oble-meta activity of earler
ledle samples came from the pump bowl gas (or
gas-liquid interface) or from the transfer tube.

After run 14 was temminated the *2°U fuel was
removed by fluorination. and the carner salt was
reduced with hydrogen and with metalln zirconium.
after which 322U fuel was addeud. and the system was
brought 10 criticality and then 1o powsr in the early
autumn of [968.

Radio hemical analyses were obtained on ladle sam-
ples 1aken durnng treatreat in the fuel storage tank
(designated FST) during chemical processing. and from
the fuel pump bowl after the salt wax retumed 10 the
fuel circulation system (designated FP, from tume to
time during runs 5. 17_ 18. and 19. as shown in Table
63. Chemical analyses on these samples wese  -ported
by Thoma?

The *3Nb activity of the solution was dightly mon
than accounted for in samples FPi56L. as the zir-
conium icduction process had been compieted only 2
shor: time before. the ninbium inventory was set at
zero au that time. The *SNb which then grew intc she
salt from decay of **Zr appeared in these samples to
show some response to beryllium reduction of the salt.
though this effect is scen better with freezevave
samples and so will £t be disczis"d here. The various
additions of beryllium to the fuel salt have been given
by Thoma?

Data for all freezevalve salt samples t:ken durning
233y operation are summarized as ratis (o inventory
salt in Tahies 6.4 and 6.5. and Table 6.8 a1 the end of
the :hapter. where various operating conditions are
given. along with the sample activily and ratio to
inventory sali. Analyses for salt constituents as well as
fission products are shown there. On the inventor; -ratio
basis. comparisons can be made betweer any con-
stituents and/or [. sion products.
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Table 6.). Date on fuel linvluding carrier) salt semples from MSRE pump .owl duting urenium:13) operetion

Ludie capruies
Valuer thawn ate (he ratio of abserved achivity to inventory activity, Bl in disintegtations per minute pes giem
Inventory basia, 7.4 MW = {ull pawer

Sample Tre Se89 S191 Y9) BeleD Crl)? Codd) Coddd Coldd  Nd:147 2098 Nb-9S Mo-99  Ru: DY RS  Ruj0s  Te)2Om  Tedd) 1))
Faid5. Fuwel, peo ¥y 0.0 1.2 " 102 066
Avg. 14
FsT1-27. Casrrer.ond Fy 0.8 {JP]] 0y o7l
Avg. I?
¥3T-30, Cutior, ond N, 0.9 [ ] 1.1 0%
Sopt. 4
FRISSL,  Fuel on 1.3 LI 0.3t
Sop. 14
FPISOL.  Fwel 0.9) 1.07 16 1.
Sepu. 17
FPIS- 0L, Fuel 0.9} L2 106 1]
Sepi. 19
Fr*S 0L, Fuel 0.78 1.04 08 07
Oc. 4
FPIS-26L, Fwel 0.8 140 104 0%
Ost. 10
FPI%IL,  Fust, pre power e o.M 1.3 108 0ed
han. 12
FPIT4L,  Fuel, approach 0.3 0.3 (1N ] 9 om 0.44 0% N 0.28
e 21 power
FPiT9L, Fuwel 0. 1S oM 0.4) 0w 0.24
Jan. Ie
FRIT2L, Fuel 12 0le 043 013 0.4 0.4 107
Feb. &
FPLT-A8L, Fwel T ol
Feb. 12
FPI7-19L, Fuel 1L wih
Fob. 9
FPRI7-200L. Fwel Loy ol
Feb. 20
Fri7-doL, Fuel LO6 046
Ape. A
1814, Fuel L 0%
Ape. V4
1834, Fuol 138 0.64
Apr. 13
[L 311 Fusl 144 013
Apr. 29
Wn, <ol 1.01 L} (B3] 049 0.94 1.24 146 248 164 0.4% 0. 148 10.7 37
Avg. 17

93 40 se moved by MNuotinativa,
Spureniin s indicate approximate value.
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Tables 54 and 6.5 present only the ratio of the
activity  of various fission products to the nventory
value for the vanious samples.

Two kinds of freeze-valve capsules were used. During
runs 15, 16. and 17 (except 17-32) the saltsealed
capsule descrided above was used. In general. the results
obtained with this type of capsule are believed 10
represent the sample faidy. However. as discussed
above. the values for 3 given salt sample represent the
combination of activities of the capsule interior surface

with those determined for the cuntained salt. To
prevent interference from activities acciumulated on the
capsule extenor, as many as several dozen HNO,-HF
leachings were required. occasionally the capsule was
penetrated. Also. the sali scal appeared 1 leak shghtly.
less vacuum inside resulted in less sample.

6.3 Duublc Wall Capeule

When a double-walled cupsube was developed for gas
samples (g v.) it was adopted also for salt samples. The

Tahic 6.4. Nobicgas daughters and wm.t-socking isotopes in st ssavples from MSRE pump bowt! during uraniem-23 3 operstion

Expressed 2y ratw to amoen: calcalated (ot | g of mventory it at tme of samplwng

Noblegas dawghters Sslt-seckmg rsotopey
Sample Date —_— o e s m e
S¢-89 St 9> Y81 5140 G137 Ce-141 Ce-143 Ne-147 2198
15-28 10-1268 o2 1.36 0.9 028
15-32 10-1568 O 0.6 0.84 108 on
1532 10-2968 0.8 08 1.16 0.88
15-51 11-6-68 o 0.7T0 (% ] 113 1.14
15-57 11-1168 087 033 1.25 098
1569 11-25-68 084 1.06 093
164 12-16-68 1.0l 0.859 1.24 117 V.69 1.10 1.38
17-2 1-14-69 0.69 0N 0.66 1427 0.74 1160 ™
17-7 1-23-69 0438 0.t 096 0.80 068 0.53 0.70 0.66 07
17-19 1-28-69 0.60 076 1.22 0.69 083 0.94 062 0.98 0.89
15-22 2.2869 .55 1.31 0.38 009776 080 1.07 0.99 0.89
17-29 32669 [ x4 1.22 1.08 291 083 128 1.22 098
17-31 4-1-69 0.63 253 0.64 1.05 0.8} 0.77 111 1.08 092
17-32 4-3-69 n76 094 1.0} 0.7? 0.80 1.16 }.i6 096
18-2 +14-69 0 .7 092 oM 091 1.22 1.49 0n9?
134 4-1%-69 I8 [ ) ) 110 0.88 0.78 1.21 1.1§ 099
i18-6 42369 [[X 5] 081 081 0.71 1.03 V.79
1812 5-269 097 1.34 aMn 0.8¢ 123 094
18-19 5969 ne2 138 1.14 092 081 1.10 0.65 I ot
18-44 5-29-69 n.76 P 1.01 079 0.7% 0.94 0.04:48 0.95
1855 6-1-69 275 112 1.06 239 081 1.02 1.2, 095
1846 6-1-69 052 1.02 1.04 0.54 0.75 123 193 0.9
1912 8-11-69 nN.NNK6 3 000389 000367 002514 (COOI7T6  O.0NIR4 0.0028"
19-6® £-15-69 n0ne617 001612 002157 0.0998] 01 002149 0.01439 9.0iv15
199 8-18-69 o.70 0.39 0.85 0.52 0.60 091 0.8 72
19-24 91069 nsy 1.37 019 .85 6.74% 1.00 ni2 0.86
19-36 9-29-49 X 3] 1.00 0.94 110 0.76 107 094 0.86
1942 10-3-69 .86 [ 093 1.36 0.834 112 1.2 093
1944 10-6-69 0.78 1.21 0.9 0.08]40 082 1.09 118 1 0l
1947 1n-7-69 nA9 1.24 098 0.80 08> 1.15 1.20 n99
19-55 469 077 1.00 112 0.69 0.7 1.22 1.3 095
19-57 11769 0.7 .13 .10 nas 0.87 1.16 1.22 n93
19-58 1769 073 117 1.0} 0.86 0.81 117 1.36 092
19-59 N-1769  NAS 223 110 0.80 0.79 1.06 116 090
19-74 103069 073 0.76 i.04 098 0.85 1.16 117 n4
2ol V. 2669 N6l 1.29 1.07 0.75 0.67 1.13 09?2
x0-i9 12-5-69 ns3 1.02 09!

oM 0.69 .06 UR A

“Approumate valve.
Bk ush salr




mienur conaer capsale was removed without contact
with contaminated hotcell objets and was entirely
dissulved. The out 1 capsule could abso be dissolved o0
determme the rel:.tive ameunts of activity depusited oa
such 2 ~"dipped specimen.” Lata on capsule extenions
will be 2wen i a2 separate section. Sal> samples
beginning wit. sample 17-32 were ubtained using tne

double-walled capsule. Openating conditions associated
with the respective samples are sununarized in Table
66.

We should note that very little power had been
produced from 233U pror 10 sample '569: much of
the activity was carried over from 2*3U operations.
Sampie 17-2 was taken during the first approach to

Tatie 6.5. Nobie metals in salt samples from MSRE pump bowl dusing wnnium-233 opesation
Fypreswed as ratio to amwent alculated for | g of mventory salt at ume of sampling

Samphe Date

Ru-106

Nb-9S Mo-99 Rw-103 A~iit 125  Te-l29m  Te-i32 1131
15-28  10-12-68 174 002536 03436 0.14
15-32  10-iS-68 1.16 0.00006 0.0001S 0.00007
I542 102968 0712 [ hriniotANRYRT T 1.7 0.00391
i5-51 11668 085 0.00037 000026 0.0001})
15-57  11-1168 106 000433 00030 0.0019%
* 69 11-2568 002000 0.00004
164 12-16-68 "3 009635 001241 000442 0.00687 0.09176 1.13
§3-2 1-14-69 0ns? 2487 004953 w004 (25T 0.2¢6 13,57 1.6
17-7 1-23-69 0.9 212 003351 000165 0.09095 v 0.3) 0.40
12-i0 1-28-69 002312 053 001134 000055 091981 003021  0.37
1722 2-2869 005000 000971 000076 000027  0.00425 0.00233 0.02040 046
17129 32669 0.5) 0.00445  0.02199 001214 001169 0.28
17-31 41469 0.32 0901360 0.00177 013 001921 003794 0.30
17-32 3-349 0.3t 000344 002216 0.08087 0.0048 1240
18-2 4-14-69 046 00149 052 0.3 0.03367 0.00670 .10
184 4-18-69 0.2 0.0n839 000398 035
186 4-23-69 1.56 085 007401 0958 1.23 1.83 1.80 0.26
1812 5-:49 0.04847  0.00812 000160 006829 000383 000230 059
1819 <9049 001641 060773 0.00202 0.06622 0.74
‘844 5-2969 003579 003459 000153 0.05970 0.00813 0.34
345 6169 r.37 1.36 0.13 005106 0.14 044
1836 6169 GN2242  0.12 v.00862 0.00327 ).01976 002532 004302 0.08227
194 81169 D 19.07066) (0.02304) (0.10) 0.28)
196 315469 1 0.00108) (0.00308) 10.00192) 10.01185)
199 8-18-69 0.34 0.00071
1924 9-1069 0.33 0.22 0.2} 0.13 074 0.24 0.60
19-36 92969 008623 0CI9i6 000219 0.12 0.3033> 000634 058
1942 10-3-69 006i14 043 013 008871 0.20 0.3 0.09806 0.65
1944  10-6-69 105268 041 0.04484 001308 060 001808 089
1947 10769 002630 0383 0.15 005326 0.10 019 006358 .11
19-55 10-14-69 063 0.18 0.05759  0.04055 0.13 004204 044
1957 10-1769 0.05050 0.7 0.28 0.1 0.30 0.07974 053
19-58  10-1749 003366 001885 0.00367 0.00207 0.00151 064
1959 10-1769 001349 0.19 0.03270  0.01478 00234 00N6R0 015
19-76  10-30-69 0.02995 001412 0.00195 0.000 040
2011 11-26-69 0.19 13 0.29 0.14 0.48 0.22 055 0.68
20-19 12569 005389 0.78 0.11 0.05074 0.23 0.28 | 0.41]

“Pirentheses mdicate Lpproximate value.

BNegative numbers result when *>Nb. which grows in from ®5Zr presens between sampling and analysss time. exceeds that (ound

by analyss.
Hush salt.



Table 6.6. Operating conditions (ur salt samples taken (rom MSRE pump bowl during uraninm-233 operation

Sampic

No

- .

15-28
15-32
15-42
1534
13-87
15-69
163

17.2

1?7

1710
17-22
17-29
7.3
1732
182

13-4

18-6

1842
18-19
1844
1n-48
18-46
19-1¢
19-6¢
99

19-24
19-)6
1942
19-44
1947
19.53
19-57
19-58
19-39
19-7¢
20-0

W0-19

Date

Time

10-12-68
01868
10-29-6%
11-6-68
1-11-68
11-25-68
12-16-68
1-14-69
1-23-69
1:28-69
2.24-69
32669
4-1-69
4-3-69
4:14-69
4-18-69
4-23.69
3.2-69
$.9.€9
$-:9-69
6-1-69
6-1-69
§-11-69
B-15-69
B.18-69
9-110-69
9:29-69
10-3-09
10-6-69
1-7-69
1469
10-17-69
101769
10-17-69
V0-0-69
11-26-69
12.5-69

Flush salt

1726
2047
12
1531
2148
1700
0sss
1028
130
TR
2289
1306
1145
0882
1isv
ML
s
1308
1928
0311
0921
1412
UBd4S
(\TYR)
0ot)d
149
1108
1105
0635
1033
1047
0620
094’
12490
1189
1704
0887

Equivalent

Pervent of

full-power fwll
hours power
(LA u.u
w0l Ny
0.01 0.00
0.01 0.00
0.0l v.uo
ool 0.60
1.56 [\
1.69 s6)
94.00 $7.50
185.50 $8.78
719.6)3 B7.50
1144.78 86.23
127400 .00
1307.00 91.00
1827.18 100.00
160128 100.00
17002 100.00
1939 00 100.00
2106.00 100.00
2473.00 86.2%
1sin6) 0.00
2518.4) 0.00
- 38.61 0.00
25, 6) 0.00
253863 0l
278\ 87 0.1l
2978.50 68.78
JO4B K7 47.50
JRe2 1o0.00
34875 100.00
RRRVIRS] 100.00
ERULIRY | Lovw .00
kRL YRR vl
3)97.13 03
370563 10000
178938 100.00
1990.87 100.00

Hours at

pervent of
power

0.s
0.}
9.4
243
0.8
214
62.%
]
181
o
LRI )
vl
1408
LRA
418
9.3
138.7
3768
9.8
4.7
04
5.2
0.0
0L
]
19.6
66.1
49.0
6.3
91)
2598
4246
1o

Overitow

s it ot et

Pamp  Voids l‘un'\‘p l:uw\ Previous - Purge gas fluw
pm 5 :',:‘)l Lb/he ___teturn ”"d  Gas  Pug
Day Time liters/min
1B 000 63 14 012 0nli 330 He $2 Purgeon
1180 D60 66 29 18 1830 3.30 He $.5  Purgeon
1180 0.00 66 »w 10228 1730 3o He 49  Purge on
L1k0O (LWL 66 1.0 14 1600 X He S0  Purgcon
1180 060 63 08 11 1208 130 He $8 Pugeon
t180 0.60 6 0.8 11.28 0428 3.0 He 50 Purpeon
1180 0.60 62 08 12:18 1788 KR 1} He 46 Purgeon
1180  0.60 59 3 1-14 0310 3.30 e 38  Pugeon
1180 0.60 37 18 1-123 0736 3o He 4.2  Purge un
1180  0.60 57 1.6 127 218 J.ao He 5.0  Purgeon
942 0.00 63 07 2217 1630 330 He $4  Purgeon
1080 0.08 L]} 1.} 328 AN 3 He 4.2 Purgeon
1080 0.08 62 0 4| 1018 J.ao He 8.9 Purgeon
1080 008 60 4.4 42 1807 1% He 11 Pugeon
1180 0.60 6! 7.4 4-14 0883 3.0 He 4.6 Purge on
180 060 63 49 418 )90) 3.0 He $.2  Purgeon
1180 0.60 [} 4.7 42} 0703 3.30 He 58 Purge on
180 0.60 89 30 $:2 0500 330 He 51 Purgeon
1180 0.60 59 09 59 1303 3.3 He 48 Purgeon
9% 0o LR 0.0 528 183) 2.30 He 130 Purgeon
990 0.00 S0 0.0 $31 222 2.00 Ar 128 Purge on
990  0.00 $6 0.0 31 ) .00 At 136 Purgeon
1189 1 00 72 0.0 00 00 3o He 2.4  Purgeon
110 000 62 0.2 Vo 00 33 He $.3  Purge on
1189 0.60 6S 2.4 818 02)9 2.3 He $.3  Purgeon
168  0M0 62 4.7 9:10 0501 2.90 At S0 Purgeoff
6UK 00 8 09 927 0316 338 He 6.3 Purge off
1176 0v.8) o 6.3 10 1036 3o He $.0  Purge off
1148 03] 64 7.4 10-3 [RI1} 13 He $.8  Purge off
1178 083 61 1.8 10-7 0228 3.8 He $.8  Purge off
ke 0.5) 6] 2.6 10-14 038} 330 He 8.2 Purge off
1186 0.83 61 )7 1017 0108 A He $2  Purge off
1148 0.53 67 9.0 1007 0787 1 He $.6 Purge off
1189 0.5} 63 19 1017 0787 3 He $.6  Purge ofl
1176 0.83 66 4.6 10-30 0916 3.y He $.2  Purge off
119 0.8 64 68 1126 1320 30 He 85  Purgeolf
1200 0.53 61 LX) 12:5 0248 330 He $2  Purge off
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sustained high power; the nigher values for the shortest-
lived nuchdes reflect som: uncertainties in inventory
because heat-balance calibrations of the current power
level had not been accomplished .o the tume - it
appeared more desirable to accept the mventory aberra-
tion. significant only for this sample, than to guess at
cofrection.

Sample 1846 was taken 5% hi after a scheduled
rexctor shutdown. Sampies 19-1 and 196 are samples
of flush salt circulated prior to retuming fuel after the
shutdown.

6.4 Fission Product Element Grouping

It is useful in examiuing the data from salt samples 0
establish two broad categories: the salt-seeking elements
and the noble-metal elements. The fluorides of :he
salt-seeking elements (Rb. Sr, Y. Zr. Cs_Ba. La. Ce.and
rarz earths) are stable and soluble in fuel salt. Some of
these elements (Rb. Sr. Y. Cs. Ba) have noblegas
precursors with half-lives long enough for some of the
noble gas to leave the salt before decay.

Noble-metal fission product elements (Nb. Mo. Tc.
Ru, Rh. Pd, Ag [Cd. In. Sn”]. Sb. Te. and I) do not
form fluorides which are stabie in salt at the redox
potential of the fuel salt. Niobium is borderline and will
be discussed later. lodine can form iodides and remain
in the salt: it is inciuded with the noble metals Lecause
most iodine nuclides have a teflurium precursor - and
also to avoid creating a special category just for iodine.
The Nb-Mc-Tc-Ru-Rh-Pd-Ag elements for a2 subgroup.
and the Sb-Te-l elements another.

Quite generally in the salt samples the salt-seeking
elements are found with vaiues of the ratio to inventory
activity not far from unity. Values for some nuclides
could be affected by loss of noble-gas precursors. These
include:

Precwrsor Nuclide affected
3.18-min **Kr Mg,
33-sec 70K ’”<e,
9.8-sec ?' Kr Ve My
39-min '3 Xe 137¢,
16-sec llnx' I‘(’h

The **Sr and '27Cs in particular might be »xpected
to be stripped to some extent into the pump bowl gas.
as discussed below for gas samples. In Table 6.4, ratio
values for *'Y and '*°Ba are close to unity and
actually slightly abe -

Valu .. for '*'Ce run slightly below unity. and those
for '*%Ce (and '*'Nd) somewhat above. The **Zr
values average near but 3 few percent below unity.

Thus the group of salt-seeking elements offers no
surprises, and it appears acceptable to regard them as

remaining in the salt except as their noblegas pre-
Cursors may escape.

The general consistency of the ratio values for thus
group provides a strong argument for the cdequacy of
the various channels of information which come (o
gether in these numbers: sampling techniques. radio-
chemical procedures. operating histories. fissiop prod-
uct yield and decay data_and inventory calculations.

6.5 Noble-Metal Behavior

The consideration of noble-metal behavior is ap-
proached from a different point of view than for the
salt-seeking group. Thermodynamic arguments indicate
that the fluorides of the noble metals generally are not
stable in salt at the redox potential of MSRE opera-
tions. Niobium is borderline. and iodine can form
iodides. which could remain in solution. So the ques-
tions are: Where do the rob e-metal nuclides go. how
long do they remain in salt afier their formation before
leaving. ar.d if our salt samples have concentrations
evidently exceding such a steady state. how do we
explain it” The ratio of concen’ration to inventory is
still a2 good measure of relative tehevior s long as our
focus is on events in the salt.

If the fluorides of noble-metal fission praoduct ele-
ments are not stable. the insolubility of reduced
{metallic or carbide) species 1.akes any ext:a material
found in solution have to be some sort of solid
substance, presumably finely divided. Niobium and
iodine  later tellurium - will be discussed separately.
as these arguments do not apply at one point or
another.

If we examine the data in Table 6.5 for Mo. Ru. Ag.
Sb. and Te isotopes during runs 13 to 20. it is evident
that a low fraction of inventory was in the salt. We
simply need to decide whether what we see is dissolved
steady-state wnaterial or entrained colloidal particizlate
material.

If the dissu!ved steady-state concentration of a
soluble material ;¢ low. relative to inventory. ‘oss
provesses appreciably more rapid than decay must 2xist.
If the average power during the shorter period required
to establish the steady state is f, . then at steady state it
may be shown that

LFYy =AM+ LY.

It follows thai the ratio of observed to inventory
activity will be:

_fl!gcccnl_pcvi-vdl ) _
Y 0 e Aty ) Ay -
all perinds



The amounts in solution should be proportional to the
nwverse of haltdite. 1o the current power (vs tull), and
to the relative degree of full-power saturation. The
azaount does not depend on the other atoms of the
species as long as the loss term s first order.

it follows that samples taken at low power after
operation at appreciable power should drop sharply in
value compared with the prior sainples. These include
1345 1346, 19-24. 1938, and 19-39. Of these
samples. only 19-38 appoacs evidently low acruoss the
board: the criterion is not generally met.

The expression also indicates that after a long
shuidown. the nse in inventory oveurring ¢ for a haif-life
or so0). with fairdy steady loss raie. should resalt in an
appreciable decrease in the ratio. The beginnings of runs
17 and 19 are the only such periods zvailable. Here the
data are wo wattered o be conclusive: some of the
data on '**™Te and ' *7 Te appear to fir sumples 17-7
and 19-24. respectively. are somewhat higher than
many subse juent samples.

Briggs* has indicared that the loss coetTr:ients should
be

L=¢l2A *57K+ 74K e !

for mass transt=r to graphite. metal. and bubble surface.
respectively. if sticking factors were vnity and A the
ratio o4 the mass traister coefficient to that of xenon.
For metal atoms. K ~ 1: neglecting bubbles. [ ~ 7
hr’

The ratio to inventory predicted above i dominated
by the first factor. Xk + L), in the cases (0 majority)
where the present power was comparable with the
average powe. for the last haltlife or so. We can then
note for the various nuclides using L = 7 he ™'

Nuclide Hall-life (dayy) A+
Mo 17 00015

g 96 000010
ey 167 0.00001
rag 75 000055

Comparning the vbserved ratios wish these shows that
what we observed in essentially all cases was an order of
wagnitude or mote greater. This indicates that the
nbserved data have 1o be accounted for by something
other than just the steady-state dissolved-atom concen-
tration serving to drive the mass transfer processes.

The concept that remains is tnat some form of
suspended material contributed the major part of the
activity  found in the sample. Because this would
represent a separaie phase Trom the salt, the mixture

propurtion could vary. The possible svources and b -
havior of such a reixture will be considered in a later
section atter other data. for susiaces. etc.. have been
presented. We believe that the data on noble-metal
fission products in salt are for the major part exnlicable
in terms of this convept.

Three elements included in the tabie of noble-metal
data should de considered separately: niobium. iodine.
and tellurium.

6.6 Nwbium

Our information on pivbium comes from the 35-day
*SNb daughter of 65-dav >*Zr. Thermodynamic von-
siderations given eatlier indicate that at lissior product
concentration levels. Nb** is likely to be in equilibrium
with nivbiur: metal it the redox potential of the salt is
set by U™/U*" concentration rativs perhaps between
001 and 0.001. If Nb®* species existed signiticantly at
MSRE oxid. coicentrations. the stability of the soluble
form would be enhanced. It NbC were formed a a rate
high encugh to atfect equilibrium behavior. then the
indicated con:entration of sofuble niobium in equi-
librium with a solig phase would be considerably
decreased.

Because **Nb is to be comsidered as a soivble species.
direct comparisoa with inventory is relevant in the
soluble case (v aen insoluble. ir should exhibit a limiting
ratio comparable to 3d-day ' **™Te. o1 about 0.0001).

The data for **Nb in salt samples do appear to have
subsiantial rativ values, generally 03 10 0.3 at times
when the salt was believed 1o bhe relatively oxidizing,
When appreciabie amounts of reducing agent. usnally
beryllium metal. hid been added. the activity relative to
inventory approached zero (20.05). Frequently. dlightly
negative values resuhied from the subtraction from the
observed niobium activity at count time ot that which
would have accrued from the decay of ** . in the
sample hetween the time of sampling and the time of
sounting.

6.7 ludine

Todine. exemplified by '3'1. is indicated 10 be in the
form of iodide ion at the redox potential of fuel sali.
with littie 1; being stripped as gas in the pump bowl.*
Thermodynamic calculations indicate that to strip 0.1%
of the "1 as 15, a U*/U™ of at least 10* would have
"v exist. As far as is known. the major part of MSRE
oneration was not as uxidizing as this (however, because
sonte dissociation 10 jodine atoms can occwr in the
vapor. stripping could be somewhat ecasier). ‘'l



wotivities relative 10 mventory were between 8 and
113%. with most values falling between 30 and 607
What happened to the remainder is of interest. It
appears likely that the tellurium precursor (largely
25.min '>'Te) was taken from solution in the salt
befor: nall had decayed to iodine. and of this tellurium.
some. possibly half. might hove been stripped. and the
remainder deposited on surfaces. Perhaps half ol the
131} resulting from decay should recoil into the
adjacent szit. From such an argument we should expect
abuout the levels of ' 3" that were seen.

68 Tellwrum

Tellurium s both important and 10 some extent
unique among the noble metals in that the element has
2 vapor pressure at reactor temperature (650°C) of
about 13 torr. Since the fluorides of tellurium are
unsiable with respect to the clement. at the redox
potential of the fuel. we conclude that the gaseous
element and the tellurium ion are the fundamental
species. As a dissolved gas its behavior should be like
xenon. The mass transfer loss rate cocfficients indicated
by Briggs* would apply. . ~ (1.2K + 5.7K + 7K). s0
that with high sticking factors. about ¥, 4-hr production
would be the steady-state concentration. ond halt the
tellurium would go to off-gas. The dissolved concentra-
tion for '3?Te. relative to inventory salt. would be
about 0.0006. and for ' 2°Te. about 0.00006. Again it
is evident that the observations run higher than this.
Recent observations by C. E. Bamberger and J. P.
Young of ORNL suggest that a soluble. reactive form of
telturide ion can exist in molten salt ar a presently
undefined redox potential. Such an ion could be an
important factor in tellurium behavior. However. it is
also plausible that tellurium is l.rgely associated with
undissolved solids. by chemisorption or reaction. Any
of these phenomena would result in lower passage as a
gas (o off-gas.

The viewpoint that emerges with respect to noble-
metal behavior in salt is that what we sec is due to the
appearance of highly dispersed but undissolved rat *rial
in the salt. a mobile separate phase. presumably solid.
which bears much higher noble-metal fission product
concentrations than the salt. Our samples taken from
the pump bowl can only provide direct cvidence
concerning the salt within the spiral shield. but if the
dispersion is fine enough and turnover not too slow., it
s.ould represent the sali of the pump bowl and
circulaning loop adequately.

We have suggested that the noble metals have behaved
as a mobile separate phas: which is concentrated in

3

noble metals and is found in varied amounts in the salt
as sampled. This is illustrated in Fig. 6.5. where the
activities of the respective nuclides (relative to inven-
tory salt) cre plotted lugarithmically from sample to
sample. Lines for each nuclide from sample to sample
have been drawn. A mobile phise such as we postu-
lated. comcentrated m the noble metals. added in
varyilg amounts to 2 salt depleted in noble metals.
should result in lines between samples sloping all in the
same direction. Random behavior would not result.
Thus the noble-metal fission products do exhibit a
common behavior in salt. which can be associated wati:
a common mobile phase.

The nature and amount cf the mobile phase are not
established with certainty . but several possibilities exist.
including (1) graphite particles. (2) tars from decom-
posed lubricating oil from the pump shaft. (3) insoluble
colloidal structural metal in the salt, (4) agglomerates of
fission products on pump bowl surface and/or bubbles.
(5) spalled fragments of fission product depusits on
graphite or metal. As we shall later see. at least some of
the material deposits on surfaces. and it ‘s also indicated
that some s associated with the gasliquid interface in
the pump bowl.
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Tshie $8. Dot for mit mples from MSRE pump borti dusing wamiam-23 3 eperation

Sample sumber
Samgle weght g
Dare
Megrn ott-howrs
Power. MW
Rpm
Pomp bowt keved_ <
Overfiow rase. B
Veuls €
Flow cate of gas. s8d bvters man
Sample e purye

Mol T

dayw» :

Tsstope ~)
<89 5200 546
$+-90 1026400 586
Y91 5880 557
Ba-140 1280 540
Cs-137 1095800 ¢58
Ce-144 400 461
9 6500 605
No-9S 3500 6.0S
35099 pAL IR Y ]
Re-103 &
Re-106 36700 043
S-125 95600 008
Te-132 328 340
1131 8305 190
Constitwent
U-233
U. Total
u
&

15-288
13328
10-1248
01

v oo
1180
(33 )
14
000
3.30 He
On

1.32E9
019

5 53EY
1.355
143E10
0.295
4.04E9
027y
6.39E9
0.740

S.13E7
0.025
197ES
0034
1.62E7
0.143

1.222
0.151
44.35
0.384
528
0.378
413

0.387

15-328
0915
10-1548
[ 3]

000
Heo
6550
29
060
3.30 He
On

59889
0936

0.00%

34269
0830
5.18EI0
Lom
1.28E10
0914
1.04E10
1159

1.15FS
0.000
B6ES
0.000
7T48E3
0.000

1.56
0974

633

0.948
1098
0.949

15428 15-518
51.5684 56 9563
10-2968 114668
[: 1 LA}
000 000
1 1180
6,50 6400
327 10
000 0.00
3.30 He 3.30 He
On Omn
Famson Peodact isstoper®
447D 3%
0839 0187
2969
0.703
3359 3.3089
0823 081l
S41ElI0 S.17E10
1.163 1134
107E10 1.26E10
01884 i.135
71299 8.71E9
0718 0.354
1.45E6 4.77ES
0.001 0 000
465E8 1.42i6
0.001 0.000
4.)8ES 1.18E4
0.004 0.000
Salt constitwents®
1.50
0929
1098
0951
579
0.867
1069
0907

15578
320893
11-1168
(A
0.00
1180
62350
os

¢ &0
3.30 K
On

3. EY
osn

37789
0926
S6IEI0
1.249
1.02F10
o981

1 08EIDQ
1.059

S.12E6
0.004
1.78E7
0.003
2.16ES
0.002

15495
51%1
11-2548

34269
0.842
4.61E1C
1 060
8.46E9
0933
2.02e8
0.020

4.64E3
0.000

782
0.969

683

rLon
105.3
0910

16-4-EVS
56.0%14
12-16-68
s
000
1180

29889
1.014
RX 3 1)
0.5%
644B9
1.236
2S51E8
1.167
28189
0.692
4 SSEIC
1.099
1.02E10
1.382
S 8E9
0537
3.17E6
0.0%
8.7SE6
0012
2.25E7
0.00¢
742ES
0.007
3.90E6
0.092
1.14E8
1129

653
oM
7.8%
0973
1088
0.942
6S.1
0.975
Lt}
0.756
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Tabis 6 8 (cantioned)

Samele sund v
Yammple wengh. . g
Date
Magreart-hewrs
Poow MW
Rpm
Pemp bowl level %
Orerfow rate, B'ln
Yeouls. %
Flow e of gas. s “vory/unm
Samplc e pape
bl -Sde .

. '
Ismtupe <)
S8 5200 54
91 8 s
Ba-*40 129 540
Cs137 1095800 658
Ce-141 3100 700
Ce-144 8400 446!
Nd-147 11.10 193
IS 6500 605
Nb-9S 3500 605
M99 219 4%
Re-103 PO 19
Re-106 36700 043
Ag-111 75 002
$-128 98600 008
Te-129m 3400 03
Te-132 315 440
§-130 205 2%
Constiteent
U233
U-total
Li
44

18-2-MFVS  18-4-NFVS 1S4-NFVS 18-12-NFV 18- I9-NFY IS 44-NFV (S45-MFY 1846 0FV

1St
41469
122129
190
Hne
I8
74

LT
330 Re
On

7.36c 10
0T
1.44EN10
L12
1.21EN
0917
4.065Y
03835
1.29€1
098
6.28E10
1272
71.29€10
1488
$.50€10
0.966

2 JEI0
0462
1.75E9
0015
193E10
0521
1.28E9
0.230
r02€7
0.0

T.24ES
[
7.33E°
Cail

728
".089
1354
2917
164
1 008
6597
0.9858
1384
1196

11866 612 124825
4+ 13 5269
128149 117059 155128

U3} [ 1] s

1w 1188 1.9

3 1e €320 5

43 [ %) 38

[ 1) 068 [ J ]

I i 3300 30 %

On On On
Famion prodact sstopar®

T60EI0 624E10 L12ENL
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Tabik 68 (contimenll)
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5100 1280 540 [1S4EN} 158E51 14911 1.57EN 1.TEL 482E10 | ¥ 30]
iPité 1.0%7 1938 1.0% 1083 1671 0912

Cs137 1095800 658 JOIEY 4979 5 0089 46789 S 9EY 4519 40689
0689 0848 0963 0.7 0983 0.749 0793

Cel4l 3300 709 11IEN) LI2EN 105E11 1 O2ELL 1.32Ei1 6.12E10 80SEIO
6902 0568 0814 079 0.546 0673 063
Celes MEO0 461 GT0EI0  6SOEI0  463SE10 S9IEI0 6820 GI9EI0  603El0
1.216 1165 1i7¢ 1.08) 1.15¢ 1 1058
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¥o-99 1719 4830 10911 1.26E11 e 298E10 2.33E9 4.71EY0 T ISET!
0626 0.754 0019 0.1%6 00is 3.340 0.781
Re-103 1960 199 SSAEY V48E9 1.25€8 1.11E9 7 98F7 7 48F9 - SOE9
0180 0279 0.004 003; 0.002 028 2110
Ru-106 367.00 043 124E8 605€E3 L ITET 8.37€7 181E8 290Fk8
0058 0.107 0.002 0.015 0140 0051
Ag-111 750 002 296E7 50TE7 I 16F8
0.041 0478 0238
Te-129m 00 0.. 7.24E8 1.76E9 1.38E8 9 44E8 1 49F9
0128 0.295 0.023 0212 0178
TelN 325 440 6609 1.22E10  228E8 1 .00E9 4.87F7 6.40F9 2454E10
0.042 0.080 0.002 0.007 0.000 n.s547 0206
i-131 805 290 384E10 4J8E10  S6SEI0  1.29E10  3A5HID 9499 23780
0444 0.539 0.640 n.148 0.402 0678 0467
Salt Coastitu-nts®
Constiteent
U-23) 7.60 7.14 6.34 6.68 7.28 7.1} 607
i.137 1.068 1023 0999 1.089 1.067 n998
U-totai 6.84 74} 578 594 6.38 744 ™
0.848 0918 0.716 0.736 0.791 0922 0.907
L 12320 1389 99.3 1071 108.4 100.6 877
10.667 1.203 0.860 0927 0939 0.871 0.759
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“Each entry for the fission product isotopes consisis of two numbers. The first number is the radicactivity of the molope in the
umple expressed in disintegrations per minute per gram of sall. The second number is the ratio of the isotope (o the amount
calculated for | g of inventory salt at time of smpling.

BEach entry for the mit constituents consists of two numbers. The first number is the amount of the constifuent in the sample
exyressed in milligrams per gram of sali. The second number is the ratio to the amount clculated for | g of inventory sait at time of
ampling.
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7. SURFACE DEPOSITION OF FISSION PRODUCTS BY MAE® BOVL EXPOSURE

7.1. Cable

1i was cxvadent from the carinest samples taken from
the MSRE pump buwm! thyt cenam fiswon product
cements. notably the noble metals . were concentrated
o surizes aypused o the g wrthm the mst sheld.
nd pussibly 2iso the baund below The fint such wsts
wked at wpments of the fatch bk for 2pmle
samplcs. ot of cudls oi B of vanows mectals (Hnizllon
N, stamlcis steel. and abverd). Datua trom sach tests
extendmg over the penod of =35 U openiion are shown
m Table 7.3 at the ¢ad of ths chanter. ded. hqued nd
s cxpusures were obtmmsed In order 1o facliate
comparsons. il s desivable whec possble 1o 2xpress
the depusitron M iemms of XKUWID  per it area.
Howeser. the deiermmed values were almosi dwayvs n
terms of the iotal sample Thersby appropnate areas for
vy indrdual samplke were used 25 gven n the
tabulations. These were obtained by caiculaton from
measurement when passible of by ¢snmm2i: imarked ~)
where necessary.

It wxs soon evident that the values fur sali-secking
isotopes (leasts. daughters of noble-gxs nuchdes. and the
so~cafled noble metals (greatest) fefl mto disunctly
different categones. The basis of comparnison Tor these
numbers depends on the average time between produc-
ton of the nuclide 2lement by fission and deposition on
the surface. The activities of clements having the same
behavior should be proportional for brief holdup times
to fission rate vield and decay constant and for long
holdup times 1o vield and to the powei-averaged
saturation  factor. becoming independent of decay
constant and approaching proportionality to inventory.
The ratios of activities of two isotopes of certain
elements (cerium. ruthenium. teflurium) appear to
reflect appreciable holdup. and so the values given in
the tables in this section are comp.ared with inventory
salt values. the units “equivalent milligrams of inven-
tory salt per square centimeter” being used to indicate 2
convenient order of magnitude.

7.2 Capsule Surfaces

During the 232U operation a variey of capsules were
dipped into the pump bowl for purposes other than
removing salt samples. The capsules and aitached
materials were dissolved. and radiochemical analyses
were obahs?  As these constituted a type of dipped
sample. the values obtained and ratios to inventory are

shown m Table * 4 at the ¢cad of this chapter Agun.
sali-secking nucct.des form 3 lowest group. muirdes with
nuble-gx precdnors a some shat hagher group. and the
nuble-metal group the haghest. by sbout two or more
orders of ragniude. Sipuficantly greater amounts of
nubie we as were found when the apsule swalved 2
reducat therviimam . nirconmm_ chrommim) than whes
the added maternnd was oxdizmag (FeF-r or not
reducing (nsckel. copper:.

Afver the mitroducion of the duubic walled ampic
capsade (3bsut the end of run 170 the 2xtenor apsule
of buth gn and salt amples became aadabie for
arssolutron and radrovemical maives. Data rfrom thew
sources are presenied m Tables 7.3 and 7.¢ tend of
chaptery as diumtegr:tions per mmute per squar®
centuneter zad equivalent mdligrams of mventory salt
pet square certimeter. Agun. the values genercliv are
lowest for sali-seckmg nuchides. higher for auchdes wirh
noble-gxs precunsors. and orders of magmtude hugher
for the noble metan.

It is of partwular interest 10 note the values found
when the sysiem wx at low or r¢10 power. Since
mostly (except for nuclides with noble-gas precursors)
the values did not go down much_ it would appea: that
the holdup period (in particular for noble metals)
apprecuably exceeded the period of low or zero power
preceding the sample.

7.3 Exposure Experiments

Five experiments were conducted .n which both
grarhite and metal speciments were exposed for varied
periods of time befow the surface of the satt. Data from
the first of these experiments are shown in Table 7.1.
These dzta are of interest because they permit compari-
son of depisition rates on metal and graphite. and
between liquid and gas phases. In addition. some
protection against contamination during passage. by
contact with substarces deposited in th: sample trans-
fer tube. was inheren: in the desiga of tie capsule cage.

The first experiment. 11-5¢. used thi=e graphite
specimens and one Hastelloy N specimen ¥ :la by end
caps to be out of contact with the transfer tube at all
times (Fig. 7.1.). Two of these ass:mblies w:re con-
tained in a perforated nickel container or capzule which
was lowered into the pump bow'. Contaniination from
the areas above ihe pump bowl during removal. etc..
though not likely, was nct pre_liyded. however.



Table 7.1. Data for graphite snd metal apecimens immeesed in pump bowl
Tost F1E-SO exposud on April 26, 1967, 1or B hr at a teact o pawer ul BMW

Material

CGBalL
CGBe22
Pyrolytic
Hastelloy N
Wite

Wire
CGBab)
CLGB#*92
Pyrolytic
Hastelloy N
Wire

Depositinn (equivalent miligraims ol inveniory sal® pvr wpnane coniimeter vb s e il

Tet 2

Phase “_m:) Si-K9 Ha-140 Co-id} AR A Nhys Mooy Rue g0t K fun (R
Lwyuid \ W 11 ) [IN1L] \ 11y 1 ] 192 A}
Liquid 1 0.03 0.8 .04 wnl 1 162 (1] |4 L 1] b
Liguid | 0.0} 49 1.1 0.06 0 ad ) 17 10 106 h
Liquid 1 0.04 0.69 0 (1] 008 b)) ni 4 \ $10 29
Liyuid ~1 1.2 U] 940 ‘T 10 N 680
Interface ~1\ 7 12 Tuan 1 0 L1} L] LT
Gas t 0.to 19 b0 010 1.4 LM 4.7 AN} [1 N] 10
Gax 1 003 w? 1) 4 (11 16 44 nat s
Gas | 0.02 24 2.1 nul v bin "n 7.1 100 <
Gas 1 0.2 LN} 2 nlu 10 Jus b p 1] 6
Gas ~1 24 (A% ) $s (L1 | N0

Inventury fur Iy ol sl
Value tor V=238 i micrograms pet graim ol salts v Tor Tinsian prashis by i disiviogeatinis g tennte pes gram ol sl
14,250 1.16k11 9Lkl 14N [IRLINN] %6t lo INLIRY L IR Laly 1. 4ub | 4010

ALY
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Fig. 7.1. Specimen holder designed to prevent contaminaticn by contact with transfer tube.

For the specimens. we note that generally the
differences between metal and graphite and between
liquid and gas exposurs are not great. It dees appear
that the '3*Te activity was significantly higher on
metal than on graphite. We again find the general
patterns previously observed. with salt-seeking elements
lowest. noble.gas daughter nuclides hizher. and appreci-
ably higher levels of noble metals.

Clearly. the wire to which the capsule was atiached
received considerably more activity than the specimens.
This increased activity on the wire might be a resuli ¢
easicr contamination or casier access 1o its surface while
in the pump bowl. than to the specimens which were
within a perforated ccntainer.

Data for four subscquent experiments, [8-26. 1966,
19-67. and 19.68. which were liquid-phase exposure;
for various perinds conducted during the operation with
3330, are shown in Table 7.2. in order to avod
contamination problems and problems of contact with
the gas in the pump bowl. the specimens were con-
tained in a windowed capsule. below a bulb which
would float in salt. and thereby open the windows. but
when above the salt would dron to close off the
windows. This device is shown in Fig. 7.2,

Data for the various exposures are shown as milli-
grams of inventory salt equivalent to the activity
deposited on one square centimeter. Data for isotope
pairs('03-106 Ry 132.129MTe) yn0ear more consistent
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Table 7.2. Deposition of fisica products on graphite and metal specimens
ia Nost-wiadow capsele immersed for vagious periods in MSRE pump bowl liquid salt
AR wpomens cxposed a8 rentor puwex of § MW

Tet2® M

Nuclede S8 A0 N7 Celal Cel®d  Z¢98 NG9S Me? Rel0) Rei®t Agil) fe132
Famee yud. % b¥ 3 ‘s 193 ” 4.6} 0% 603 <8 1.9 oN o.02¢ 44 03} 2
Half Gfc. davs 32 128 (18] 33 » &3 35 b, »e o7 15 3.2 ) 303
Savendory
Diun £33 atmans. gy swmvats pes snliagram of taly
Somple
. (4
1948 167 - 1088 1.60L8 GO%ET 1. 5963  ST72kT  102ES  730kT LSRR IMET 3 ME6 7.88%3 1 SIEE  §SIRT 944k
182 $1%8 1.78ES  147E8 SO9ET 1833 S90ET  1.Y0ES  T9GET  143ES  &85EY 3096 T34  13IES 14387 88T
1967 10449 108 1.56R8 SOSET J.a4ES  S.76k7 997 7 36ET 164k 3TET ) 2)E6 TITES  1.50E8  145ET 9 29ET
1960 1069 10258 15688 H>IIET [ &4ES  STSET 983587 T HMET 168 ) ITET 32)E6 176k [.50E8 [ sekT 3 2)
Disintegrations per minnte praduced by MSEE in | e pes syme contimntw of MSRE sayfoce
1.62k8  6.1k8 Y68 pR12 4 237 1.JE8 1.2k 13569 TIRT 9.4ES 4.6k6 i1 e Jor7 $ %3
0 o
Expresscd a5 ratw of stir -ty pur mymare le colated for ) my of ¥ it at e of sumphas
Somple D . Mosesial
Ne.
1968 10 mm  Go.phete 6 §2 noes 0.001 hoos X RS 1 [} 1.7 e (X ] (X ]
012 0.00% 9002 0.01) 001} 1s n ba [ ¥] 10 (¥ ]
0.07 0.003 o.oll 001} 0.011 (K.} 4 os o4 [ 3] [ X}
] o1l 0019 noss 0.024 0028 1 ? 1l 1.3 [§ e
oM 0.004 0.003 001} 0.00% 20 32 ns 04 04 04
0.07 v.206 0.005 0.00% 0.00% 1 41 0.y 03 0. 0}
1526 I e (ganinte 008 0.004 0004 <0.0001 0.00¢ 09 4 o7 02 1.3 1.0 ns
008  00J0 ool  0oIs o017 17 1 vt LX] 18 o 14
063 9 006 00002 <0000 0.007 Lo B ne ") *2 n? ns
Setad 0.0} oms ooni OADl D006 21 4 na 0.2 i [N n.s
02 0.003 0.007 0007 LI i3] 20 B r3 a1 10 ns n4
no} nool nonot Noni 0.002 18 ’ ‘LB n: ML 13 ne
1967 Ihe Geaphne 010 [ 0.0003 0.0N} n.ou 18 b 7 4 k) 4
[ AR 00003 0002 0013 EX | 55 v ] s [
0o 0.001 0.005 000 n.008 Jo §.2 ) J s 4
Mrral o.10 0.02i 0012 000 0.02¢ 40 bt ) ] b} 4 2
0.06 0.002 0002 0007 0.74 146 ns 3 b 1 04
o.m 0.003 0.002 000 n.om 42 b ] v 2 b 07
1966 10he CGeaphite  0.10 00004 0.002 0ol 512 32 490 $ 4 2 3
0.08 0.004 nots 3 34 453 s 4 2
(X ] 0.00711 ©H.009 n 4 3 2
St 0.13 0.002 nolo 57 1] ? b
01} 0.0'4 oot 0019 0.040 p] 13 3 5 B 2
oo 0.004 0.004 X3 ) 0.01% 1KY p: ) 32 4 4 3 3

wi:h inventory than

with amounis directly produced

during tre evnosure. An overview of the table indicates
the followi < ,.milar deposit intensities. for essentially
all metal-graphite pairs:

When examined pair by pair. over all nu-lides and
all exposure time, the deposit intensity vn the
metal is about the same as cn the graphite
member. No preference for either is indicated by
the:e Jata.

The saltseeking elements for the lowest group. of
the order of 0.01 mg of inventorv salt per square
cenumere, being indicated. No time trends are
evident. This is i2garded as & minute amount of

scme form of adhering salt (film: mist droplets?)
which remained after withdrawal.

*®Sr runs about zn order of magnitude higher.
This could have been deposited during withdrawal
operations by the **Kr whi:h was present in the
gas drawn in as the capsule was removed from the
salt. (The speciments had about 1 X 10* dis min™
em? of **Sr; if *?Kr contained in the salt
entering the pump bowl, the pump bowl gas
should contain, in addition to any actual **Sr,
about 1 X 1073 atoms of *?Kr per cubi: cent.
imeter of helium, equivalent after decay to about
1 X 10® dis min™! em™ 0f ®7S1)
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Fig. 7.2. Sample holder for short-term deposition test (fits
into outer capsule with windows).
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4. The noble metals run apprecizbly higher - twe
orders of magnitude or so — than the other
clements.

Salt samples taken at atout the same times were
generally relatively depleted in ioble metals. though
they contained amounts which appeared to vary simi-
larly from sample to sampie. Thus it appears that the
surfaces were capable of prefer:ntially removing some
noble-metal-bearing material boarne by the salt moving
through the sample shield.

5. The noble metals increased somewhat with time.
out considerab"- less than proportionately, as if an
initial rapid uptake were followed by a much
slower rise.

Most importantly. the increase in activity level with
time implies that tke activity came from salt exposure
rather than any explanation related to passage through
the pump bowl gas. coupled witii the further assump-
tion that the window improperly and inexplicably was
open.

6. As mentioned earlier, the activity ratios on the
inventory basis are about equal for the ' °3+1°6Ry
and '22-13%MTe jsotope pairs. But the longer-
live¢ isotope is generally somewhat lower. This is
consistent with the deposition of material which
has been held up in the system for periods that are
appreciable but not as long as the inventory
accumulation period.

Thus “or noble metals the data of Table 7.2 imply the
accumulation from salt of colloidal noble-metal mate-
rial, which has deen in the system for an appreciable
period but is carried by the salt in amounts below
inventory, but with the surface retaining much more (in
proportion 1o inventory) of the noble-metal nuclides
than 1t does the salt-seeking nuclides. For the periods of
exposure used. deposit intensities of given nuclides on
metal and graphite did not appear to differ appreciably.

7.4 Mist

One factor to be corsidered in the interpretation of
pump bowl samp'e data is the presence of mist in the
gas space’ within the mist shield in the pump bowl.
Thnere is much evidence for this, none clearer than Fig.
7.3. which is a photograph of a '/, -in. strip of stainless
steel (holding electron m.croscope sample screens) that
was exposed in the sampler cage fur 12 hr, The lower
end of the 4-in. strip was at the salt surface.

Clearly. the photograph shows that larger droplets
accumulated .t lower levels, doubtless as 4 consequence
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PHOTO 1853 -T4

SALT SURFACE

Fig. 7.3. Salt dvoplets on 2 metal strip exposed in MSRE pump
bowl gas space for 10 he.

of a greater mist density nearer the bottom of the gas
space. at least the larger drops representing the accumu-
lation of aumerous mist particles.

The mist musi have been generated in one of two
ways. The first is outside the sampler shield by the
vigorous spray into the pump brwl liquid, which also
generated spray by the rising of large and small
enirained bubbles. This would be followed by drifting

of some of this spray mist around the spiral 1/8-ir.-wide
apertire of the shield.

Th: second way in which mist could develop within
the ssmpler shield is by the rise cf entrained bubbles
too fine to resist the undertow of tae pump bowl
liquid. As salt ente-+d the bottorr: of the sampler hield,
these bubbles would rise within the more quiescent
liquid and would generat: a fine mist a- they broke the
surface. In particular.? the liquid rushing iv fill the
bubble spac: would create a “jet™ droplet (as well as
corona droplets) which might be impelled to a consider-
able height — in the case f chamrragne. tickling the
nose several inches away.

The jet droplets can accumul-.. or concentrate
surface contaminants®** on the dioplet surface, being
referred 10 as a surface microtome by MacIntyre. Jet
droplets are likely to be about 10% of bubble diameter,
thereby a few tens of microns in diameter. It is not
certain how much of the mist within the sampler shield
was produced from outside and how much from within:
however, at least some of the mist must have been
produced within the shield, and this explanation ap-
pears sufficient to account for the phenomena ob-
served.

Kohn? shows that fine graphite dust was carried from
the surface of molten LiF-BeF; (66-34 mole %) by jet
droplets, with the implication that nonwetted collvidal
material on the fuel surface could similazly become
gas-borne.

Thus a plausible mechanism for the transport of
noble-metal fission products by mists could involve the
transport of unwetted colloidal material in the salt. This
could L transported to the surface of the liquid within
the sampler shield, by rising bubbles, and shouid
accumulzte there to some extent if surface outflow
around the spiral was impeded. A jet droplet *vould
concentrate this matenal significantdy on its surface,
and any receiver in the gas phase would indicate such
concentration. Because most droplets most of the time
would settle back into the surface. the accumulation
of noble-metal-bearing colloidal material on the surface
would not strongly be altered by this, and accumulatior
would continue until by various mechanism. inflow and
outflow quantities became balanced.
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Y salt per wpuase centumeter).

Totsl Jomsunts On 1P nen

. Powct Dunatwon of Arca
Ted No Date . T
1MW) Crpomere «m™) U-238 S8% Bl Celdl 2193 Nb-9S o9 Ru-103 Ku106 TeI32 Te-129 1153
Hasert®y N cois
72 T 13 e 3 1 6 men” [ 3 263 34E10 21k 7 3. n 2110
-8 LILI 74 [ 10 man ¢ T5tke 3 ote (513 ] 49e 2IE8
0.00C12 o 0903 00055 ols
I(HZ" 12 28 o6 3 10 man [ 0.6 13k8 <4k 11 24 4E10 3 6Ls ~Tte s StE 1 sEl10
Alier e 0.0N00¢ ouwol? <0 00N0s <0 0008 022 ~00114 ~00023 063 027
10-20 1 9 67 3 10 man [ [ 111 2TES <4E6 1 4EL) 1.0E9 Jek? 34k 2SEY [131]
21 e? 0.00006 00013 0.00003 on 0023 0023 24 13 [ X 34
e 213 o7 3 10 men ¢ 942 1 7€8 <4 .5Ee set10 4.7E8 LSE? LIEN S 89
0.00003 00012 <0.00003% 0.j0 0.009$ 0.008i 0.8 207
-2 DY B %4 10 men ) 19 1 4E3 <3te 1 5ENL 13Ey TiIE? 1.5E11 7689
0.0001) 0.0008 <0.00003 0.7% 0.040 003$ (B 0.083
II-I." 39 e7 0 10 many [ 1.8 TAE7 <¢.SEe 2SE10 LIEY 2.7E10 @ 7E8
0.00012 00003 <0.00006 (A} 0019y 0.2¢ 0012
Stainless werel cables
114$ 31767 3 1-6 ows q-~2 21 35S o5EI0 o0y 15E? 90E10 4619
0.0015 0.000003 03s 0027 0026 0.66 0.047
int.~2 X 1. 08 18311 14E10 4 SER 1.3E11 1.0E10
0.0014 0.00076 on 019 0.16 0% 0.1t
Gas~2 s [ X 34 1.1E11 2089 7587 3 5EI10 LIEYO
0.0004 0.000006 060 2.027 0026 0.2¢ 012
11-50 4 2 07 3 S Iq.~2 35 2 5E9 3SE1l TE9 k8 1.4E12 1.2E11
0.00”° 0018 19 0.0% 0068 10 [
Ist.~2 5 3.2E9 26F12  2BEIO S SER 10813 90K,
0013 0.023 14 0.3 013 72 5
Gas~2 o0 1.7e8 20810 2.3ER2 9210
0.0048 0.0012 0.11 1 097
1)-$) 4 28 07 ? | -» mn Lag ~2 3s 1E7 K10 1.3E9 4787 1 AEY0 189
0.00024 0.00007 on 0017 0.018 0.10 0011
Int~2 19 15E7 BSEI0  SEY 1.5E8 $.2E10 8.5F9
0.0013 0.00011 047 0.064 0.049 o 0.09)
Gas~2 40 B? 4810 2589 95E7 30E10 SE?
0.0004 0.00022 [13 0032 0.031 0.22 0.064
1154 $ 567 8 1-6 rom 1 ~235 64 1.6F7 42F10 258 1.5€7 1.7E10 2.29
0.00043$ 0.00011 023 0031 0024 012 0023
Int.~25 56 3SET 12610 10E10 5.0Es 6.1E10 1.089
0.00039 0.00025 0.39 013 0.09s 0 0074
Gas~25 20 3 SETY 42EN1  4E9 1.3E8 2.8¢10 $SE10
. 0.0004 0.00025 023 0.050 0.041 (1.1} 0058
11-58° 5 10 67 0 1-6 mm Lig.~25 834 ke SE9 13E9 45E? 1.7E0 LIEl0
0.00058 0.00002 0.044 00:7 0014 019 0014
Int. 33 [ 11% 1.SE10  1.5F9 45E9 TEY 2.8E10
0.00023 0.00004 013 0019 00l4 0078 0038
Gas 1S Tte SAEIO  2)E9 15E7 4E9 6.0E10
0.0017 0.0000S 051 0.030 0.024 0.044 0.07S
126 & 2067 [ I-6mm L. 2 8216 1.1E9 38E7
0.601% 0 00006 0014 0012
int. 46 6.0E6 1.7€9 oE7
0.0032 0.00004 0022 0.019
Gas 60 10k 3. 8E9 1.4E8
0.0042 0.00052 0.04% 0.044
11-27 T \7-67 8 1-6wm . 82 SES ¢E9 SEs 2E? 9k J.4E9
0.00087 0.000009 0.033 0.010 0.004 0.060 0013
Int. 56 1.0E7 2E10 4E8 4E8 1.8E10 24E9
0.00039 0.00010 on 0.008 0078 0.12 0.030
G 6.6 1.3€7 13610 23EN %7 4.0E1) 3789
0.00046 0.00013 013 0.043 0018 028 0.046

“Before siartup. Carreaponds 10 ren 7 shetdorrn after beryliimm sddition.

B After beryBwm adéition.
€ Afser addition of 11.66 g of beryliem.
931 days ofter shmtdown.
Vs shutdown Mey. before dram. 2.3 by aftes shutdown, Zhvllalmlnlp-np
Iefimed. Before power (vs shutdown May 8).
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Table 7.4. Data fos Misefloncous capeuies from MSRE pump bowl
No. Date Capsuic Bawrs Y9l Cel37 S¢89 B2130 Nd- 147 Ce-l4) Ceoldd 1S No95 Mo Re-l
-
178 1 24-69 Becaddition apsuie  Tota! 26F1) 35F10 23F13 16E18 1.4[!1
vsinv® 72 24 330 9% 450
171 1 . 29-6% Craddution capsule  Total 99FI0 JAEI0 1.2F12 6 2EI3 3.7EIR
LY 18 1S5 140 €30 L1 I
183 4-17-69 Zt addition Gapsale  Totad 45F9 4. (F1) 6.2E10 10EIL 69F13 94EI13 9.1E]
winv 09 43 12 1.1 1300 920 24 |
{
187 4-25-59 Z: sdditron pssic  total X AL R RIA S €7 S6EI1 13F12 33F13 1.2E14 18EI1Z
ninv n 14 00004 16 : &0 160 L I
1811 5-1-69 Ni capsule Total 209 7.3Ei10 4519 LIF10 1SF12 16E13 9.2E1L
ninv 040 063 008 010 23 ™ n
1817 5-8-69 FeF 3 addition Total 1.1IE10 BF9 33EIL 14EY1 24F10 2SEI1 S58FI12 10EI
apwlc vs v 21 0.07 pA} 24 on 36 40 23
1820 S5 12-69 Cu$ wexposure Total 28EI1 10OFI0 24FEIl 43FI1 15Fif S4EIT 34E11 21F11 ASEIL 27FI13 43ElN
2s 20 20 26 24 47 55 19 64 170 ]
1823 5-15-69 Be addition apsule  Total LIEDD L1.7F)2 STEI) 26FE12 10KI3 63E14 LIEL3
v iny » 13 10 2 135 4300 220
1828 $5-20-69 Besurface Total 7.0E10 1.3F12 90EIl 26F12 9.1Ell 39EI3 19EV]
ten: jon effexcts v iy 13 10 15 21 H 0 {9
19-12 8-19-69 Forhmentcapsule Towal 20F9 S.2E8 9.7F9 227% 90F8 20F9 13F9 S83FI0 9.2FY
iy 0045 0.10 0.22 0.1l 0028 0041 0025 12 0ss
1952 10-12-69 "DRG"Cudummy Towuali 7T6ER 46F8 44FI0 21F9 SOF8 70F8 SIF8 6.IES 40EI0 [3FI1? 44EI0
Leach wiay 001 0.03 0.51 0016 001 0006 0009 0007 060 i3 16
1961 10-21-69 Nbsripand Nu
capsale, Hasold
Kobn
Nb unip Total 1.4Fi0 &F3 3.83FE9 2FI0 k9 I.5FI10 7F9 1OFI0 6.4F9 16E12 20E;
vsinv  0.16 0.10 0.09 0.13 0.16 0.10 0.12 0.10 om 10 06
Ni cap Total 21E9 SEB 14F10 4F9 14F9 14FC 953 I15E9 238F11 B1E12 15EN
wivv 0024 008 0.8 0.03 002 (X)) o016 0015 4 S0 45
#Calculated inventory per gram of salt assuming no losses.
R




leble 7.4. Datz for Misceloncous Cxpauies foom MSRE pump bowi

P NI4T Celdl Celdd  Ze95 No95  Mo# Rul03 Re-106 Aglll Te132 Tel2m 131 SHI2S  Li Be U233
) 3SEI0 23EI3 16FI4 24F12  L4EN 4913 5.2F12
4 2300 (9% 450 3 00 15
» 3UIEI0 L2EI2 €2FI3 3IFIL LIEIO 14EIS  SOEIl  10EI3
15 140 60 45 3 1500 340 0
C2EI0 1OEIl 69EI3 94FI3 9.0EI1 49EI0 76EI0 32EI3 9SEIl 19EI2
12 11 100 w4 9 40 340 10 n
TE7  SSENl ISTII SEI3 L2EI4 2SEIZ L4ENL 2IEIL 36E13 LIE2  LIEI2
00004 16 3 S 0 2 30 30 w0 13
4SE9  LIEI0 1512 16F13 92EIL 30EI0 32E11 63FI3  LIEI2 SIER
008 ol 3 % 2 5 40 M0 0 =
| 14EI1 24E10 2SEIT SAFI2 1OEI1 44F9 1.2E10 16EI? 16E11 Z6ElL
24 on 36 w0 0B 73 e 1 » )
I} ESEIL B4EIL 34EIL XIENL 46EI1 LIF13 S3FI1 16FI0 SSEIL 96EI3  LIEI2 76KI2
24 47 58 19 64 1M 9 T em 10 M
STE1) 26EI2 1.0E13 €3EI4 LIEI3 S2E11 7SENl LIEM4 37EI2 2SEI3
10 n 135 4300 20 29 1000 1300 450 280
SOEIl 26EIz 9.1E'L 39E1° 79EIl 36FI0 76EI0 1SE)2 24E11 13EI2
15 2 1 m 6 s 100 62 . ] 0
b 90Es 20EY 13E9 33EI0 25 13E6 SF9  L7ES  I.SES
0038 0041 0025 12 om 04 “ 20 2
) SOES 0ES S.IFR  6IJES 4.1EI0 13FI2 44EI0 23F9 3.5E9 SOE7 0.8
, 001 00 0009 0007 060 73 16 043 10 019 0005
309  42F  S2EIL 23EI0 20F10 16 Msp
056 6 34 24 o 0.013 0.0s
' SE9  ISEI0 7F9  1OFID A4E9 16E1Y 20E10 9ES  36E9 12EIN 33E9  27FI0 Im 62
016 010 012 010 0M 10 05 017 S o8 02 03 10 009
14F9 14F9 9ES  ISE9 28EIl SIE? 'SEQl 9F9  1SEIl J3F12 12EN 2IE)) 21 09
002 001 0016 0016 4 0 46 3 ]l n s 23 0018 0014
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Tadda 7L Dotz far ot Gmeles fonm donbir-walied cassules immersed in it in the MSRE pump bov? Juring

Each cntry i the table consists of 1w numbers. The fist cember s the radivactivity of the sotope on tie veisids surfae
m dismicgrations por minste per square ceatimeter The sccond member is the number of equivalent milligrams of inventory

of Capsulc mrface. defmed =< the amount of 2t that would contain the 2naly zed quantity assuming uniform dist B

Sample Dae R bowl Se-89 Y91 B2-130 O ¥137 Ce-l41 Ce-148  Nd-147 2195 Nw-95 So-99 Re-103

1312 5-2-6% 30 23E7 1.0E7 1.2E8 1.7E7 1.2E10 29E9
LA B 0ls 113 LIS 70.59 6393

1319 5-9-69 30 5.3E7 1.6E7 21E7 £ote 14E10 1.8E8
.33 028 0.19 963 9037 39

1844 5-29-¢9 69 1.369 S 6E7 75E6 59ET 3 SE7 T0E7 387 26ES 4.1E10 1.5E9
9.7¢ 0.72 1.3y 0.32 057 1.22 0.31 300 33a %0 31.28

1845 6-1-69 09 29ES 4309 2787 4.5E7 1.2E10 22E11 2.4E9
bA L 795.11 044 0.3¢ 13358 1691.92 48.13

1846 6-1-69 09 6.4ES 22E9 49E8 26F7 65E%  23K8 2.3k < ks 26F9 3.2E10 5.6E8
482 17.81 n 479 352 4.60 414 328 377 25956 1119

199 3-18--69 0.01 60 6.7E6 3SES 1.6ES 3765 B.2ES 15t6 3169 1.3E6 1.9E7
0.15 0.0076 00302 00109 00166 00295 40.60 k11 156

1924 9-10-69 0.01 n 714E7 1z 7.0E6 S3E6 34E6  39E6 2.3E6 7.2E83 2.3E9 66E9  1.7E8
1.31 0.13 0.11 1.0S 00524 00777 00913 1.9 33.24 7861 951

19-36 9-29-69 5 41E3 3285 7.2E6 23E6 83ES  9SES 26k6 7.0F9 30E10 2.6E8
6.75 00536 0.0%8 049 00106 001385 0.0387 104.13 382.12 12.11

1942 10-3 -¢9 70 4187 5.4E6 38E6 46E6 3.7E6 3.2E6 29E6 710E7 3.2E9 293
0.60 0.0844 0s7 00533 00720 00956 00418 105 2913 1241

1544 10-6--69 80 180 89E7 3.0E6 23£7 89E6 S3E6  3.7E6 1.IE7 1L.7E9 85EI0 8.8E3
1.22 0.0461 024 1.56 0.0605 0.0703 0.15 24.64 595.46 3393

1947 10-7-69 80 17 3.1E8 24E7 249E7 IOE7T 6.2F6 o©A4F6 4956 B4ES 1.389 3s5E10 1.3E9
408 0.34 18 1.78 0Mie 0.12 0.12 0.1 19.48 228 30 49.22

1955 0-14-69 80 » 2.1E8 2.5F7 24F6 16E7 93E6 1.IE7 LIE? 9.1E8 SIFID G 4ES
241 nis 042 0.13 017 c2 0.13 13.13 33269 19.79

19-58 10-17-69 001 » 1.2E8 2 7E8 1.3E7 20E6 B8.2F6 44E6 3.1E6 33E6 9.8E8 2IF10 3.7E8
1.26 0.-436 0.0887 V.34 00634 00789 00555 60420 1395 127.27 10.93

19-59 10-17-¢9 001 3 6.3ES 9.1E6 3.0F7 3.0E6  76E6  S4E6 6.2E6 6.7E6 14E9 43E10 1.0£9
635 0.1} o 053 00587 00970 0.1} 00737 2052 3o2.08 3Jo.67

1976 19-30-69 80 5.6E8 79E6  3.2E7 25E7  1IET S.8ES6 S4E6 99F6 3.2E8 2689 7.2£8
5.7 00795 0.2 4.10 0.0639 0.0979 0.0866 00936 421 1556 17.85

*Equivaloat mg inventovy it means the amount of wit which would contain the analyzed quantity assaming uniform distribution in the foel it
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Red capsuies immroscd in 2t in the MSRE pump bowl during sranive-23 3 op 2ration

st number is the radioactivity of the isotope on the outside surface of the capsale expre:sod
mcond sumber s the numbey of equivalent milligrams of wrventory sall per square centimete?

hat would contzin the asaly zed quaniity assuming uniform dustribution n the fac salt.

Ce-144 Nd-147 Z195 Nb-9S Mo-99 Ru-103 Ru-106 Ag-111 SH-125 Te-19%m Te-132 1-131
10E7 1.2E8 1.7€7 1.2E30 2589 1.4E8 1.6E8 7.1E8 3.3E10 33k
0.18 113 Lis 7059 6393 2454 202.02 59464 19357 354
1.6E7 2.1E7 69ES 14Ei. 1.8E8  o5t0 9.3E7 8.6ES 6.6E10
0.28 0.19 963 90.37 395 i.16 13228 106.06 485 00
35E7 710E7 33E7 26EE2 4.1E10 1.5E9 1.3E7 1.2E8  43E6 1.3E9 S3E0 1.0E9
057 1.22 031 300 »38.80 3128 11.90 17284 1491 156.36 468 81 1263
27E7 45E7 1.2E10 2.2 2.4E9 + OES 2.0k8 9.7E6 4.789 1.6E]1} 36E9
044 0.36 133.58 1691.92 48.13 16.45 38.37 318 545.45 129477 * X i
23ES 23ES 4188 26E9 32130 S.oEs 2.6E7 71.0E7 2.1E6 2.3E9 6 8EL0 3.6ES
460 4.14 32 28.77 25956 1L1¢ 4.2 104.14 112 265.76 589.08 44.38
8.2ES 1.5E6 Jiee '3k 19E7 4.3E6 24E7 6.6E6 366
0.0166 00295 4060 3148 1.56 031 146} 201.35 IsXx
39E6 23E6 1.2E8 23E9 66E9 1.7k 1.2E7 347 20ES SSE9 2.7E8
00777 0MI13 11D 33.24 7361 951 23 93.66 6751 .49 620
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8 GAS SAMPLES

Fuel salt was continuously sprayen? shrough the pump
bow] purge g=5 to permit remonal of ali pussible xenon
and Arypton ‘ission products. The purge gas passed into
the off-gas lines and thence 1o charoal beds.

The examination' of surfzces exposed in the gaseous
region abow : the liquid within the sampler shield spiral
in the pump bowl indivated the presence of appreciable
cuncentrations of ncble metals. raising a question as tu
what might actually be in the pump Huwl gas. (The data
on surface:. =xpused in the pump bowt are in 2 wparate
section.)

8.1 Freeze-Vaive Capsule

The transfer tube and spray shield region above the
pump bowl liquid lew] were not designed as a facility
for sampling the pump bowl gas. However. the inven-
tion of 2 freeze-valve capsule sampling device’ (men-
tioned earlier for salt samples) made it possible to
obtain useful samples from the gas rerion within the
spray shicld. It was required that the sampling device be
small erough to pass freely through the bends of the
1%-in. diam. sampling pipe and that it should operate
automatically whe~ it reached the pump bowl.

The device. the coiginal form of which is shown in
Fig. 8.1. operated satisfectorily to furnish 20--; samples
of gas. The capsule was evacu. ted and heated to 600°C,
then cooled "inde: vacuum to allew the Li; BaF, in the
swal to freezc The double seal prevenicd loss of
Li;BeF, from the capsur dunng sampiing. The
weighed, evacuated capsule w2 low:cd into the »ump
bowl through the -alt sampling pig. wn.d positioned
with the botiom of the capsi | in. ai,ove the fuel salt
kevel for 10 min. The freeze sea! melted ar the 600°C
pump bowl temperature. ard gas filled the 20-c
volume. The capsizle was :hen withdrawn to 2 ft above
the pump bowi ind o!'owed 15 cool.

The cooled resealed vapsulc was withdrawn from the
sampling pine and transporied in a carrier to the
analytical hot cells. A Teflon plug was placed over the
protruding capillary . and the ext :ninr of the capsule was
thoroughly !.ached free ui fiss 21 product activities.
The 10p of the capsule was cut I, and tie iri~rior
metal surface was lecched with basic and acid solutions
for | hr. The bottom of the capsule was then cut at two
levels 10 expose the bottom chamber of the capsule,
inie four capsiie pieces wese placed in a beaker and
thoroughly keached with ¢ N HNO, until the remaining
activity was less than 0 7 of the origina! activity. Thz
ihicr leach solutions v:ere anzlyzed rudiochemically.

ORML-DWG 67-4794 4

_——— STAINLESS STEEL
CABLE

¥y-in. OD NICKEL
VOLUME

20
cc——\l\

NIiCXEL CAP..L ARY

Fig. 8.1. Freeze vaive capsule.

Using this device the first gas sample was obtained in
late December 1966, during run 10. In all. eight such
samples were taken during ope:.tion with 23311 fuel.
Data for these samples are shown in Table 8.2 (it the
end of this chapter).

8.2 Validity of Ga: Samples

There are at feast two particular aaestions that should
be addressed to the data obtained on gas samples.

First, do the data indicate that a valid sample cf
pump bowl gas was obtained? Second, what fraction of
the MSRE production of any given fission product
chain is represented by flow to off-gas of a gas of the
indicaied omposition?
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The first question was >pproached by estimating the
activity of 50-day *? s resulting from the stripping of
32min *’Kr into the -umpbowl purge gas. For
example. the activity of full.power samples 1146,
11-53_ and 12-26 averaged 3.8 X 10° dis/min for **Sr.
indicating that the gas contained 2.0 X 10'? atoms of
89St per cubic centimeter of capsule volume. If the
only lusses of **Kr were by decay or 100% efficie 1t
stripping in the pump bowl. then

$9Kr siripped/min - _F

3%Ks produced/min ~ F + )
where A is the decay comsiant of 32.min *°Kr
(02177 min '). F is the fraction of fuel .ol
ume that passes thiough the pump bowl per min-
ute: for 50 gpm spray flow and 15 gpm foun-

tain flow wnd a salt volume of 72 cu fi. F =0.121
Thereby, F/(F+ 1) =0.357. At nominal full power of 8

MW and a fission yield of 4.79% . the rate of production
of #*Kr is 7.25 X 10' 7 atoms/min. Thus 2.59 X 10"’
atoms/min enter the pump bowl. Heliur. purge flow at
the pump bowl temperature and pressure is 8370
cc/min. so that the gases mix for 2 concentration of
3.09 X 10'2 atoms of **Kr per cubi: centimeter. With
agas space- in the pump bowl of 54 400 cc. the average
concentration in the well-mixed pump bowl is 1.28 X
10'* atoms of ** Kr per cubic centimeter. The
difference between this and the entrant concentration
represents the **Rb and **Sr produced in the pump
bowl gas phase. Doubtless most of these atoms return
to the salt.

T'e observed concentration. 20 X 10'° atoms of
896 per cubic centimeter of capsule volume. is
somewhat greater than tie calculated average ®® Kr
concentration in the pump bow! gas (maximum, 1.3 X
10" atoms of ** Kr per ciznic centimeter of pump bowl
gas). Possibly some ci the **Rb and *°Sr stoms from
8%Kr decay in the pump bowl remained gasborne.
entering with the sample. The concentration of **Sr
in the fuel salt was about 1.2 X 10'® atoms/y.
Thus all of the vbserved ®°Sr activity in these
gas samples corresponds 1o about 2 mg of fuel
salt per cubic centimeter of gas. However. the 2*5U
contents of these samples were 9. 23.and 25 ug
per 20cc sample. and the sall contained about 15.000
ug of 223U pe: gram. implying entrained fuel salt
amounts of 0.03. 0.08. and 0.08 mg/cc. Very possibly.
mists containing fuel salt could remain stable within
the relatively tranquil san.pler shield for a time suffi-
cient to accumulate on their surfaces much of the gas-
borne ®*Rb and *°Sr and to enter the capsule with the
sample gas.

Two cther gas samples (11-42 and 12-7) were taken
while the system had been at negligible po-ver for several
hours. Concentrativns of **Sr were about an order of
magnitude lower (0.06 and 0.23) in accord with the
above viewpoint; of course. purely gas samples should
£0 10 zero, and purely salt samples should be unaffected
within such a period.

Thus we conclude that the samples are quite possibly
valid gas samples, probably with som~ mist involve-
ment.

The saltseeking clements. including zirconium, cer-
ium. and uranium, do not involve volatilization as a
means of entering the gas phase. It is shown in Table
8.2 that an individual gas sample contains quantities of
thes> clements equivalent 10 2 common magnitude of
inventory salt. Thus the conjectured presence of salt
mist in the gas samples appears verified.

The noble metals zppeared in the =as samples in
quantities that are orders of magnitude higher (in
proportion io inventory salt) than was found for the
saitseeking elemrents.

Thus appreciable quantities of noble metals are
involved in the gas-phase samples. If they are rapidly
stripped as a result of volatility. then the observed
concentrations represent the stripping of a2 major part
of the fission products in this way. However. the
volatile compounds of these clements thermo-
dynamically ar: not stable in the fuel salt. If the noble
metals are not volatile, then some form of aerusol mis
or spray is indicatel. The relationship in this cas:
between aerosol concentrations wituin the sample
shield. in the gas space above the violently agitated
pump bowl liquid surface, and in the shielded
approaches to the off-gas exit from the pump bowl have
not bee: established. However? in the pump bowl
proper. “the spray produced a mist of salt droplets,
some of which drifted into the off-gas line at a rate of a
few grams per montk" (3.6 g/month is equal to 107% g
of salt per cubic cent:meter of off-gas flow). As we shall
see. in the samples taken dusing 23*U operation, the
quantiiy of gas-bome salt mist in our sampics, though
low, was higher than this. !

8.3 Double-Wall Freeze Valve Capsule

A number of gas samples were takes during 232U
operation using the freeze-valve capsule. 'with capsule
volume of 30 cc: results are shown in Table 8.3. These
extended across run 17. However, many aggressive acid
leaches of the capsule were required to reduce external
activities to values assuredly Delow the contained
sample, and sometimes lo:Vage resulted. To ielieve this
and also to provide a more ceriain fusible vacuum seal,



the double-walled capsule sampler shown in Fig. 82
was employed. This device contained an evacuated
copper vial with an internal nozzle sealed by a soidered
ball. The nozzle tip was inseried tiwough and welded at
the end tc an outer capsule tip. A cap was welded to
the top of the outer capsule. completely protecting the
inner capsule from contamination. In practice. after 2
sample obtained using this device was transferred (o the
High Radiation Lewel Analytical Laboratory. the tip was
abraded (o :rce the nozzie, and the upper cap was cut
off, permitting the inner capsule to slide directly out
into a clean comainer for dissolution without touching
any contaminated objects. Usually the part of the
nozzie projecting from the internal capsule was cut off
and analyzed separately.

Samples 19-77, 19-79. 209. 20-12. 2027, and 20-32,
in addition, employed capsules in which a2 cap con-
taining 2 metal felt filter (capabl> of retaining 100% of
4 particles) covered the nozzle tip. This served to
reduce the amounts of the larger mist particles car.ved
into the capsule.

Data from all the gas samples taken during the 33U
operation are shown in Table 8.3. Reactor operating
conditions which might affect sa-uples are also shown.
The data of Table 8.3 show tix activity of the various
nuclides in the entire capsule (including nozzle for

Ofm - OWG 70-6730
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COPPER NNER CAPSWULE

] BALL RETAMEN

BALL WTH SOFT SOLOER SEAL

AN

i

po——-COPPER NOZZLE TUBE
ABRADE FOR ,
SAMPLE REMOVAL

Fig. 8.2. Double-wall sampie rapsule.

Jdouble-walled capsules), divided by the capsule volume.
Some attributes of 2 number of the samples are of
mnterest.

Samples 19-23, 19-37, and 19-56 were taken after the
power had been lowered for several hours.

Samples 19-79 and 20-32 were taken after reactor
shuidown and drain. Some salt constituents and noble
wetals still remain reasonably strong. implying that the
salt mist is fairly persistent.

Sample 70 was taken “upside down™; strangely. it
apprared 10 accumulate more salt-secking elements.
Samples 19-29, 1964, and 19-73 were “control™
samples: the internal nozzie seal. nommally soldered.
was instead 2 bored copper bar which did not open. So
data are omly from the nozzle tube, a3 no gas could
enter the capsule.

8.4 Effect of Mist

As it was evident (1at all samples tended to have salt
mist, daughters of noble gases. and relatively high
proportions of noble metals in them, a variety of ways
were examined ¢ zeparate thes and (o determine
which materials, if any, were truly gas-bome as opposed
to being components of the mist. It was concluded that
the lower part of the wurzic tube (external to the gas
capsule proper, but within tie -ontainment capsule)
would carry mostly mist-bome mateiials: some of thz:¢
would continue to the part of the nuzzie tube that
extended into the intemal capsule. and of coune was
included with it when dirsolved for analysis. The
amounts of st in nozzle and capsule segments were
estimated for each so~zle by cakulating and averaging
the amounts of inventory™ sall indicated by the
various sall- seeking nuclides.

For all nuclides 2 gross value was obtained by
summing nozzle and capsule total and dividing by
capsule volume. The “pet” value for a given nuclidc was
obtained by subtracting from the observed capsule
value an amount of nozzie mist measured by the
salt-seeking elements and nuclides contained in the
capsule; the amount remaining was then divided by
capsule volume.

This was done for all gas samples taken at power
during runs 19 and 20. The results are shown in Table
8.1, expressed as fractions of MSRE production indi-
cated by the samples to have been gas-bome. with gross
values including, and net values excluding. mist. Median
values, which do not give undue importance to acca-
siona. high values. should represent the Jata best.
thouzh means are also shown.

The median values indicate that only very slight net
amounts of noble metals (the table indicates '°*Ruas 3
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Table 8.1. Gasborne pescentage of MSRE production rat:
Dowble-wall cansules, rems 19 and 20 (ampled during power operation)

Gross®

Net ?

i Suipping”
T Number  Range  Mediom Mean Number Rasge Medinn Meamn (caicd)
Isosopes with Geseous Precursors
**s: i3 03-17 52 6521 " 0.06-15 3 5.7¢12 13
3¢y 1 -9 22 3326 9 -1.6-91 23 56 1]
>y 13 0.005-3 068 0.3 017 n -011-008 0003 0006£0010 007
14%p, 13 0005-04 008  01C*002 11 -0004-018 0027 005620013 016
Salh-Seckng Isotopes
2 i3 0002-03 004 005720014 11 -0007-005 0006 001210004
1 13 0002-0.2 0009 0025001} 10 -003-0.005 -0.0003 -0.003 £0.003
RS 13 001-17 022 032:009 i -0.12-042 0007  0.0520.03
'“7ne 9  00001-01 0012 002120007 ’ -001-001 -0001  0.002 0.002
“Nobie™ Metsl Isotopes
b 13 007-7 07 19%05 " -0.2-36 0. 09:02
Mo 1 014-15 1.0 27%09 i -06-73 03 15205
'$lag 13 02-20 LS 40211 " -09-4.! 0.3 0.7203
193py i3 531-20 1.8 43212 1 0.35-10 1l 23207
e ™ 13 3861 13 224 1" -2-3% 6 ne3
Telluriom-lodine Isotopes
1197, i3 03-2" 18 AR 1 -0.11-4 0.1 -1%208
337e 13 0032 10 35212 i -12-2 -0.4 ~126.38
3% 13 0046 03 16204 1 -0:-2 0.2 05201

$Gross inchudes capsule plus noz. e isotopes.

Buet includes capsule isotopes only less proportional quantity of material of nozzle composition. {0t the given sample.

“This is the peroentage of MSRE pro-Yuction of the chain that is present, as the noble gas precursor of the indicated auclide, in the
avenage gas i (and I img) the sump boul, f complete strippin; Sccwrs i the pump bowl. Dengheess of the noble gas resvlting o

#s derty while im the pum) bowl are not nctaded.

possible excestion at 3%) are 1o be found as actually
gas-borne. ard little or no tellurivm and indine. The
quantities of **S¢ (3%) and '37Cs(23%) a.¢ undoubt-
edly real ana do indicate gas-borne mate-id. Com-
pavison with the values indicated by calculativ.ns assum-
ing complete stripping of noble gases on passage of salt
into the pump bowl (14% for **Sr. 18'% for '27Cs,
0.07% for *'Y. and 0.16% for "*°Ba) show that
ouserved values in the gas phase are below fully stripped
values by moderale amounts except in the case of
137Cs. The low vatuc. could rewult from some addit-
jonal holdup of the gases in the sampicr spiral. and high
37Cs values could result from the gicater volatility of
cesium, which might permit this. as a product of decay
in the pump o vl, to remain uncondensed. Though we
doubt that these arguments could stietch enough for
the data to fit perfectly. the magnitudes are right. and
we conclude that the net values for **Sr and '3 7Csiin
the gas are real and are reasonably correct.

The gas <mples thereby indicate that. except for
uclides haviny noblegas precursors, only small frac-
tions of any fissi.n product chain should be carried out
of the pump bowi with the off-gas. with mist account-
mg for the major part of the activity in samples. The
amount of salt carried out with off-gas as mist has been
estimated® as “at most a few grams 2 month.” Far
lower mist concentrations than appeared in our sam-
ples. which were taken within the san.pler shield, are
indicateddt for the oif-gas. We conclude that the “net”
median column, which discounts the mist. s the best
measure furnished by our gas samples of the fraction of
the various chains ‘eaving the system with the off-gas.
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36589 453
3.22&8 T.13ES
836 1623
1.01E6 1.24€7
272 Iin
2.71E7 446F8
k113 4660
2,337 7.60E7
506 1450
Selt conshtwents?
0.0000 0.0001
1.03) [0 X7 r2)
0.0009
116
0.0017 0.0014
25948 20958

P94
1589
1970
31530

39.7158

25.948

e
1599
10140
24019
.80
tes
6780
3

053
330 e
on

30537
1.65ES

LGAES

1158

S39LS
95.99¢
1.19€3

2.79ES
S0s7

1318
1.37ES
1573
133E6

28IE7
162
S S6E6
173
1.I1SE6

S47E4
H {3

907ES
161

kX317
25018
1.21E4
14.092

0.0000
6482

0.0006
8982

Me-se

0.0000
49%7

0.0028
41916

2.56E7

461ES

0.0000
$.187

0.0079
68587
09011
15.968



Powes. MW

Pamp bowl Ievel. 5
Ovexfiow ate. b/

Vouls. %

Flow rare of g3, fid hiters/min
Semple linc purge

Nelfdile Frson yuld

Isstape  tways) (2
-89 5200 546
Y9 580 557
150 [P 540
Cvi37 15800 6.58
Ce-141 1300 1.
Ce-184 400 461
Nd-147 101D 1.9
Fiz 21 5. ous
NO-9S 35.m 6.5
Mo9% 21719 490
Re-103 2960 1.99
Re-106 36700 043
Agill 130 o.n
Te-129m 34.00 0.33
Te132 325 4.40
131 805 29
Constitwent

U-233

JHota:

L

Be
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Tabie 83 continwed) Dot for g mmpie fram MSRE gump bowl duving ueaniom-233 opaation.

FP1%64
7.00
10-22-69
281820
300
1188
6300
3.7

0s3
3.30 He
on

4.27%6
LAk ¥}
i O2kS
2116

1.38E6

182k6
478
L7¥S
1919
1.04LS
2874
1905
J).24)
22415
231
1.6716
22.925
S46E7
si6
296t
0.203
2.00£S
4778
JAGES
a5
1.28L7

T.65E8
siol
6.2387
(744

0.0001
10.338

0.0154
133

0.0023
34.546

Fr1963
13.00
10-2349
7190
$.00
nss
63.90
40

083
325 He
o

48657
431
6.ROES
71424
4.96L6
31558
1.33E6
2 -
13714
0.097
14754
0.256

FPiv-T0 FPie-73
7.80 780
10-2869 10-2949
22190 94500
3.00 300
Iss 1188
63.50 6360
53 32
083 053
3.30 He 3.25 e
o on
Funon product potnges*
| X 1134 1037
7860 95540
1.3519 562ES
13849 .01
1.7369 22408
10684 19899
1.98E8 P.21E8
17 M0 200
1.17%9 1S
7673 241
6.22I8 2905
10629 4928
2.15L8 [ 1)
3514 30.080
R.2RHEB 3.3s
[ 1] AL ]
13719 4. 716
18169 61747
3.3IE9 4.10F8
20047 2486
1.26E8 1.63F7
3160 402
6.15FA 1.01E6
1054 172
4 .45F6 942ES
5617 110
8.13F? 1.56F7
12450 2202
2.09F8 8.27F8
13839 5476
7.60E07 81387
Nt 852
Selt constiteents®
0.0003
41.198
0.06:7 0.1890
826! 2417
0.0029
25.530
0.0005
7.677

-
15.00
10-3149
298490
300
1135
6500
5o

053
3.30 He

0.0013
11.544

FPI9-T3
15.00
103169
%8590
$.00
1176
4300
45

053
3.30 He

0.0001
11969

0.0019
€.162

0.000%

0.998

FPI19-19
1500
11249
302470
000
1188
0.00

00
0.00
3.30 Be

0.0002
26.731

0.0034
19.437
0.0013
19.960

—— e
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Tahie 8.3 (continsed) Dotz fou gas smmples from MSRE pump bow! dunag wanium-233 uperation

Sampie sembery Fro9 FP20-12 FP20-27 FP20-32
Capeule volume, cc 13.00 13.80 1380 .5.00
Dute 12169 12-249 12-1069 12-1249
Megwatt-howrs umeo 3190 3129250 332970
Power. MW 8.00 3.00 A 0.00
Rpm inss 1188 1190 1180
Pamp bow! icvel, % 6240 5980 6150 a.00
Ovarflow rate, Ryle 46 13 20 00
Vouls, X 0.53 053 0.50 060
Flow rate of ga3. sid Blay/min 330 He 3.30 He 3.30 He 330 He
Sample bne purpe orr off o on

Fiasion yiekd Fimion product isotopes®

tontore  (days) (%)
S8 $2.00 5.46 141F8 643E7 7.54€7 141E6
1674 47 773 14.067
Y9 80 557 5.34ES 2.26E" 3.SSES
6676 251 3843
Bis0 1280 540 6.96E6 2.65E6 4.33E6 4.65ES
%0.816 31915 36.662 INT
C»137 1095800 6.58 7.68ES 5.39:8 4.35ES 9.33ES
126 83382 70013 150
Celdl 3300 109 & ISEA BASES 2.55ES 3.9ES
0452 0.785 1.977 2471
Col48 400  4xl 2.71ES 3.43ES 2.34ES 249ES
4331 6.088 Py 7] 423
L9 &S 605 1.09ES 3.05ES 4.78ES 3.16ES
1.7 35158 4949 3.202
IS 3500 608 1.19E6 S.83E6 6.73E6 S 37E6
14.781 T2.374 81.996 58928
Mo% 279 4% 1.22E8 1.57E8 S9IE7
2 778 374
Re103 3960 199 6.40ES SA9ES 6.29E6 3.99E6
n9n 83 150 111
Re-106 36700 043 8.62ES 3.86ES 3.21E$ 2.63ES
153 68.219 §5.30¢ 45.085
Alll 750 cm 249E6 6.12ES 1.79E4
an 986 27487
Tel2%M 400 033 298ES S61ES 2 ISE7 $.33ES
0. 729 m 3612 136
Tel32 328 440 1.51E7 S.64ES $.93E6
136 3948 624M
Fi31 8.05 2% 4.25ES 2.74E6 2.50E7 1.69E7
St sonstiterns®
Constitwent
U233 0.0000 0.0000 0.0001 00000
6.0M 5421 7.589 6982
Gtoti 0.0009 0.0307
117 3800
L 0.0007 0.0043
6274 37.518
e 0.0008
11.933

SEach entry for the fismion prodect sotopes consists of two numbers. The first number is the radicactivity of the isotope in the entire capsule (in
disintegrations per minute) divided by the capsule volume (in cubic centimeters). The second numbrr is the ratio of the isotope to the amount
calculated for 1 ug of inventory mit st time of smpling.

bhd entry for the it consiituents consists of two numbers. The first number is the amount of the constituent ir . < capsule (in micrograms)
divided by the capsule volume (in cubic centimeters). The second number is the rutio to the amount calculated for | py of inventory sit at time of
mmpling.
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9. SURVEILLANCE SPECIMENS

9.1 Assemblies -4

9.1.1 Preface. Considerable information about the
interaction of fission products generuted in fissioning
tec: salt and the surfaces of materials of construction
such 1s were used in MSRE was cbtained from an array
of surveillance specimens which was inserted in a
central graphite bar position in the MSRE core. being
remuoved periodically to obtain certain >pecimens for
examination and replace them with others. A control
specimen rig’ was 2lso prepared in order to subiject
materials 1o fleoride salts with essemially the same
temperature-tuue profile and temperature and pressurs
fluctuations as the reactor in th: abscnic~ of radiation:
it. of course. was not a source of fission product data.

A photograph of typice! graphite shapes used in a
stringer is shown in Fig. 9.1, their assembly inio
stningers in Fig. 9.2_ and the containment of stringers in
a perforated container basket in Fig. 9.3.

A B —

Asseriblies of this design were used in exposures
during runs | to 13, during runs 19 and 20 a different
design. described later was vsed.

The grarhite pieces weie generally reciangular slabs
(with notched erds} arranged longitudinally along a
stringer. The bars were 5 to 9 in. long, 0.66 in. wide,
and 0.47 in. thick and were genenlly fabricated from
pieces of MSRE graphite (CGB) selected to be crack
free by radiographic examindtion. Bars of half this
thickn=ss were also cmployed. The bars were assembled
into long stringers by clamping rogether with a pair of
Hastellov tensile specimen zssemb'ies ad an associated
flux monitor tube. Three such strinrers were clamped
together as shown in Fig. 9 4 and placed within the
perforated 2-in. cylindrical .. »ntainer basket (0.03-in.
+3:"). The basket w»s inseried i a 2.5-in.-diam channe}
occupying a central bar position in the MSRE core. This
cer.tral region, with no lattice bars below it. had flows
around the basket that were in the Jow turbuicni range;

Y-64822

C

Fig. 9.1. Typical graphi.e shupes used in 3 stringer of survestiance specimens.
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Fig. 9.2. Swrveillance specimen stringer.
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Fig. 9.3. sainger contiipm ent.
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within the basket along the specunens, no detailed flow
analysis has been presented. but quite likely the tiow
may have been barely turbulent, because of entrance
effects which persisted or recurred along the flow
channel.

The first two times that the surveillance assemblies
were removed irom the MSRE (after runs 7 and 11) for
Jission product examinations, metal samples werz ob-
12ined oy cutting the perforated cylindrical Hastelloy N
basket that held the assembly. The next iwo times
(aiter ruis 14 and 18), "4-in. tubing that had held
Josimeter wires was cut up to provide samples. When
the tubing was first vsed. lower values were obtained
(after run 11) for the deposition of fission products.
After run 18 the basket was no longer of use and was
cut up to see if differences in deposition were due to
differences in type of sample.

The distribution of temperatures and of neutron
fluxes along the graphite sample assembly were esti-
mated? for 233U operation (Fig. 9.5). The temperature
of the graphite was generally 8 to 10°F greater than
that of the adjacent fuel, normally which entered the
channel at about 1180°F and emerged at 1210°F. The
thermal-neutron flux at the center was about 4.5 X
10'? with a fast flux of 11 XI10'?: these values
declined to about one-third or one-fourth of the peak at
the ends of the rig.

It was fourd on removal cf the assembly after run 7
that mechanical distortion of the stringer bundle with
specisien breaksge had occurred. anparently because
tolerance to thermal expansion had besn reduced by
salt frozen between ends of consecutive graphite speci-
mens. The entire asscmbly was thereby replaced. with
slight modifications to design: this design was used
without further difficulty until the end of run 18.

After the termination of a particular period o! reactor
operation, draining of fuel salt. and circulation and
draining of flush salt (except after run 18, when no
flush was used), the core access port at the top of the
reactor vessel was opened, and the cylindrical basket
containing the stringer assemblies was removed, placed
in a sealed shiclded carrier, and transported to the
segmenting cell of the High Radiation Level Exa:.nina-
tion facilities. Here the stringer assembly was removed.
and one or more stringers were disassembled, being
replaced by a fresh stringer sssembly. Graphite bars
from different region, of rhe stringer were markey on
one face and set asice for fission product examination.

Stringers replaced after runs 11 and 14 contained
graphite bars made from mndified and experimental
grades of graphite in addition to that obtained directly
from MSRL core bars (type CGB). Afterruns 7and 11,
', 6-in. rings of the cylindrical 2-in. containment basket
were cut from top. middle, and bottom regions for



fission preduct analysis. Samples of the perfriated
Hastelloy N rings were weighed and dissolved. A similas
approach was used after run 18.

After runs 14 and 18. seven sections of the '4-in-
diam (0.020-in.-wall) Hastelloy N tube containing the
flux monitoi wire. which was attached along one
stringer, were obtained, extending from the top to the
bottom of the ceie. These were dissolved for fission
product anaiysis. Thr *sbe was necessarily subjected to
about the same flow conditions as the adjacent graphite
specimens. The flow was doubtless less turbulent than
that existing on the outside of the cylindrical contain-
ment basket.

For the graphite specimens removed at the end of
runs 7. 11, 14, and 18. the bars were first sectioned
tra.oversely with a thin carborundum saw to provide
specimens for photographic, metallograghic. autoradio-
graphic, x-radiographic, and surface x-ray examination.
The remainders of the bars - 7 in. long fur the middie
specimen, 2'4 10 3 in. for the end specimens — were
used for milling off successive surface layers for fission
product deposition studies.

A “planer” was constructed by the Hot Cell Opera-
tions group for ragi:ng thin lavers from the for  ong
surfaces of each of the graphite bars. The cutter and
collection system were s designed that the major parnt
of the graphite dust removed was collected. By com-

S o A Rt e s TR ARG, AR TR F s L

paring the collected weights 0: samples with the initial
and fimal dinensions of the bars and ‘heir known
densities, sampling losses of 18.5%. 4.5%. and 9.1%
were indicated for the top, middle. and bottom bars of
the first specimen array 30 examimed.

The pattern of sampling graphite layers shown in Fig.
96 was duigned to minimize cross contamination
between cuts. The identifying groove was made on the
graphite face pressed 2gainst graphite from another
stringer in the bundle and not exposed to flowing salt.
After each cut the surfaces were vacuumed to minimize
cross contaminalion between samples. The powdered
sampics were placed in capped plastic vials and weighed.
The depth of cut mostly was obtained from sample
weights, though checked (satisfactorily) on the middie
bar by micrometer measurements. In this way it was
possible to obtain both 2 “profile™ of the activity of a
nuclide at various depths within the graphite and also,
by appropriate summation, to determine the total
deposit activity relsted 10 onc :quare centimeter of
(superficial) gaphite zample surface. The proiiles and
the total deposit intensity values, though originating in
the same measurements, are most conveniently dis-
cussed separately.

9.1.2 Relative deposit intensity. in order to compare
the intensity of fission product depusition under
varjous circumstances, we generally have first obtained
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the observed «ctivity of the nuclide in quesiion per unit
of specimen surface (obsorved disintegraiiorns per
minu_¢ per square centimeter). For the samie tinc. the
MSRE inventory aclivity was obtained and diviqned by
the total MSRE area (metal, 0.79 X 10* cm? : graphite
channels. edges. ends. and lattice bars_ 2.25 X 10* am®.
for a total uf 3.04 X 16° cm®). giving an inventory
value (disintegrations per minute per square centimeter)
that would result if the nuclide deposited evenly on all
surfaces. The ratio of observed to inventory disintegra-
tions per minute per square centimeter then yields a
relative 4epos.” itensity which may oe Labulated along
with the inventory disintegrations per minute per
square cenlimeter.

The relative deposit intensities, of course. will average
betweer 0 and 10 when summed over all areas
indicating the average fraction cf inventory deposited
on the reactor surface. The values may be compared
freely between runs. nuclides. regions. kinds of surfaces.
and qualities of flow. The fraction of the total
inventory estimated to be deposited on a particular
surface domain is the product of the relative deposit
intensity attributed to it and the fraction of the total
area it represents. In particular. all the metal of the
system represents 26% of the total area, graphite edges
a similar amount. and flow channels (and lattice bars)
abou.t 48%.

Results of the examination of metal and graphite
samples from surveillance arrays removed atter runs 7,
i, 14, and I8 are shown, rzspectively in Tables 9.1,
9.2, 9.3, and 9.4, expressed in each case as rejative
deposit intensities.

For each sample set the metal specimens are listed
from the reactor top to the bottom, followed by
graphite specimens. The nuclides with noble-gas pre-
cursors are followed by the salt-seeking isotopes,
followed by noble metals and ending with tellurium and
iodine.

A number of generalizations of interest may be noted.
As a base line, in the absence of minute salt particles
which might have come with a sazaple. recoils from
fission in adjacznt salt should give a relative deposit
intensity <f 0.00]1 to 0.003. The salt-seeking elements
(Ce, N, Zr) on both metal and graphite and the
elements with noblc-gas precursors (Sr, Y. Ba. Cs) on
metal specimens auv show it ievels of values. even
generally being .gher near the core midplane. con-
sistent with the higher flux.

For graphite. the elements with noble-gas daughters
have somc tendency to diffuse into the graphite in the
form of their shost.lived noble-gas precursor. Thus the
values for %°Sr are mostly in the 0.10-0.20 range.
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indicating thy: appicciable entry has indeed taken
place. Values for “**Ba and *'Y are an order of
magnitude lower consistent with noble-gas precursors
of much shorter halflife_ their values are still about an
order of magnitude above thost of the salt-seeking
clements. On specimens of pyrolytic graphite, which
had appreciably less internal porosity. the entry perpen-
dicular 1o the g=phite planes was less thaa that where
the edges of the planes faced the salt: both directions
were lower than CGB grashite_ The data for ' *7Cs were
more than an order orf magnitude lower ihzn for
strontium, though the halfdives of the nobicgas pre-
cursors were similar (3.18 min for **Kr and 3.5 min for
37 Xe). The inventory data used in the tabulatic~ were
for all matenal built up since first power operation:;
such an inventory is severalfold too high for the later
runs in cases such as this where transport rather than
:alt accumulation is important. However, inventory
adjustment is not sufficient to account for the low
levels of ' 27Cs values. Appreciable diffusion of cesium
from the graphite. as discussed later, appears to account
for the I w values.

The noble metals (Nb. Mo. Ru. Ag. Sb. Te) as a group
exhibited deposits relatively more intense than other
groups on graphite and even more intense deposits on
metal. where the relative intensities on various samples
approached or exceeded 1 and were in practically all
cases above 0.1. Significant percentages of the noble
metals appeas 10 have been derosicd on system
surfaces.

Generally the deposit intensities on the 2-in.-OD
perforated container cylinder (after runs 7. 1 I, and 18)
were higher than on tne '4-in-OD flux monitor tube.
which was attached to a stringer within the cuntainer.
Flow was turbulent around the container cylinders but
was less wurbulent and may have been laminar along the
iaternal tube.

The most intcnsely deposited elements appear to have
been tellurium, anti.nony. and silver. on the container
cylinder the relative deposit intensities were mostly
sbove |. The deposis intensities for flux monitor tubes
were at least severalfold greater than for graphite, which
should have had similar flow, so that we can conclude
that thes: elements had definitely more tendency to
deposit on meral than on graphite under comparable
conditions.

Tr a degree only slightly less intense. molybdenum
exhibited similar behavior 1o that described above.
Niobium appeared to have deposited with roughly
similar intensities on graphite and metal; deposition
became somewhat less intense and varied proportion-



Table 9.1, Sumveillance specimen data: first arvay, removed after run 7

Ratio {(obs dis min ™' cm?)/tinventory dis min™! ¢m ™))

Specimen asg, "y 190, 1370, 1ie | 144cy TeINg vig, “IND (TTY 3. i, HIT
Hastelloy N
Top 0.0004 0.0004 0.019 0.8) 0.56 24 0.062
Hiddie 0.0011 0.0014 0.027 0.79 037 14 0.044
Botiom 0.0016 0.0036 0019 1.07 0.40 1.9 0.01)
Graphite
Top
Wide, salt 0.16 0.01S 0.022 0.008 0.0019 0.0006 <0.0004 0.0004 0.1 018 0.19 0.17 0.00).
Side 1, salt 0.004 0.2020 0.0008 0.10 0.10 0.12 0.13 0.0011
Side 2, salt 0.026 0.0031 0.0008 0.14 0.19 0.10 0.26 L 0023
Wide. eraphite 0.010 0.012 0.004 0.0016 0.0008 0.00014 0.0007 1.0 0.08 0.04 0.09
Mwdle
Wle, salt 0.14 0.000} 0.019 0.003 0.0047 0.0016 <0.000) o0uls 0.50 0.1s 0.09 0.19 0.0027
Side 1, salt 0.002 0.016 0.0080 0.0017 v.0000S 048 0.13 oos 0.1? 0.0017
Side 2, salt 0.023 0.0043 0.0017 0.74 012 LD 018 0.0027
Wide, graphite 0.003 0.020 0.0032 0016 <0.0003 0.0016 (1X]] 0.0« 007 017
Bottom
Wide, salt 0.25 o.u58 0.081 0.092 0.0043 0.0038 0.00024 0.003$ 0.67 0.24 0.12 iy 0.u036
Side 1, salt 0.010 0.046 0.001 0.0079 0.003?7 0.00017 1.03 o 01 0.1 0.0043
Side 2, salt 0.008 0.042 0.002 0.0091 0.0031 0.00009 046 0.2} 013 0.21 0.00+4
Wide, graphite 0.024 0.018 0.0060 0.0037 0.0003 0.)s 0.08 0ns 0.5 0.0048
Inventory® (dis min™! ¢m?)
8.8E10 8.8E10 2.2ENN 7.6F8 1<¢E1] 2.5E10 2.2E10 6EI0 3.ok10 26EN 6AF I | .8E4 1260

®MSRE inventory activity divided by the tota! MSRE arca.

S
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Tahie 9.2. Swevey 2, wewmoved after run 11, nserted affter ren 7

Rato J1obs dis min " cm > Yiimventory dis nim "’ cm )|

g "z, " "o 19, eep, 1324, 131
Hastelloy * perforated 0.0010 3.0911 0.7 17 099 52 0013
cylimdeial contamer
Near top 0.0054 0.0007 15 23 091 44 0033
Saddic 00263 0.0011 1.£ 1.7 013 16 0027
Bottom 0.0005 0.0002 011 ne 15
Graghite (CGB) specimens
Top
Wide, sait 0.0015 0.60 0.37 0.136 0.064 028
Side ). st 0.001} 033 0.12 0.039 0.049 an
Sade 2. alt 0.0016 0.40 021 0.076 0074 0014
Wide, graphite 0.0013 03] 0.16 0.060 0.057 0.14
Middie
Wide 0.0018 087 0.32 0Cc74 0078 0.17
Side 0.0015 0.76 0.13 0.059 0.065 0.14
Sadie 0.0038 20 0.31 0.159 0.167 0.34
Wi 0.0017 093 036 0.083 0075 27
Bottom
Wide 0.0033 10 020 0.136 0.145 036
Siax 0.0017 0.13 0.19 0059 0072 0.20
e 0.0030 1.2 047 0.110 0.131 0.28
Wide 0.0038 0.17 0.165 0.26

Iaventory® (dis min~' cm ~?)
1.8E11 2.1E11 1L.SF1

L7EW 1.2Ei} 43E9 1.3E11 12E11

PMSRF. inventory activity divided by the total MSRF. area.

ately more widely during the >23U operation period
ending with run 18.

Ruthenium appeared to be about half (or less) as
intensely deposited as molybdenum and niobium, on
both graphite ané metals. Like the other noble mesals,
it was more intensely deposited on the metal cylinde-
container.

The 39.6-day '°2Ru and the 367-da; '°$Ru offer
the possibility of some insight into deposition procesces
by comparison of their deposit intensity ratios. In
particular, as will be developed in detail later. if the
longer-lived isotupe is present in higher relative in-
tensity and if it is assumed that reasonably similar and
steady deposition conditions have prevailed. then some
kind of retention or holdup must have occurred prior to
formation of the observed deposit.

By and large this appears to have been the case with
ruthenium, and also to some extent with tellurium.

In these tables, with respect to '2¢Ru values. two
factors which, though significant, appear at least
roughly to offset each other have not been entered.
First, the inventory used is that accumulated from first

power {January 1966) rather than during the interval of
exposure. Perhaps the lower exposure perine value
could be used. Second. for *°*Ru, in particular during
335U operation (runs 4 to 14). the fission yield
increased as 22®Pu grew into the fuel: about 5% of the
fissions at the end of run 14 were from this source. and
the '°¢Ru yield of the fuel was roughly doubled. This
would lead to increasing inventories. The effects are
approximatcly compensatory, and we did not correct
for them in this table, though they were included in the
“compartment”” mc2el described later.

We have noted that less intense deposits were ob-
served on the flux monitor tube than on the perforated
cylinder container, where the flow was doubtless more
turbulent. The flow conditions at graphite surfaces and
flux monitor tube surfaces would appear to be more
nearly similar, but differences are difficult to assess.

Mechanisms for fission product deposition from
flowing sait must certainly involve a mass transfer step.
as well as a statement as to the areas to which it applies
and an assumption as to the properties and species
(atomic, colloidal) undergoing transport. Usually a
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Table 9.3. Thisd swsveillance specimen servey, semoved after run 14
Numbers pven represent relative deposit mtensity assuming uniform deposition on all surfaces
Specimens mserted after run 11 unless otherwise noted

IMSRE i-wventory activity divided by the total MSRE ares.
lAmxim.

Position . I R S A N
Speci (m.from Face Ratio {(obs dis mim ~ cm ~ Winwntory dismin  cm ")) , 4
adph ) "s' ,'Y ‘..h I)'I(:s \llcc \“c‘ |‘7m 95:,‘ ‘S» ”m \.3l' ‘..Ril ".-A‘ ""I‘c 1y
Hasvt- *30’ 0.00iv 00010 0.0008 000002 00035 0.0003 00007 00006 0.20 0.3 C.ln4 0.093% 0.2% 20 0.7
oy N* +23 00021 0.0020 C000%9 0.0009 00014 044 057 0.093 0.109 13 0.6
+9 0.039 0.0n35 0.0019 0.0020 0.0033 0.5% 0.71 [LANE) 0.150 21 0.9
o 0.0044 00075 00016 00020 00024 00013 00019 00034 063 10 0.104 0.137 1.14 22 0.
-9 0.0036 0.005? 00020 0.00:1 00032 053 093 0114 0.147 19 0.7]
-19 0.0027 0.0024 00016 0.0010 0.0028 055 1.04 0.082 0.115 13 0.6{
- 00028 0.0029 00017 0.0007 OWwWI0 00010 00010 0.00I5 051 067 0.092 §.26 057 23 09
Graphite
o el o +27 Wide 0.14 0.022 00023 0.0006 00008 0.16 0085 0035 0.053 047
Narow 0.11 0019 0 Vi7 0 JO04 00005 0.04 0034 0013 0.021 0.28
CGD' +27 Wide 0.12 0.023 0.0019 v.0004 0.0007 0.19 0.12 0.051 0.057 0.19
Narvow 0.13 0.523 00020 0.0004 0.00N6 024 0.11 00.2 0.051 0.17
Pyrolytic +208 ol 0.003 0oLn2 0.0008 0.0007 00010 0.34 03 0094 007 0.10
lh 0019 0.10 00012 <0.0012 nnol2 020 008 0035 <003 .13
Poco +125 Wide 0.10 0.024 09075 0.0018 0.0028 050 0025 0063 <0070 0.71
Nammow 0.08 0.20 0.0044 0.0019 00020 0.44 0096 0066 <0068 171
CGB +4.5 Wide 0.2t 0.40 0.0075 0.0017 00033 10 0.15 0.071 0.089 0.14
ooy 5 Wide 0.10 0.038 0.0071 0.0024 00029 0.9 00078 0.0% 0.15
Nl‘rov 0.12 0034 0.0089 0.0023 00032 1.2 0.093 0.110 0.15
oGr* —45 Wide 0.14 0.035 0.0084 00024 0.0040 054 0.16 0.050 0.076 051
Narrow  0.10 0.034 00062 00023 00028 059 0085 0041 0.05t 0.14
CGB —-45 Wue 0.16 0.051 0.0102 0.0024 00044 16 n.16 0.090 0.105 0.20
CGB -125  Wide 0.15 0.038 0.0066 0.0018 00036 1.2 0.64 0.041 0.043 0.08
(I}I' -125 Wide 0.16 0.047 0.0062 0001 00026 1.0 0.059 0.065
Nammow 0.10 0.043 0.0066 0.0018 00032 1.2 0.094 0.114
CG" - 30‘ Wide 0.18 0.022 00249 00017 0.0019 0.17 0.117  0.065 0.078 0.i6
Marrow  0.12 0.017 0.0032 0.0010 00020 075 009 0.054 0.048 0.12
oGr* - 30’ Wide 0.15 0.018 0.0035 0.0015 00016 0.29 008! 0039 0.2¢61 0.29
Narow 0.15 0.017 0.0031 00013 0.0016 0.27 0067 0.037 0.058 6.21
Inventory’ (dis min' cm?)
1.7E11 2.0E4 2SEll 6.4E9 23E11 1.3E11 8.7E10 2.1E1l K.7E11 28FEIl 1.1E11l 7.5E9 ($E7)" S/8E9 29
#14-in.-OD flux monitor tube attached to stringer.
bTop.
“Midplane.
9Botiom.
“inserted after run 7.
Jimpregnased.
2Deposition perpendicular (o graphite planes.
ition parallel to graphite planes.
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Table 9.3. Thind serveillnce specimen sarvey, ewmoved after vea 14
Numbers piven represent relative deposit mteasity assusming uniform deposition on all surfaces
Specimens mserted after run |1 unless otherwise roted

Ratio [(obs dis mim ' cm 2 )(imrventory dis min * cm 2)|
S ’IY ".h I!‘Ic’ “'Cc I“Ct IC'IM OSZ' ”Nb ”* l"lll IMR" IIO-A‘ rz’u‘e l!.’-l-c I!ll

|
F

0010 00010 0.0008 0.00002 0.003S 00003 05007 0.0006 020 0.39 0.104 009% 023 20 072 0.012

021 0.0020 00009 00009 00014 044 057 0093 0.109 1.3 v.64 0015
239 0.0035 0.0019 0.0020 00033 055 0.71 0.114 0.150 h | 091 0017
#044 00075 0.0016 00020 00024 0O00I3 0009 00034 063 10 0.104 0.137 1.14 22 0.39 0015
#036 0.0030 00620 00011 0.0032 053 093 0.114  0.147 1.9 0.72 0010
2027 0.0024 00016 0.0010 0.0028 055 1.04 0.082 0.115 18 ¢.66 0.003

8028 00029 00017 00007 00010 00010 00010 0J01S 05! 067 0.092 1.26 057 23 0.9} 0.010

34 0.022 0.0023 0.0nN06 00008 0.16 0085 0.035 0.053 0.47 0.2 0.0014
J1 0.019 0.0017 0.0004 00005 0.04 0034 0013 0.021 0.28 008 0.0755
12 0.023 0.0019 0.0004 0.0007 0.19 0.12 0.051 0057 0.19 009 0.0011
13 0.023 00020 0.0004 00006 0.24 0.11 0.042 0051 0.17 0.08 0.0011
003 0.002 0.0008 0.0007 00010 0.34 0.13 0.094 0078 0.10 0.0% 0.0007
o1° 0.10 0.0012 <0.0012 00012 0.20 0.08 0035 <0043 0.18 0.6 0.0008
10 0.024 00075 00018 00028 0.50 0025 0053 <0070 on 0.26 0.0033
08 0.20 0.0044 0.0019% 0.0020 044 009 0066 <0.068 1.1 0.23 <0.0040
21 040 0.0075 0.0017 0003} 10 0.15 0.071 0.089 0.14 0.06 0.0009
10 0.032 0.0071 0.0024 0.0029 09 0.0078 0.094 0.15

32 0.034 0.0089 0.0023 0.0032 1.2 0.093 G.110 0.15

A4 0.035 0.0084 0.0024 0.0040 0354 0.16 0050 0076 6.51 0.13 0.0034
10 0.034 0.0062 6.0023 0.0028 0.59 0.C85 0.041 0051 0.14 0.06 0.002¢
16 0.051 G.0102 00024 00044 1.6 n.16 009 0.105 0.20 0.08 0.0053
15 0.038 0.0065 0.0018 00036 1.2 0.64 0.041 0.043 0.08 0.20 0.0019
16 0.047 0.0062 0.0015 00026 10 0059 0.065 0.13

.10 0.043 0.00(6 0.0018 0.0032 1.2 0.094 0114 0.17

18 0.022 0.004% 00017 0.0019 0.17 0.117 0.065 0078 0.16 0.07 0.0018
12 0.017 0.0032 0.0010 0.0020 0.75 009 0054 0048 0.12 0.05 0.0017
A5 0618 0.0035 GNOI1S 00016 029 0081 003% 0061 0.29 0.11 0.0015
18 0.017 0.0031 0003 00016 0.27 0067 0037 0.058 0.21 0.08 0.0013

Inventory’ (is min”' cm?)
JE1f 20E4 25E11 6.4E9 23E11 13E11 87E10 2.1E11 1.7E1) 28EWl 1.1E1l 75E9 (557)1 5/8e¢ 20EI1! 13E1I

itached to stringer.

mphite planes.
| planes.
pd by the total MSRE asea.

g



69

Table 9.4. Fowrth sarvetiiance specimen survey . resnoved after run 18
No flush salt after drain

U-233 operation begsa with run IS
Spevimens inserted after run 14 unless otherwise noted

o Podtion Ratio [(abs dis min ' cm ? )/(inventory dis mn ' cm 2 ))
Specumen '::::';:::) Fave .’Sl ’IY llllBa .’7CS lll(c I“Ct ll':Nd -‘lsz‘ ”Nb .”Mo lOJRu ZDGRu Ill“ IIS’
Hastelloy N
Perforated cylindrical  Top 0.0033 0.003% 00027 00023 0.0003 00GlS 016 076 026 058 26 3.1
containes™ Bottom 0.0075 0.0035 00035 0.0016 0.0910 00029 073 11 0.28 105 36 26
Flux monitor wbe®  +307 00011 0.0004 O0U043 0.0004 0.0003 00007 008 005 0.11 014 010 €S9
+23 0.0025 00007 00028 0.0006 ©.0006 000:0 00 094 012 017 038 0.09
+9 0.0031 00025 00027 00011 0.0010 0.00'9 010 066 009 017 021 03]
'l 0.0030 0.0035 0.0070 0.0012 0.0014 00024 0.14 107 014 019 03z 018
-9 0.0030 0.0036 00027 0.0010 0.0013 00024 019 127 024 0:5 062 0.15
19 0.0030 00028 (0030 0.0010 0003 00020 012 091 0.11 019 051 0.31
29° 00380 60086 00)11 0©.0267 0.0019 00031 005 047 0.19 035 072 0.57
Graphieed
cGp* +27€ Wide 0.12 0015 0011 0.009 0.0006 00036 0036 0034 0018 0033 069
Namow 0.16 0025 0013 0013 0.0009 0.0010 0046 0050 0013 0032 0.70
od Wide 0.2} 0033  00:4 0035 0.0016 00013 0.180 0035 0024 0054 0.87
Namow 0.30  D0I5S 002 0038 0.0024 00016 0095 0030 0024 0059 131
bl Wike 008 0023 0017 0018 0.0028 00027 033 0.1} 0053 009 097
Narrow 031 0.039 0028 0018 0.0028 0.0028 038 ¢0.11 0069 0331 1.03
;B +27¢ Wik D14 0017 0913 00 ©.0005 00006 0036 0044 010 0006 063
Namow 013 0050  0.0°4 0.0708 0.0007 ©042 0092 0040 0035 0382
cGe” +27° Wide  O.I1 0018 0010  0.006 0.2004 0.0005 0020 0064 0926 0013 047
CGB +24 Ve 014 0023 0.0009 0044 0097 0026 0022 060
Namow 0.13 0020 0010 (.00 00006 0024 ©040 GDI4 00IS 055
Poco” +19 Wide 0.14 0031 0016 0.00? 0.0003 0.005 0010 0004 0004 0.12 O
Namow 015  0.033 0019 0.00! 0.0021 0069 0091 0044 0043 160 0015
CGB o? Wide 016 0030 0022 0.005 0.0012 00037 0.14 0067 0037 0043 067 0.016
Namow 0.12 0028 0016 r.00] 0.0010 00015 0.17 0069 002 0023 055 0.004
CGB od Wide 024 0031 0024 0.004 0.0020 000636 0.14 0083 0055 0071 094 0025
Namow 0.24  0.032 0024 0.0 0.0016 0.0027 021 0063 0052 0054 124 0031
CGR 27" Wik 043 0048 0036 000 00108 0.102 0052 0036 0033 1317 0.016
Namow 0.23 0.026 0022 0.003 05077 0064 0046 (0003Y 0030 1.16 0.026
cGe” 27° Wide 0.15 0014 0014 0.004 0.0008 0.0015 0.057 0041 0023 0025 079 0013
Namow 030 0002 0024 0000 0.0001 00011 0093 0047 0027 0029 064 0.013
lmn(oryi (dis min™' cm?)
20F11 L8EIL 23E11 B.3E9 9.3E10 19E11 1.4Ei1 19EIl 68FI0 5.2E9 19E7 44E{

“Inserted after run 11. Salt flow in the low turbulent range.
b4-in.-OD Nux monitor tube attached to stringer. Salt Now barely turbulent.

“Top.
dMidptane.
€Bottom.

Tl samples taken from faces exposed to flowing fuel salt.

Sinscrted after run 7.
"lmpugnalcd.

IMSRE inventory activity divided by the total ¥ SRE area.

Iapproximate,
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Takle 9.4. Fowrth surveillance specimen servey, removed after run 18

No fluzh salt after drain
U-233 operation began with run 15
Specimens inserted alter run 14 uniess otherwine noted

Ra**s [tobs dis min' cm  )(inventory dis min ' cm )|

S ’I\- I-HDB:l l}’(-s IQI(-t l'l'l(-t l“-Nd ’Szr "be 99“0 HIJRu '“Rn IIIA‘ l:SSb ':,mTt ”!Tf 131

)33 0.0033 0.0027 0.0023 0.0003 0.0015 0.16 0.76 025 094 26 3.1 19 0.072
)75 00035 0.0035 00016 n~ooLo 60029 0.73 1.1 0.28 1.08 36 26 2x 0.093
)it 0.0C04 0.0043 0.0004 0.0003 0.0007 008 005 clt ci3 0l0 0359 0.67 053 0.030
25 0.0007 0.0028 0.0006 0.000¢ Gaolv 009 094 01?2 9.7 038 OO 043 0.33 0.044
31 0.0025 0.0027 00011 0.0010 0.0019 0.10 0.66 0.09 0.17 021 03] 0.78 049 0.041
30 00035 00070 06.00'2 0.0013 0.0024 0.14 107 0.14 0.29 042 0.5 0.31 052 0.048
)30 0.0035 0.0027 00010 0.0013 0.0024 0.19 1.27 0.24 0.35 062 0.i5 37 0.50 0.050
)30 00028 ©€.0030 0.0010 00013 0.0020 0.12 093 0.1t n19 051 0381 0.87 047 0.033
180 0.0086 00111 00267 0.0M9 00031 005 047 0.19 0.35 72 057 1.6 09i 0.068

4 0015 0011 0.009 ¢ 006 00036 0036 0034 0018 203 069 0057 0.15 0083 00033
] 0025 0013 0013 0.0009 00010 0046 005 0013 0032 070 ~rd6 0.1 0114  0.0064
| 0.033 0013 0.035 0.0016 00013 0130 0035 0024 0354 087 0.119 005 0.08 0.0014
) 0015 002 0038 0.0024 00016 0095 0030 0024 0059 131 0082 017 0.13 0.0097
} 0.023 0017 0018 0.0028 0.0027 033 0.11 0053 0096 097 0.21 n.18 0.15 0.0085
| 0039 0.028 0.018 0.0028 00028 038 0.11 00¢7 0.431 103 0.1S5 026 017 €.00%0
] 0017 o0Cl13 0002 0.0005 00006 0036 00 £10 000¢ 063 0011 0065 0061 0.0044
,l 0.050 0.014 0.0008 00007 0042 0092 0040 0035 0382 0016 0083 0989 00037
l 0.u:Y 0010 0.006 0.0004 00005 0020 0064 2026 €013 047 0.008 0048 0052 0003
] 0.023 00005 0044 0097 0026 0Nn22 060 0010 O006F 0058 0.0052
] 0020 0.010 0001 00006 0024 O0ON40 0014 0015 055 0005 0041 0051 00042
J 0.031 0016 0.002 00003 0.5 0010 0004 0004 0.12 001 0059 0040 0.0019
] 0.033 0019 0001 0.002F €069 0091 0044 0043 160 0015 0033 0090 0.0067
] 0.030 n222 0.005 0.0n12 0003/ 0.14 0.067 0037 0043 067 0016 0.109 0045 0.0046
3 0028 0016 0.001 0.0010 0.0015 w.i7 0069 002 0.023 0S5 0.004 0039 0059 0.0015
] 0.031 0024 0.004 0.0020 0.0036 014 CO083 0055 001 094 025 0072 0052 0.0054
] 0.032 0N24  0.004 0.0016 0.0027 0.21 0.063 002 0054 124 0931 0057 0067 00042
I 0.048 0036 0.009 006108 6102 0052 00836 0033 117 0016 0078 0.0022
} 0.026 0022 0.003 00079 0064 0046 (0.003Y 0030 116 0926 0074 0078 0.0042
i 0.014 0014 09504 0.0008 0.0015 0057 0.041 0023 0025 079 0013 0037 0032 00018
) 0.002 0.024 0.006 0.0001 Nf00Il 0093 0047 0027 0029 064 0.0i3 0035 0032 00022

lmn(otyi (dis min”' cm™?)

E11 1.8E11 23E!'l B.3E9 9.2710 I9EIl 14F11 i9E11 o8F10 S2F9 10E7 44E8 (3E10 18EN) 1.2EN
mient range.

pr. Salt flow barciy turbulent.

g facl sali.

ISRE. area.

[
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factor refated to tF : permanent adherence of depusited
material 10 2 given surface. the so-called “sticaing
factor.” is inclu ded. usnally followed by the assump..on
that for lack o™ data it will be assumed that ali metal
ard graphite su.faces have egud values of umity
whatever hits. sticks : nd stays.

92 Fmai Assemnbly

921 Dvsign. The tinal surveillance speaimen armay.
insert:d after run 'S and emoves afier run 26, was of a
diffevent design®** fro- . those previously used. in order
o inc/ude capsules ¢ ntaining substantial quantities of
333U and other istnopes to determine accurately their
nevtron capture characteristics in the MSRE spectrum.

The cylindrical geometry penritted the inclusion of 2
surveillance array consisting of sets of paired metal and
rraphite specimens vich differing axial positions. sur-
lace roughness, 2nd adjacen: flow welovitier. decause
flom conditions were the same or cssentially so for
metal-graphite pairs, the hydrodynamically controlled
mass transpert eff s, if simple. should cancel in
comparisor.s. and difierences can be atiributed to
differenc=s in what is commonly called sticking factor.
The sample pairs are discussed L>low in order of
increasing turbulence.

A ophotograph of the final surveillance specimen
assembly is shown in Fig. 9.7. The individual specimens
and the flow associated with them will be considered
next.

9.2.2 Specimens and flow. In the noncentral r:gions
of the core, the flow to a fuel chanrel had to pass

HASTELLOY N BASKET

LR T —
o e e

through the grid of lattice bars. and acvording i
measurements reporied® * on models. the velocity in
the channels was 0.7 fps with a Reynclds number of
00, Hevwever, thie flow varied with the square 170t of
head ives, im lying that nonlaminar entrance conditnos
extended ov_: much of these channeks.

The Luunce bars did not extend acruss the ceniral
r2pon. The flow through ceriral fuel channels was
indicated by model studies to be 3.7 gpm. equivalent to
2.66 fps. or a Reynolds number of 3700: the assoctated
head luss due 10 turbulent flow car: thus be calculated
as 0.45 ft. In this region were alsu the cizcular channels
for rod thimbles and survedlance specimens: the same
driving force across the 2.6- to 2.0-in. annulus yields a
velocity of 2.6 fps an”® a Reynolds number of 3460.
Thzse flows are o~ .1y turbulent.

Flew in the ¢ reular annudus aroutd the surveillance
specimen basket essentiaily controlled the pressure
drops driving the more restricted flows around and
through various specimens wichin the basket.

At the bottom of the basket cage was a hollow
graphite cviinder (No. ~-2, Table 9.5) with a 1%4-in.
outside diumeter and a % -in. inside diameter. contain-
ing 2 ' -in.OD Hastelley N closed cylinder {No. /-1,
Table 9.6). The velocity in the annulus was estimated as
0.27 fps. with an associated Reynolds numb=r of
DVp/u = 00104 X 0.27 X 141/0.00528 = 75 this flow
was, therefore, “early laminar. This value was obtained
by considering flow through three resistances in series —
rezpectively. 20 holes in parallel. ' in. in diamet :r, '
in. long; shen 6 holes in parallel. ' in. in diameter,

PHOTO 96304

. FLOW TUBE ASSEMBLY
. U CAPSUL. (233-238)
. U CAPSULE (234-238)
. U CAPSULE (233-238)
. U CAPSULE (234-238)

GRUN .
COB NS

. PYROLYTIC GRAPHITE

. FISSION PRODUCT DEPOSITION TEST SPECIMEN (GRAPHITE)

- FISSION PRODUCT OEPOSITION TEST SPECIMEN (MASTELLOY W)
. GAS TRAP SPECIMEN (HASTELLOY N)

- SINKER (MASTELLOY N)

Fig. 9.7. Final surveilizace specimen sssembly.
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Tabie 9.5. Relative dapusition ineasity of fission products oo graphite serveillonce specimens from fisal cose
Observed dpm/cm? /(MSKE iaventory s isotope dpm/MSRE total metal and graphite awea, cm?]
Actitiy snd imventory data are a5 of reacior shutdown . 2/12/69
Nr;ubers in parentheses e (MSRE inventory/MSRE total area), dpe/coa®
%, M, and T in amplc nambers signifly bottom, middie, and top regions of the core

Centinc=ters

.w '95‘ l:l'lcs ICO.‘ lllc‘ '“CC ’52‘ ’Qm ”* ;
Type (wim) mﬁ;a Sempl: 0. (13TENN%) (S3EYY) (LTELL (LS3ELD) (BOSEI0%) (LISEN®) (LIELD) (2.26E1D)
Owtside [; -9 7-3-1-B outer 42 0.023 017 0.0039 0.0036 0.0021 0.2
(transition flow) 25 -n 7-3-1-M outer 16 0.022 013 0.0019 0.21
125 -1 7-3-1-T owter 24 0.08 0.0031 0.0008 0.0018 0.18
Gut xe with wae [; .8 12-1-B outer 19 0.17 0.0069 0.0013 2.0025 0.25
\turbuient flow) 25 +10 12-1-M outex 20 017 0.0090 0.0015 0.00%.3 0.15
128 +i2 12-1-T omter 18 0.16 0.0037 0.0005 0.002; 0.15
Imide annulus [; -8 7-3-1-B inner 0 0.0058 0.016 0.0012 0.0006 0.0014 0.04 0.003
{ininat flow) s -26 731 M inner 0.26 0.0016 0.009 0.0032 0.0006 0.0016 0.25 0.22
128 -24 731T oner 0.18 0.0015 0.009 0.0012 0.0011 0.0016 024 0.19
laside tube [; ) 12-1-8 imner 049 0.0029 0.046 0.0031 0.0009 0.0027 0.25
(tragsition Now) 5 +11 12-1-4° innes 0.34 0.0010 0.028 0.0018 0.0009 0.0011 n.20
125 «13 12-)-T mner 0.39 0.0032 0.033 0.0010 0.0002 0.0018 0.09
bt O
Postmortem: MSRE 0.049
cofe bas segment
“Inventories shown iccTue from all operation beginning with originsl startup. To cormect inveatories tosbov the material w cusTent period (runs 19 sad
d~position intensity ratios, divide the value in the table by the factor for the isotope. Factors are: S2-dsy ®*St = 0.90; 59-day *' Y = 0.86; 40-day ' ®? Ry = 0.95; 65-day *5;

0.14. For isotopes with shostes half-lives, corrections ase trivial.




4
!
1
b

3

ydﬁ.Mn*m“hﬂme
itmmswmmmawm,m‘)

md imventory data are as of reactor shusdown 12/12/69

petheses are (MSRE inventory/MSRE total area), dpm/cm®

pie sembers sigaily bottom, middie, 2nd top regions of the core

- lllc‘ I“c. “ll ’5“ ”* l.)h '“lt IIS“ Jl-rc .2’-73 [} Jll
21) (1.83E1D) (S.05EL0™ (1.35F11% (L.14E1l) (2.26E11) (4.48E10") (4.47E9") (5.63EW) (185E19)  (1.06EID)
0.0039 0.0036 0.0021 0.21 0.083 0.067 oonl 0.0905
0.0019 0.21 0.033 0.053 0.046 0.0059
0.0031 0.0008 0.0018 0.18 0.035 0.0} 0029 0.0035
0.0069 0.0013 6.0025 0.25 0.040 0.000; 0012 0.0n33
0.0099 0.0015 0.0023 0.135 0.039 0.059 0025 0.0047
0.0037 0.0005 0.0021 0.15 0.050 0.0050
3 0.00)2 0.0006 0.00)4 0.04 0.003 0.022 0.019 0.065 0.0033
» 0.0012 0.0006 0.0016 0.25 0.22 0.150 0.108 0.0%4 0.0026
» 0.0012 0.0011 0.0016 0.2¢ 019 0.064 0.049 0579 €.0010
3 0.9031 0.0009 0.0027 0.2% 0.056 0.047 0.061 0.0031
s 0.0018 0.0009 0.0011 0.20 0.035 0.029 0.057 0.0019
3 0.0010 0.0002 0.0018 0.09 0.084 0.065 0.050 0.0017
127
9. Te
Te (lav = 29£9)
0.049 0.23 0.56 v.ae
Jories to show the materinl ﬁnmnﬁlml’mdw)ody. b{hﬂmmm To obtain similerly cossected

b-day ®?Sr = 0.90; 59-dsy *' Y = 0.86; 40day '**Ru = 0.95; 65-day *5Zs = C.84; ‘l“-chy'

0.36; I-year '"®*Ru = 0.32; 30-yeas '*7Cs =
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Tabie 6. Relotr-: depurom intenity of fasion predocts on Matslisy N suveritance specineas fum Gag

Obscrvol djm. om” A MSRE 0 20ory 2 smtope dysy MSRE 1ota! anial 20d graghwe e,
Aczsonty anl wwenory data 2o 23 o veactes shuadown 12/12/69
Ne.gubers in puscashicnr . e (MSRE imventery/MSRE wtal eas. dpwm/icm’
B. 3. .ad T = mpic sumters sgnifly bottem, middic. and top scppoms of e vore

y a Contumeters - " oo, "3 180y, L L1P seac i S
ype (=) oo No. (LITELI®) 1A S3EYS) (L.TIEID (183END) (805,007 (1.ISENN%) (1.1SEID) o
cose cemeet
Outsade (transition flow) s 24 14-3-3 00016 000ls 000,2 [T __ ] 00004 0.0004 013
2s 25 14->-M [ X %) 00056 € 060% 0.0008 0.000) 0.0003 2
125 27 14-3-T 0.0)t0 0.2006 od87 0.0006 00003 (X 1} 0.1s
Outside with wise (turbulent flow) s *16 13-2-8 0.00.3 0.000% 0.0013 0 09 0.0004 0.0003 0%
25 -8 132 €.0020 0.0253 0.0018 0.001; 0.00905 0.0007 0.34
128 *20 13-2-7 0.0039 0.0922 0.00») 00812 0.000% .2004 04y
Wise +i18 13- wwe 0.0019 0.0006 0.001$ 0.00iv 00001 0 0005 021
Wire 1t 12-2 wive 0.0030 0.0011 ©.0027 0.0016 0.0008 0.0008 088
Inude annules (laminas flow) ] -8 T8 0.0018 0.0006 0.0015 0.0011 0.0005 0.0006 0.2}
128 -2 757 0.0020 0.0007 0.0017 0.0013 0.0006 0.0006 0.3
Inude tube |tramsition 1?) flow| s 16 13-1-8 0.0021 0.0005 0.0020 0.0014 0.0006 0.0007 0.37
s +*l6 131-% 0.0021 0.0012 0.0018 0.0013 0.0006 041
128 *20 1317 0.0019 0.0007 0.001$ 0.0011 0.000% 0.0004 0.71
Stagnant tinude, liquid region) *26 14-2-02 9.0030 0.0020 0.0002 0.00003 0.00002 0.00001 0.0081
.24 14-2-1L1 0.0010 0.0002 0.0002 0.0n011 0.00006 0.00006 0.028
Stagnant (mude. g33 region) *29 14-2G1 014 0.0027 0.0057 0.0000! 0.000005 0.00003 0.0010
28 14-2G2 047 0.0022 0.007" 000002 0.0000) 0.00002 6.0012
27 14-2G3 041 0.0014 0.0069 0.09004 0.00001 0.00086 00012
Postmoriem
USRE heat exchanger ssgment 0™
MSRE rod thunbie segment {core) 08}

“mventories shown sccrue (rom all operation bermning with originsl startep. To correct hwentorie-. 1o show the material produced dur:ag current period (rums |9 sad
mtensity ratios. divide the value in table by the far 1or (or in:iope. Factors sre: 52-day *?Sr 2 0.90: $9-day *' Y * 0.8¢; 40-day '®?Re = 0.93. 65-day *Z¢ » 0.84: 284 -dey

half-Sives. corrections ase triviel.
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}dﬁ-m-uyﬂmwh—hmmq
BRE isventory 23 isotape dpm/MSRE total metsl and graghite area, cm?)

) and inventory data ase 2 of reactor _“esdsn 12/12/69

parentheses 20¢ (MSRE imventory/MSR wmlhmz
#mﬁm“.d 1op rezons Xf the core

-

: I“.' "'Cc '“Ce "ll 95“ ”b =."l- .“ll ”’Sb l‘"Tc '1’-'|'¢ l.!ll
(LT3ELID (1.B3EXD) SOSEIO® (13ISEN®) (1.14EID) (2.26EL1) (443E10% (447E9") (5S.63E8) (20IFID) 11.06E11)
-
0.0012 0.000% 0.0004 0.0004 0.:3 34 0.0% 27 52 0.060
0.0009 0.0008 0.0003 0.0003 0.12 14 0.059 0.078 19 0.051
0.0007 0.0006 0.0003 0.0003 0.14 1.7 0.05¢ 0079 22 0.046
0.0013 6.000% 0.0004 0.0003 0.2% 0.46 0.10 009 1] 0.22
00718 00011 0.0005 00007 0.3 2.2 0.20 0.17 23 0.37
00030 0.0012 0.0095 0.0004 049 0.32 0.10 008 30 060
0.0015 0.0010 0.0001 0.000$ o 038s 0.14 0.23 0.17 0.09
0.0027 0.0016 0.0008 0.0008 0.88 1.7 0.25 0.19 0.79 0.09
00015 0.0011 0.0005 0.0006 0.2]1 1.2 0.09 0.06 0.87 013
00017 0.0013 0.0006 00000 0.39 14 0.15 0.23 093 0.19
0.0020 0.0014 0.0006 0.0007 0.37 37 0.34 0.32 12 013
00018 0.0013 0.0006 0.4} 4.1 0.19 0.19 1.3 0.13
0.001S 0.0011 0.0005 0.0004 o.n k¥ 0.23 0.17 kX 0.28
00002 0.00003 0.00002 0.00001 0.0051 60 0.005 0877 003 0.002
0.0002 0.00011 0.00006 0.00006 0.025 0 0.044 0.043 013 0.010
0.0057 0.00001 0.000005 0.00003 0.0010 45 00012 0.0010 0.14 0.0008
0.0077 0.00002 0.0000) 0.00002 0.0012 5.3 0.0006 0.0006 0.03 0.0028
0.0069 0.00004 0.00201 0.00086 0.0012 6.6 0.0009 0.0009 0.03 0.0005
127
Te
9.
Te (Inv = 2.9E9)
0.20 0.55 013 1.4 1.0
0.8} 0.66 0.32 16 10

1t0 show the materia) produced during current period (runs 19 and 20) only. multiply by factors given befow. To obtain similarly corrected deposition
Iy *'Y = 0.84; 40-dsy 'O7Ru = 0.95.65-day *521 = 0.84: 284-day '**Ce = 0.36: I-year '%*Ru = 0.32; 30-year ' >7Cs = 0.14. For isotopes with shorter




. jong; then an anaulus” %, m. wide. 5 m_long A
flow head loss of 0057 fi. which should develop along
the vuter part of the basket. was 3:sumed.

In the annulus between the outside of the graphite
cylinder and the basket, the velocity was estimated to
be about 1.5 fps: the associated Reynolds number is
2200. and the flow was ecither hmmar or in the
transition region. Some distance above. at the top of
the assembly. was a Hastelloy N cylinder (No. 14. Table
96: No. 1.in Fig. 9.7) of similar external dimension.
which presumably experienced similar flow conditions
on the outside. This specimen was closed at the top and
had a2 double wall. Inside was a bar contaiming electron
microscope screens. The liquid around the bar within
the cylinder was stagnant. and gas was trapped in the
upper part of the specimen.

Below this, above the midplane of the specimen cage
were located respectively graphite {Table 9.5. No. 12)
and doubic-walled Hastelloy N (Table 96. No. 13)
cylinders. with connecting '%-in.diam bores. Flow
through this tube is believed to have been transition or
possibly turbulent flow. though doubtless less turbulent
than around t’.e specimen exterior. The exterior of the
1-in.-OD cylinders was wrapped with, Y, ¢ -in. Hastelloy
N wire on ' -in. pitch as 2 flow disturbance. Flow in
the annulus between the specimen exterior and the
basket was undoubtedly the most turbulent of any
affeciing the set of specimens.

Th: data from the various specimens are presented in
Table 9.5 Jor graphite and Table 9.6 for Hastelloy N in
terms of relaiive deposit intensity.

We saw no effect of surface roughness. which ranged
from S 10 125 gin. rms. on either metal or graphite, so
this wili not be further considered here.

9.2.3 Fission recul. Because the specimens were
adjacent tv fissioning sal! in the core. some fission
products should recoil into the surface.® We caculate
that where the fission densily equals the average for the
core, the relative impingement intensity of recoiling
fission fragments, (recoil atoms per square centimeter)/
(veactor production/surface area). ranges from 0.0036
for light fraginents to 0.0027 for heavy fragments. The
ratio will be higher (around 0.005) where the fission
density is highest.

9.2.4 Seltsecking nuclides. Relative deposition in-
tensities for salt-seeking nuclides (°* Zr. '’ Ce) are of
the order of the calculated impingement intensities or
Jess: for ¥*2r. 0.001 10 0.0027 on graphite and 0.0003
to 0.0008 on metal: for '*'Ce. 0.0010 to 0.0090 on
graphite and 0.0006 to 0.0Gi6 on metal. The deposi-
tion of 284-day '*4Ce is consistent with this, on a
current basis after adjustimen: for prior inventory as
shown in the table footnotes.
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There also appears to be some dependence om axial
location. with higher values nearer the center of the
core. Thus all of vhe sali-seeking nuclides observed or:
surfaces could have arrived there by fission recui: the
fact that remaming deposition intensities on metal
surfaces are consistently less th>n impingement densi-
ties indicates that many atoms that unpinge <= the
surface m.y soorer of later retumn to the salt.

925 Nuchides with soblegas precrwsors. The no-
clides with noblegas precursors (**Se. '37C<_ *4%Ba,
and. 10 a slight extens. ' *' C:; ac. atter formation. also
salt seekers. They are found 10 be deposited on me:al o
about the same extent as isotopes of salt-seeking
clements. doubtless by fission recod. However. nobi--
gas precursors can diffuse mio graphite before decay.
providing an additional and major path into graphite. It
may be seen that values for **Sr. ' 37Cs_and '*®Ba for
the graphite samples are generally an order of magni-
tude or more greater than for the salt-seeking elements.

It appears evident that the deposit intensity on
graphite of the isotopes with noble-gas precursors was
higher on th: outside thann on the inside. both of
specimen 7 :nd -pecimen 12. Flow was also more
turbulent outside than inside. and atomic mass transfer
coefficients should be higher. [Flows are not well
enough known to accurately compare the outside of the
lower specimen (No. 7-3) with the inside of the upper
graphite tube specimen (No. 12-1)].

Appreciably more 3.1-min **Kr and 3.9-min '37Xe
should enter the graphite than lo-sec '*®Xe or 2-sec
145 Xe. but the '*7Cs values are considerably lower
than for 8?St. Oniy about 14% of the ' 2 7Cs mventory
was formed during runs 13 and 20. With this correction.
howe=er. ' 27Cs deposition intensities still are less than
those observed for strontium. As will be discussed
laz2r® the major oart of the cesium formed in graphite
will diifuse back into the salt much more strongly than
the less volatile strontium: this presumably accounts fos
the lower ' *7Cs intensity.

At first glance the ““fast flow™ values for *®Sr on
graphite appear somewhat high even though **Kr entry
to graphite from salt was facilitated by the more rapid
flow. Similar intensity on all flow-channel graphite
would account for the majcr part of the **Sr inven-
tory, while salt analysis for the period showed that the
salt contained abou: 52% of the **Sr. But the
discrepancy is not unacceptable. since most core fuel
channels had lawer velocity and less turbulent. possibly
laminar flow.

Orn the inside of the closed tube the deposition of
2S¢ and other salt-seeking daughters of noble gases was
muich higher in the gas space than in the salt-filled
region. This is consistent with collection of **Kr in the



gas space and the relative immobilit: of strontum
deposits on surfaces not washed by sat.

926 Nebie metals: nichimm avd melybdcoam.
Tumirg 10 the noble-metal fi-sion products. wve mote
that **Nb deposited farly stro igly and faisly evenly 0n
all surfass. The data are nos imconsistont with post-
MMOriem SXamun.’0on of reactor compotaats. to be
described later. Molybdenum (**Mo) deposited com-
siderably move stroagly on metal than om graphite
t{lmited graphite data). Because the relative depusit
mtensity of molybdenum on metal 5 samilar to that of
325t on graphite. which is attributed to atomic kryptos
diffusion through the salt bowmdary layer. it may be
that molybdenum could also have been tnasported m
appreciable part by aa atomic mechamism:. and pre-
sumably had 2 high sticking factor on metal (about ;.
molybden=m on graphite & much bess: hemoe the
sticking factor on graphite is dowbtless mach below
unity. Postmortiem component exammation found that
the ** Tc daughter also was more itensely deposite : on
metal than on graphite.

The widely varym- *°Mo values for salt samples
taken during this pernd. however. imply that 2 sigaifi-
cant amount of **Mo occurted along witd other
noble-metal isotopes in pump bowl sali samples as
particulatss. Since molybdenum was relatively high in
tire present surveillance samples also. it may be that
appreciable part of the deposition involved materia
from this pool.

Because molybdenum deposited more sirongly than
its precursor niobfum. an appreciable pant of the
molybdenum found must have deposited independently
of niobium deposition, and niobium behavior may only
roughly indicate molybdenum behavior at best. This
may well be due to the relation of niobium behavior to
the redox potential of the salt, while molybdenum may
not be affected in the same way.

9.2.7 Ruthenium. The ruthenium isotopes. '®>Ru
and ' ®®Ru, showed quite similar behavior as would be
expected, and did not exhibit any marked response to
flow or flux variations. The ruthenium isotopes appear
to depasit severalfold more intensely on metal than on
graphite. The correction of inventories to material
formed only during the exposure period will increase
the '°Ru intensity ratios about threefold but will
change the ' *?Ru intensity ratio very little. On such a
inventory basis the '*?Ru deposition will then be
appreciably lower than that for '°Ru: this indicares
that an appreciable net time lag may occur before
deposition and argues against a dominant direct atomic
deposition mechanism for this clement.
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928 Tehwiom. The telunum sotopes "*2Te fon
metals) and ' 2°™Te (on graphite) shuw an appreviably
stroager (almost 40 times) relative depusit inteasity on
metal than on graphite, indicative of real differences in
sticking factor. Deposit miensities of tellurum were
moderately higher in faster flow regivns than i low
T restoms (2 Lmes OF MOTE). Puiain) ERSIative of
respomase 1o transfer effects. Flux effects are not
sigmficant.

Postmoriem ecxamimaton of MSRE cowmgpunents
showed '**Sb and ' 27 Te depusition mtesities whick
were comssient with thes. except that the deposition
intensity of tellunum ou the cove fecl-chased w2 nxes
was higher than we observe here om  swrvedlance
SPECEBCRS.

On balamce. w appears that the stukimg factor of
tellorimm on metal s celstmvely hagh Thes maght resal:
socucely. Sach strmg mteasity of iclurmm m the
epvwits wouid be the resmt of darect depoution of
teflurimn. or of cmmilar prompt depossiion of precursos
amtmmony with retention of the teflusum damghter. or
both. “he data do not tell.

929 ledime. fudine exhibits deponit  Ltensitiey
which appear to be at least ar: order of ragnitude lower
than tellurum. both for graphite specimens and. at
considerably higher levels for both tellurium and wdine.
for the metal specimens. The data for the metal surface
mostly vary with icllusium. sugg=sting that the jodine
found is a result of tellurium depusizion ana decay . but
with most of the iodine jormed having returned to the
salt.

9.2.10 Sticking factors. In general the data of ihe
final surveillance assembly are consistent with those of
the earlier assemblies. The pairing ¢ the metal aad
graphite specimens in the final assembly permits some
conclusions about relative sricking factors that wer
implied but less ~2rtain in the earlier assemblies.

It appears evident. because the depusition intensity
differs for diffesent isotopes under the same flow
condstions. that the sticking facior must be below unisy
for may of the noble-metal isotopes. either or; metal or
on graphite. The deposition intensity appears rather
generally (o be higher on metals than on graphite and
could approach unity In terms of mechanis~ Iow
values of sticking factor could resclt if only part of the
area was active or if material was returned to the liquid.
either as atoms via chemical equilibrium processes, or
by pickup of deposited particulate material from the
surface.



The valacs would * - v of the mventory should be
disirbuted over 3 langer avea tham pust the summ of
system mectal and gaphite e Sech areas mmght
mchede the stfaoe of bubbles or collosdal partackes m
the circulating salt

It s adequately chear. however. thal ender swulzs
flow conditiows. the mtrmaties of deposits on seetal 2ad
paphite swfaces differ apaificamtly for mast moble-
metal clements. with cyure mitense depusits of a given
muchde gencrally occerrng on the metal serface of a

93 Poofie Do

93.1 Procedme. As descrbed carlicr in this sectson.
for most grapkne surveillance specamens a succession of
thic cuts were made mward from ¢ach face 10 deptis
freguemly of about 50 mils 10.050 m.). These cu’s were
médrvidually bottled. wenghed. and amalyzed 7. each
machde The swsamations ‘or the mdividual faces have
already been grven | the easer (ables of thes section. It
does not appear expedient to acount here for the
wdrvidual samphes {which would mcrease the volume of
datz mamyfold). smce most of the mformation ©
susnmanzed m typical profiles shown below for samples
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Fig. 9.8. Concentration profile for '27Cs in impregnated
CGB graphite, sampie P92,
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EE]

removed after ram 14, We note that mproved hot-oc8
miling techusques permitied secovery of 95 10 9% of
the resnoved matersl for these samples. with hirde cos

The results of thee proceduses om two samples of
MSRE (CGB) graphise e shown @ Figs. 93914 The
sample labeied PSS was 2 CGB graghite exposed dightly
hove the cose midplane 2nd was mseried aftey rem 11
Samgle X-15 was exposed dighnly bedcw midphme 2nd
was narvied after ren 7. being withdraon a4 retumed
afterrem 1.

Data for the variows muclides are presemted as sewni-
ioganthemic plots of activity per wait maw of grapheic v
out depth. Although sech a plot permits easy display of
the data_ it does tend 10 cbscare the geweral fact that
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Fig 9.9. Concentration profites fos *?Se and '*%Bg in two
mmples of CGB. X-1 3 wide face, and P-58.
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two amy les of CGB graphite, X-13, wide face, and P-38.

ty far the greatest amount of any nuclide was to be
tound withits » ver few mils of the surface. Conse-
Juently what the fission product prefiles tend to
display is the behavior of the small fraction of the
depusited nuclide which penetrates beyond the first few
mils.

Additional data or: samples from this set of specimens
were obtained by Cunco and co-workers, using a
technique developed by Evans. The techuigue offered

fess possibility of cross contamination of samples.
According * this techaique the specimen was generally
cut ‘cngitudinally and at the midplane. and a core was
drilled to the outer sutface. The cure was then glued to
a cold graphite coupon. which in tum was gued to a
maxhined sieel piston. This prston. the position of
which could be meastred acurately using a ¢al
micrometer_ ittted mto a hoider which was moe=d on a
piece of eawry paper. The resulting powder was Scoich
taped in place, and the total aciivity of various nuclides
was deterntines U<.ng 2 gamma-ray spectrometer.

9.3.2 Results. Resulis using thiv techrigues are shown
in Figs.9.15 9.17.

The mateinl found on or in the praphite doubtless
emerged from the adizcent salt. Trarsport from sl cia
occur by fissicn product atem recoil from adjcent fuel
salt. by the depusition of clemental fission preducts
diifusing out of salt as atoms or borne by wit as
colwids. by -hemica! reaction of saltsolubl> species
witk sraphite, by diffusion of gases from salt and
deposition onto graphive. and by physical transport of
salt inte graphite. either by nrussure permeation of
<racks. by wetting the graphite. or by .pustering
processes due to fission spikes In salt close to the
graphite surfaces.

Of these. there is no indication of reaction of
luorides vi'h geaphite (with niobium a pussible excep-
tion). and volatile substances are not theght 1o be 2
factor. the auhle-gas nuclides execpied. Furhermore,
the graphite did not appear to be wet by sait
Qccasionally there was an indication that salt eatereg
cracks in the graphite, and this couid be 2 fucto; sor a
few samples.

The nuclides most certuin o be found at greatest
depth., snould be the daughters of the noble gases.
Profiles for **Sr and **° Ba are shown in Fig. 9.9

9.3.3 Diffusio-: mechanism relationships. Among the
ways in which fiscion products might enter into and
diffuse in graphite are (1) recoil of fission fragments
from adjacent salt, (2} diftusion into graphite of noble
or vther skort-tived gases originating in salt which on
decay wiii deposit a nonmobile daughter, (3) formation
of fission products from uranivin hat was iound at that
depth in the graphite, (4) migra“.on of fission products
by < surface diffusion mechanism.

In oar consideration of any mechanisms for the
migration of fission products, we will seck (1) estimates
of the amount of activity on unii are, summed over all
denths (cxpressed 25 disinfegrations per minute per
square  centimeter), (2) the surface concentration
(expreassil as disintegrations per minute per gram of
graphite). and {3} the variation 'of conceprration with
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depth - usmally expressed as the depth required to
have (or otherwise reduce) the comcentration. We
should also try to relate the caluslated activity to the
calculated imventory activity of Juel salt (expressed as
disintegrations per minuie per gram of szit) developed
fou the exposuce period.

Since 29% of the fisions occurring im salt within one
range wnit will leave the sait and doubticss enter the
adipcemt graphite, and if we use 23 applicable to salt the
range of hght and heavy frapmests i zirconimm,
determined as 7.5 and 5.9 mg/cm® respectively. we can
calculate the accummulated recoi activity:

. €.0053 for
recodl dpm/cu’ ";‘f’”x 0.0073 for light

where / s the ratio of local to core average meutron
Bux. (1 ~ 2 to 4 for core center specimens. depending
on axial position )

Ounly in the case of salt-secking tudides s recudd a
domimant factos.

The range of fission products calering a graphite of
density 186 was determined'® 23 3.07 mgiom® for
*SY and 2.51 mg/cm® for " **Xe: this corresponds to
165 and 135 p_ so that the penciration should te
limited to 2 2ominal 0.6 mal.

The transpori of fission gases i graphite has been
reported’ ' -' 2 for representative CGB graphites.

The diffusion of noble gases in graphite also imvolves
diffusion through bound>=;, iayers of the adjacent salt.
We will express the behavior in graphite a5 2 function of
the entering flux, and then use this s 2 boundary
condition for diffusion from salt.

At steady state the diffusion of a short-fived gaseous
nuclide intc 2 plane-sutfaced semi-infimite porous solid
has been shown by Evans' 2 1o be charactevized by the
following:

JG * CeDM)' 12 = C 8D .
8=(eNDg)''2 .
N =Coexp( By).

where
Cy = :1om concentration in surface gas phase.
Ji; = at.m flux entering suriace,
€ = total porosity of graphite,
D¢ = Knodsen diffusion coefficient in graphite,

N(y) = concentration of atoms in gas phase in pores at
depth y.

The sutface conceniration of 2 noamobile daughter in
graptite resulting from the decay of a diffusing shon-
lived precursor is obtained frem the accummlation
€Xpreis.on

(5,555 ne.

where C; s the daughter concentratirs per gram of
paphite. Integrating this across the power history of
the run. we obtain for the activity (&, ) of the daughter
m dismtcgrations per misute per gram of graphite:

-"o’ﬂ l (v )ye )
b5 | Plimas | (M
further,
81 7) = Alay), expl - Py) . )
where

J® = gas muclide flux into graphite at unit power.
(imw_ )y qq is the 2ctivity inventory accumulated by salt
during ren.
F® = fission rate at unit power in given wass,
Y = fission yield.

The 1012l accumelation for umit susface misgrated
over all depths follows as

(.
dp/cm’ = Hg® r‘r/:;'

1t remains to determine the flux into the graphite. J°
at unit power_ by considering conditions within the salt.

The short-lived noble-gas nuclide 5 generated wolu-
metrically in the wmit. the charxteristic distance
(D,N)*'? is about 0.06 cm for 2 200-sec nuclide and
about 0013 ¢cm for a 10sec nuclide. The salt in a
boundary layer at 0013 cm from the wall of a fuel
channel with 2 widih oi ! cm will flow more dowly
than the bulk salt and wili require perhaps 100 sec to
traverse the core. For nuclides of 10 sec or less halflife
and as an approximation for longerdived nuclides.
Kedl'? showed that such flow terms could be neg-
lected. 30 that at steady staze

¥G 0 0
DJ Dl '
where ; is the volumelric generation rate in core salt,
Dy is diffusion coeffici -nt in salt, C, is the local con-
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cemination im salt, and 7 is the distance from the dab
channe] midplane.

':r.v "’ :"G L3

J,; = Mux im salt ot surface;

I

B o T
3

CeNDg )iz
D,
C=CK,.

where
K. = Ostwald solebility coefiicient .

Integration and satisfaction of the midplane boundary

C, =C cosh (n/ND,) + QX .

The second boundary condition evaluates C:

= N .
¢ K AD,/eDG)'"* sivh (re/ND;) * cosh (reVN/D))
We may now obiain

lc. = ¢Z .
where

z=(
Because coth (7v/ND;) ~ | sd K, € (Dg/Dy)' " .
2=,

Dg

_)"’

A

]
K, + (eDg/Ds)'? coth (re/ND,)

. BT vl
mass core vol.

-

X Pogit -

We acw are able 10 write the desired expression for
the actwvity of nonmobeie daughters of short-lived noble
gases which diffuse into graphite.

of graphite:

Psalr
Peraphine

XIX

(@), = (v )y,

1

salt vol.

xm'd.

d

D
D¢

2. Activity per gram of graphite 2t amy depth, disimte-
grations per minute:

6 (r)=(a;)y exp Py,
B=(e\/D)' ™ ,
np=Ma2y.
3. Total accamulation for weit surface, imtegrated over

all depths:
X pan X /%’ .

o

Table 9.7 applies these remits 10 the specimens
removed at the end of em 14. A comperison with
observations given earlier in Table 9.3 is commented on
later.

A third possibiity of developing activity within the
graphite is from the traces of uranium found in the
graphite.

Here the relationship is:

salt vol.
core vol.

= (i) g X I X

salt vol.

A5 (UND) = (9 g X I X ———c-

235 comx. in graphite 2t g

“’Ucuc.'nl;o;sdl
under the assumption that the uraniom was present
the graphite at the given location for essentinlly all of
the ren. The 223U concentration in fuel sdt was about
15.500 ppm.

X m

shtvl. 71 A

cove vol. 231:' ~3.

The concentration at vasiows depths of 22°U in 2
specimen of CGB graphite is shown in Fig 9.18. The
surfsce concenirstion of sbout 70 ppm soon falls 10
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Fig 918 Urnnion-23S concensation profiles in CGB and

mear | ppm. Similar data were obtained for all
specEnens.

Table 98 shows that for ***Ce. **Zs. '**Ru. ad
P31 3t depths greater than abowt 7 mils the activity
could be accounted for as having been produced by the
trace of 23*U which was present at that depth.

The total quantity of 2°*U associated with graphite
sutfaces was quite small. Total deposition ranged
between 0.15 and 23 pg of 223U per square centi-
meter. with 2 median value of about 0.8 ug of 233U per
square centimeter. This is equivalent 10 less than 2 g of
235y on all the system graphite surface (about | on
flow-channel surfaces) out of an ivventory of 75000 g
of 233U in the system.

9.3.4 Conclmions from profile dots. As 13 overview
of the profile data the following observations appear
valid.

Let us roughly separate the & pths into surface (less
than 1 mil). subsurface (about to 7 mils), moderately
deep (about 7 to 20 mils), and deep (over 20 mils).

For salt-seeking nuclides. '®>Ru and "**Rua d '>'1
the moderately deep and deep regions are 3 result of
13U penetration and fssion. We have noted in an
earlier section that for salt-seeking nuclides the total
activity for enit surface was in fair agreement with
recoll #ffects. Profiles indicate that almost all of the
activity for these nuclides was very near the surface.
consistent with this. For these the only region for

pyvelysic geaphite. which evidence is not clear is the subsurface (1 to 7
Table 9.7. Calculated specimmen 3ctivity porameters after ran 14 bawd on

Chn » L] 137 140 141

Gas half-fe. sec 19 L2 274 1. 1.7

Dg. cm?/sex ISF ¢ ISE S 1.2 S 1 5 1.2F S

Dy co? e 14F S 14F S 1I3F S (81 S 1.3 S

« 0.1 0.l 0. nl ot

Kalving depth, mils 56 1} L1 7] 4.7

m li" QIV I)T(-’ “.h l‘l(-‘

brventory ” dis/mim pes gram of salt 1LIEN 13K 4259 1L.7EN 15K

Swrface comcentration,® dis/mim pes gram of graphite 1.2E00 14F1} 5059 20811 18K}

Totd activity ® ds min™" om™? 40F10 1.2F10 I oF9 1.9F10 (¥

'llunlmylnn'nlnuacdnlmld.rmmlmmum-Mmhdem 14 ¢except m e case of
127C, where operation pror 10 end of ren 1 contributes about Walf the imventory at the end of ren 14, 319 days biter.

5 Asmomes a local refative fux of ).
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mils). where the values. though declining rapidly, may
be higher than explic:ble by these mechanisms.

The nuclides having noble-gas precursors (ic., **Sy,
140Ba. "4 Ce. *'Y) do clearly exhibit the results of
noble-gas diffusion. The slopes and surface concentra-
tions are roughly as estimated. The total dismiegrations
prt miste per square centimeler is in accord.

in the case of '37Cs, the levels are considerably too
low in the moderately deep and deep regions, indica’ing
that cesium was probably somewhat mobile im the
graphite. Additional evidence on this poiat is presested
later.

This Jeaves *SNb. **Mo. and ponly '>2Te and
129®Te. These nuclides appear 1o have migrated in
graphite. and in pasticular there s asbout 10 times =
much niobium as was explicable im terms of the parent
375 present or the 223U at that depth. Such migration
might ovcur because the nuclides were volatile flworides
or because they form stable carbides at this lemperature
and some surface diffusion due to metal-carbon chemi-
sovption oocurred. The latzer possibility. which seems
most likely. seems also 1o explain the traces of 2?%U

found having migrated into the graphite.

9.4 Other Findings on Surveillonce Specimens
!n visual examination of surveillance specimens. shight
amounts of flush salt and. on occasion. dark green foel

salt were found as small droplets and plates un the
surface of specimens. narticularly oa faces that had

been in comtact with other specimens. A brown
dustyJooking film was discernen on about half of the
fucl-exposed surfaces, using 2 30-power microscope.
Exomination by electron microscopy of a surface film
temoved by pressing acetone-dampened cellwiose ace-
tate lape ageimst a graphite swface revealed omly
amalysis showed that sppreciable quantities of stable
molybdenum isotopes were present on many surfaces.
Presumably these were not crystalline encugh to show
electron diffraction pattemns.

Thin traasverse slices of five specimens were ex-
amimed by x radiography. Many of the salt-exposed
surfaces and some other swrfaces appeared to iawe a
thim filsn of heavy matevial bess than 10 mills thick.

Results of spectrographic amalyses of samples from
graphite swrface cuts are shown i Table 9.9, expressed
a3 micrograms of cement per squase crntimeter. Dat:
for zirconium. lithivm, and iron are not included here
since they showed too much scatier to be weefully
interpreted.

About |15 pg of feel salt would contaim | sg of
berylliom_ Similarly, sbowt 13 pg of Hastelloy N might
contain | pg of chrosessm and alyo sbowt 9 pg of mickel
and pethaps 2 pg of mulvbdenum. Thes the spectro-
graphic amalysis for beryKiem correspords to abost
6-60 pg of fuel salt per square centimeter. The mickel
analyses comrespowd 0 7-9 pg of Haswriloy N per
(except for 2 high walwe) are m o .exst rough
agreement.

Toble 9.8. List of milled cots fram gaphite for which the fimion product content cosdd be
spynsimntely accounted for by the cousium presesnt

- »
Graghite Nilled Cwt Numbers

»
Somple Mo 1327, 1I9p, 10Ig, 106n,

’5" ”z' l's' IC‘ Illc. is8ce lll'

P-77 9.10 6-10 6.10
X-13 wide 10 7-10 7-10
X-13 nerrow 10 5-10 5-10
Yo

P-38 10 10 10
P92 9.10 5-10 5~-10
K-1 wide 5=7 -7
K-1 nasrow 5-9 $-9
rGl 2 3-10 3-10 368 36
| L] 10 7.10

4-~10 10 3--10

7-~10 7-10 7-10

$-10 5-10 3-~10
10 10 10

7-~10 7-10 7-10

$-~10 =i 7-10

$-10 | 1.5-10

5~9 5-9

2-10 1-10 2-10 2-10 2-1a 3-10

2-10 10 2.8-10 S-10

"Nominelly, in mils. cut No. | was ',.z 76 3-1:4,2,5.3;6. 5, 7. 5: 8. 16 9. 10; 10, 1
"M sampies sre listod mu‘uol‘umeclnothboﬂudlk reacter.

R Iy L S P
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The quantities of molybdenum are toc high to
correspond to Hastelloy N composition and strongly
suggest tha: they are appreciably made up of fission
product molybd=num.

Between the end ot run 11 and run 14, about 4400
effective full-power hours were developed, and MSRE
would contain about 140 g of stable molybdenum
isotopes formed by fission, or about 46 ug per square
centimeter of MSRE surface. The observed median
value of 9 would comespond (0 2 relative deposit
mtensity of 0.2, 2 magnitude quite comparable with the
0.1 median value reported for **Mo deposit intensities
on graphite for this set of stringers.

Aliquots of two of these samples were examined mass

spectrographically for molybdenum isotopes. Table

Table 1.9. Specougtphic snslyses of graphise
specimens after 32,000 MW

Micrograms per Squate Centimeter

9.10 gives the isotopic composition (stable) for natural
molybdenum, fission product molybdenum (for suit-
able imadiation and cuoling periods). and the samples.

This table suggests that the deposits contained com-
parable parts of matural and fiss'on product molyb-
denum. Some preferential deposition of the 95 >1d 97
chains seems indicated. possibly by stronger deposition
of niobium precursors.

Determinations of lithium and fluorine penetration
into MSRE graphite reported by Macklin, Gibboas. and
co-workers' “'¢ were made by inserting sampies across
a collimated beasr: of 2.06-McV protons. measuring the
'*F(p.ay)'*0 intense gamma ray and neutrons from
the "Li(p.n)"Be reaction. Graphite was appropriately
abraded to permit determination of these salt constit-
uents at various depths, up to about 200 mils.

Data for the tw specimens — Y-7, removed after run
11, and X-13, removed after run 14 - are shewn in
Figs. 9.19-9.25.

These data for each specimen show. plotted logarith-
mically, a decline in concentration of lithum, and

of Specimea fluorine with depth. Possibly the simplest summary is
Sampie Be o Cr - that. for specimen X-13 removed after run 14. the
_ lithium, fluorine. and. in a similar specimen. *?%U
R-5W o declined in the same pattemn. The lithiumr -to-fivorine
NR-SN .5 ratios scattered around that for fuel salt (ot that for
P sow oacs LiF). The 2>*U content. though appearing slightly high
PITE 1.5 17.6 (it was based on 2 separate sample). foliowed th: same
PN 1.0 34 pattern, indicating no remarkabk specia concentrating
X-139 i1 &5 eifect for this element. The data for ample X-13 might
X138 0.5 s.4 0.15 be reproduced if by some mechanism a siight amount of
Y.9% o4 %3 108 7 fuel salt had migrated into the graphite
e-SoN o4 8.7 0.49 5.5 The pattem for the earlier sample Y-7, removed after
P98 2.00 1.3 un 1), s similar with respect to lithium. But the
2N 267 fluorine values continue 10 decrease with depth, sc that
PecoSF 0.60 9.0 0.5 %o below about 20 mils ther= is an apparent deficiency of
Poc X 562 10.5 fluorine. Any mechanism supported by this observation
Pyr L wouid appear to require independent migration of
Pyr 1 fluor.ne and lithium.
108 1.3 It thus appears possible that slight amounts of fuel
oR-" o 51 st may hav> migrated mto the graphite. and the
_— presence of uranium (and resultant fission products)
Tabiz 9.10. Poscontage molepic compasithon of molybdenam on surveillancs specimmens
i 92 “ L 9% L X} 9 100
Natwral 15.36 9.12 1523 16.50 .45 275 9.62
} asom 0 o 2B 0 2514 25-24 27 2
Samples 40:50 19.58 186;27) 48.49 30.2. 9.6 §15.1:18.2 14.1. 144
Redetermnation 34.313 2118 %930} 39:.36 32.7:32.8 159:149 13.1:116

et e s
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Fig. 9-22. Fluorine conceatration as » function of distance from the swface, specimen X-12.

7Li(ppm)

—d ——t .
LS S I A Pt
___—T—-T—o.—o— -ae- S‘ME Y=7 ¢ 4
| N —t—— SAMPLE X-13 :
200 ———+—+—r - ,
-y © 1 ;
lo . i !
% ,, ,
00 re 14 oy s
(N G PN “-— i ——d
%&T% + b
50 Pt : ; T
T e . H . :
# v_& ———— e e
R ]
e |
m O A SN et YO - JEP N
M ; HEE RS T,f' : ®
v v Vi v } .
! b P AR L4
LI A
0 - | b e o 4
e e e
* +— rbo—m- - o
- _¢_,_L..-O.I.Q.___’ — e s e foned
5 I AY L S o donaninhs

LTI - _0 FWRST SURFACE TO CENTER ___ . |

- - - . A SECOMD SURFACE TO CENTER __._ .
— e e e @ 2Py g SMMLAR SPECWEN —--— - -

— - — - - T P -

P ! ﬁm\, O . .o

N

DISTANCE FROM SURFACE (wvs)

Fig. 9.23. Compurivon of Nthiom concentrations in semples V-7 sad X-1 3.

et e



vemyerAn

——

Ofem. -ONS 6B- 48552

so T 184 —
_{;’ ,A. +;+T; - l*;_h_‘
1 |58 ;-::.ms'anm:mmn
+ -""Yr*oszmanuancnrm
4 P 1 ¥‘ [N PR I
o f e
P ‘
QW T e
< s
= :
X St
-
&
£ [
2 S
oo .
: R M A A H P
. [ R A B RSt S S A R

[ 2 S L F-

S0 OC 200 500 %000

OISTANCE FROM SURFACE (mis)

Fig- 9.24. Mess concentraticr ratio. F/LL, vs depth, specimen {13

9 (opm)

1 H 3 © F M *0C m 500
DISTARCE FROW SURFACE (m-re}

Fig. 9.15. Compurison of flworine concsnwations in samples
Y-7 and X-13, s smooth line heving been arawn theough the
dsta points.

within the graphite may lasgely be explained by this.
Microcracks, where present, would provide a likely
peth, as would special clusters of graphite porosity.
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10. EXAMINATION OF OFF-GAS SYSTEM COMPONENTS OR SPECIMENS
REMOVED PRIOR TO FINAL SHUTDOWN

The off-gas from the pump bowl carried some salt
mist, gaseous fission products. and oil vaposs. On a few
oc-asions. restrictixas to flow deweloped, and in replac-
ing the component or removing the plugging substance,
samples could be obtained which provide some insight
nto the nature of the fission product burden of the
offgas. In addition, a2 special set of specimens was
installed in the “‘jumper line” flange near the pump
bow! after rur 14 and was examined after run 18.

10.1 Examination of Particle Trap
Removed after Run 7

The Mark | particie trap,' wiuch replaced the filter in
off-gas line 522 just upstream of the reactor pressure
control valve, was installed in April 1966, following
plugging difficulties experienced in February and Maich
1966. It was replaced by one of similar design in
Scptember 1966. permitting its examination. The ori-
ginal plugging problems were attributed to polymeriza-
tion of oil vapors originating in the entry into the pump
bowl of a few grams of lubricating oil per day.

The particle trap accepted off-gas about 1 hr flow
downstream from the pump bowl. Figure 10.1 shows
the arrar:gement of materialz in the trap. The incoming
stream impinged on stainless steel mesh and then passed
through coarse (1.4 g) and fine (0.1 g) felt metal filters.
The stream then passed through a bed of Fiberfrax and
fimally out into a separate charcoal bed before continu-
ing down the off-gas lines to the main charcoal beds.

FINE METALLIC FILTER

Biack deposits wer: round on the Yorkmesh at the
end of th> entry pipe, a3 seen in Fig. 10.2. The mesh
metal was heavily carburized, indicating operating
temperatures of at least 1200°F (the gas stream at this
point was much cooler). The radiation level in some
parts of this region was about 10,000 R/hr for a probe
in the inlet tube.

In addition to »n undetermined amount of metal
mesh wire, a2 sample of the matted deposit shrwed 35%
weight loss on heating to 600°C (organic vapor), with a
carbon content of 9%.

Mass spectrographic analysis showed 20 wt % b, 15
wt % Sr.0.2 wt % Y, and only 0.01 wt % Be and 0.05
wt % i, indicating that much of the deposit was
daughters of aoble-gas fission products and relatively
Bittle was ent:ained salt.

Gammatay spectrometry indcated the presence of
”1C$. l’s" IOJR“ or '.‘Rll, IlO.A‘. ”Nb, and
14912 Lack of quentitative data precludes a detailed
consideration of mechanisms. However, much of the
deposit appears to be the polymerization products of
oil. Salt mist was in this case largely absent, and the
fission products listed above are daughters of noble
gases or are noble metals such as were found deposited
on specimens inserted in the pump bowl. One consist-
ent model might be the collection of the noble-metal
nuclides on carbonaceous miaterial (so0t?) entrained in
the pump bow! in the fuel salt and discharged from
there into the purge gas: such a soot could also adsord
the daughters of *he noble gases as it existed as an

ORRL-DWG 64-1 76430
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Fig. 10.1. MSRE off-gas parvicle trap.



92

Fig. 10.2. Deposits in particle trap Yorkmesh.

aerosol in the off-gas. Particles of appropriate size,
density. and cha.ge could remain gas-borne but
removed by impingement on an oily meta! spongs.
Although the filtering efficiency was progressively
better as the gas proceeded through the trap, by fa: the
greatest activity was indicated to be in the impingement
deposit, indicating that most of the nongas activity
reaching this point was accumulated there (equivalent
to about J000 tull-power hours of reactor operatinn)
and that the impinging aernsol had good collecting
power for the daughters of the noble gases. The &2, osol
would have to be fairly stable to reach this point
without depositing on walis, which implies certain
limits as to size and charge. Evidently the amounts of
noble mefals carried must be much less than the
amounts of daughters of noble gases (barium, stron-
tium) formed afte’ leaving the pump bowl. Barium-138

{about 6% chain yield: | 7-min Xe ~ 32-min Cs - stable
Ba) comprises most of the longlived stable barium.
Thus it appears that if the amounts of noble metals
detected by mass spectrometity were small enough.
relative to barium. to be uinrepored. the proportions of
noble metals be:ne by off-gas must he small. although
real. No ditficulties were experienced with the parzicl2
traz, inserted in September 1966, and it has no: been
semoved from the sysieqs.

10.2 Examination of Off-Gas Jumpes
Line Removed after Run 14

After the shutdown of MSRE un 14, a section of
off-gas line. the jumper section of line 522, was
removed for examination.” This line. a 3t section of
i/,-in.-1D open convolution Mlexible hose fabricated of
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type 304 stainless steel with O-ring fl>nges on each end.
was located about 2 ft dJownstream from the pump
bowl. The upstream flange was a side-entering flange
which attaches to the vertical line leaving the pump
bowi. whie the downstream flange was a top-enteiing
flange which attaches to the widened holdup line. The
jumper discussed here. the third used in the MSRE., was
installed prior to run 10, which began in December
1966.

After the shutdown, the jumper section was trans-
ferred 1o the High Radiation Level Examination Labo-
ratory for cutup and :xamiration. Two flexible-shaft
tools used to probe the line leading to the pump bowl
were also obtained for examination. On opening the
container an appreciable rise in hot-cell off-gas activity
was noted. most of 1t passing the cell filters and being
retzined by the building charcoal trap. As the jumper
section was removed {roin the container and placed on
iresh blotter paper. some dust fell from the upstre.m
flange. This dust was recovered. and 2 possibly larger
amount s obtained from the flange far: using a
camel’s 1ai: brush. The powder looked like soot: it fell
but d::"ted somewhat in the moving air of the cell. as if
it were 2 heavy dust. A sample weighing approximately
8 mg read about 80 R/hr at “contac’.” The downstream
flange was tapped and brushed over a sheet of paper.
and similar quantities of birck powder were obtained
from it. A sample weighing approximately 15 mg rezd
about 200 R/hr at cortact. Chemical and radiochemical
analyses of these dust samples are given later.

The MNanges each appeared to have a smooth, dull-
black film remaining on them but no other deposits of
significan.c (Fig. 10.2). Som= unidentified bright flecks
were <een in or on the surface of the upstream flange.
Whers the black film was gently scratched. bright metal
showed through.

Short ecticac of the jumper-dine hose (Fig. 10.4)
were taken from each end. examined microscopically.
and subnitted for chemical and radiochemical analysis.
Except fos r2ther thin, dull-black films. which smoothiy
covered all surfaces ircluding the convolutions. no
depusits, attack. ur other 2ffects weie seen.

Each of the flexible probe tvols was ooserved to be
covered with blackish. pasty, granular materiul (Fig.
10.5). This material was identified by x ray as fuel-salt
particles. Chemical and radiochemical analyses of the
tools will be presented later.

Electron microscope phatographs (Fig. 10.6) taken of
the upstream dust showed refatively solid particles of
the order of a micron or mo ¢ in dimension. surrounced
by a material of lighter and differcat structure which
appeareid to be smorphous carbon: clectron diffraction
lines for giaphite were not evident.

o3

An upstream !-in. section of th» jumper Line near the
flange read 15C R/hr at contact; a similar section near
the downstream Nange read 350 R/hr.

10.2.1 Chemical analysis. Portions of the upstream
aud downstream powders were analyzed chemically for
carbon and spectrographically for Ethium, beryllium,
zirconium, and other cations. In addition. ?*3U was
determined by neutron activation analysis, this could be
converted to total uranium by using the enrichmen: of
the vranium in the MSRE fuel salt, which was about
33%.

Results of these analyse; are she.wn in Table 10.1.

Analyses of the dust samples show 1210 16% carbon.
28 to 54% fuel salt, and 4% structural metals. Based o
activity data, fission products could have amow:cd to
2 10 3% of the sample weight. Thereby 53 to 22% of
the sample weight was not accounted for in these
categories or spectrographically as other metals. The
discrepancies may have resulted from the small amounts
of sample available. The sample did not lose weight
under a2 heat lamp and thus did not contain readily
volatile substances.

10.2.2 Radiochemical amalysis. Radiochemical analy-
ses were obtaired for the noble-metal isotopes '' ! Ag,
194 Ru, '®3Re. **Mo, and ** Nb: for **Zr; for the rare
carths '*"Nd. '**Ce, and ' ** {2: for the daughters of
the fission gases krypton and xeron: *'Y, #7S;, 79§,
149Ba. and '>7Cs: and for the tellurium isotopes
1327e, '2%Te. ond '”'1 (tellurium daughter). These
analyses were obtained on samples of dust from
upstream and downs:ream flangss, on the approxi-
mately 1-in. section: of flexible hose cut near the
flanges. and on the first flexitie-shaft 100l used to
probe the pump off-gas exit line.

Data obtained in the examination are shown in Table
10.2, along with ratios to inventory.

It appeared reasonable to compare the dust recovered
from the upstream or downstream regions with the
deposited material on the hose in that region; this was
Jone for each substance by dividing the amount
deposited by the amount found in 1 g of the associated
dust.

Values for the inlet region were rzasonably consistent
for ail classes of nuclides. indicaiing that the deposits
could be regarded as deposited dust. The median value
of about 0.004 g/cm indicates that the deposits in the
inlet region corresponded to this amount of dust. A
similar argument may be made with respect to the
downstream hose and outlet dust, which appeared to be
of about the rame material. with the median indicating
about 0.016 g/'cm. Ratios of outlet and inlet dust values
had a mediar of 1.5, indicating no great difference
between the two dust samples.
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Fig- 10.3. Deposits on jumper line flanges after run 14.
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Fig. 10.4. Sections of off-gas jumper line flexibi iubing and outhet tube after run 14.



Tabie 10.0. Analysis of dust loom MSRE off-g= jsmnper fine

Inlet Flange (wt 2 Owtlet Flange (wt -
As Determined Coustiteent As Determaned Constitment

Li 34 7.3

LiF 12.6 Ry |
Be 1.7 42

BeF 2 .9 1.9
Zr 2.74 1.4

Z-F . 5.0 26
235y 0.358 0.596

UF‘ (total) 1.4 2.4
Carbon 10-14 15-17

12 16
Fe ~2 2
Cr ~<90.01
M ~1 1 4.5
Mo ~0.4 0.4
Al ~1 1
Cu ~0.1 0.1
FP’s (max)® - 3
Total found 47 78

®Assumes chain deposition rate constant throughout power history (includes only chsins determined).
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Table 10.2. Relative quantities of eloments and isotopes found in off-ges jumper tine? *

——

— : Semple e . Inlet Dust Ouilet Dusi Upntream Howe Downstream He e Flenible Tou!l MERE Inventery
Element or . € Yield (per @) (per @) (per 1) (per 1) (1o1a)) D::" Rate
luotope 172 (%) (107" dis’'min)
Element
Li 0,066 o.14 0,018 0,017 0.064
Be 0,087 0,14 0.006 0.010 0,04,
Ze 0.0%4 0.027 0,004 0.004 0,0000 3
Ny 0.0% 0.08) 0,000 0.023 0,001 4
C 23 32
Isotope
iag 764 o001M1 ~M ” ~ ~ N 0.4 0,238
10600 s d 0,302 10 3 n 12¢ 6.0 2,43
193gu 9.7 d 208 8.7 1" L 40 1.4 2.4
**Mo 6?7 hr 607 2.8 s 2,0 an 1.8 (TN
A V1Y s d 6.20 0,54 1.2 0,047 0,008 61.4
%2, 68 d 626 ~ 0.012 0.02% 0,000 . 0,000 . 0,0002 88,8 S
*47Nd TR 2,37 - 0,06 . 0,02 « 0,000 0,02 « 0,0000 20,0
134ce 8 d 5,58 ~ 0,027 0,039 ~ 0.001 ~ 0,04 ~ 0,0007 40.8
14ice n 4 6,44 0,0004 0,008 * 0,000) “ 0,001 « 0,0000 "
*ly saod LA 3.8 (00) 1,0 (2%0) 0.82 (1D L4 (M) 0.06 (1,0) aLS (1.00)
140g, 128 d 6,39 A6 (140) 1.8 (66) 0.7% (2m) 1.8 (130 0.1 (8,0 77,6 (2,08
8%, $0.8 yr 4,72 120 (260) 180 (320) 1 Q9 71 (180) 0,18 (0,01 30,4 (23.2)
e, 20,2 yr 6,03 1% (3000 10 (210 13 e 62 (120 LS (3.0) 2 00n
g, m oy S72 A6 (30 A (20 A0 (2% 1M 2,14 (0,280)
Vg, 7 he a2l a? 7] 1.1 2,0 0,20 60,6
129m, 37 d 048 n a1 4.6 »0 17 1,74
13y 8.08 d 2,93 i d 2.8 0,0 82 0,27 M.

—— e s o e e e P - T e S e & i 8 8 Mg

®Ratioc of amount found in sample to 107" » MSRE wnventory, The finnion product invenicry wan compited from the power history aince Riartup, ses

auming ful! power cquals 8 Mw,
values in parentheaen are correcied for fracvion of raresgan precursar entering pump howl, ansuming 100% siripping and negligihle retum In steipped

salt,
“Taken from Nuclcar Data Library lor the Fixvion Prosict Program hy M, R, Trammell and W, A, Hennenger (Westinghoune AnfroeNuclonr {.abhoratary,
Pittaburgh, Pa.:, WANLeTMES74d (rev, 1), Nov. 17, 1768, Independent yields al chain members sre given, and all yielde nommalized to 200%; yield for

129m1e differs from other publinhed valuea,
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Fig. 10.5. Deposit on flexible probe.

The electron microscope photographs of dust showed
- number of frapments 1 w0 4 p im width with sharp
cdges and mamy small pieces 0.1 to 03 4 m width
(000 A o 3000 A).

The mventory valmes wed n these calculations
represent accummbations over the cntre power hist.ry
(I:  14): the more appropriate value would of cuurse
be for thc opevating period (1; 1, ) omde:

Tty t9=0ty 1, %0ty rqexpl-Mlz 1) .

The scond twrm. represeating the effzct of prior
accamulation. is importan® vaty when values of M7,
) ae suitably kv (less than 1) So. except for

"*¢Ru. year '2°SH. 30yex *°Se. and
30-year ' >7Cs. correction is not particularly significant.
We shall frequently use the anproach

obs . ol x wmv_ (total)

we. (present period)  imv. (total)  iav. (present period)

wieve

nv. (total) . Iy, o
. (present period) [, ., 1, o exp| Mz 1))

1
U Uy el s ew M 1))
If th- orior inventory wrre relatively small.

I, 1ol 1 €1

or the present period relatively ong wiin respext to
halfdife. Mz, 1, ) > 1. then the ratio

I

e
to1al " -(present period)
pproahes 1.1t can never exceed the rati

EFP"lnlal PFP"IIM:I alter prior perind) -
(ZFPH is accumulated effective full-power hours.)

Examination of the data in terms of mechanisms will
he done later in the section.

10.3 Examination of Material Recovered
from Off-Gas Line after Run 16

At ;2 end of run 16 a restriction existed in the
oif-gas fline (line 522) near the pump. which bhzd
develnped since the line was reamed after rur, 4.2 To
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Fig. 10.6. Dust secovesc from spoiveam end of juripes line sftes rom 14 (16,009 x).
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acw e hime and revover sume of the matenal Yor
cxamination. 2 reaming ol with 2 hollow core was
attached to fexible metal rsbing. This was attached 10
3 “May pxck” casc amd deme 10 2 vausm pump
wented in 0 the off-gxs system. The May pack case beld
several scrocws of varied apertuse amd 2 filier gaper. The
specialized absorkers mommally a part of the May pack
assewbly were mot wsed.

The 1ol satisfactony opemed the ofi-gas lne. A sl
amouat of blackish das. was revovered om the Alter
paper and from the flexible tubing.

Analysis of the residue on the filter paper is shown
Table 103. The total amount of caxch ckment or
sotope was determined md compared with the amount
of “mventory” fuel salt that should comtain or had
Deodaced sach a2 valoe.

The comstituent elements of the fuc) st appear to be
preseat im quanltitics indicating 4 to 7 mg of fuel salt on
the iilser paper. as do the isotopes '*®Ba. '““Ce. and
*3Zr. which usually remain with the salt. It is auote-
worthy that 2>>U is in this group. mdicating that it was
transporied only as 2 sall comst:tuent and that the salt
was largely from runs 15 and 16.

Table 10.3. Maserinl secovered from MSRE off-¢as
ne sftex ron 16

Correcied 10 shutdown December 16. 1968

laventory Fownd
(per milligram -
o st Total Ratw (o mventory
Elements
In milligrams
L 0.116 5.80 b
| 3 now7 0.35 5
Ir 0116 04? 4
C-233 0.0067 0.03% [
Fission products
In dsmtegrations per minute
559 196 31368 1to
Cs-137 4.1F6 4.31K8 110
&-140 4.1E6 1.77k6 3
Y9! 5.2k6 1.2E8 23
Ce-144 4187 | 488 4
7595 14%6 30885 4
Nb-9S 9.4<6° 409 150°
Mo-99 live 2.76E7 90
Ru-106 286 (98EY")  151F6 400"
Te-129m 23k4 9.287 4000
1131 .01k 10

98F4
*Inventory sl to zero for fuel returned from reprocessing
Scptember 1968.

100

The isotopes *"Sc and ' 2 7Cs. whach have aublegas
precursurs with half-lnes of 3 10 4 min. are present m
sigiificantly greater pruportions. comsisiest with 2
mode o tramsport othey than by salt particies.

The “moble-etal™ isotopes > Nb. *" My, '** Ry and
129W7c were prearat i cwem grealer propurtions.
mdicating that they weve traaspurted more vigoroush
than feel salé. Comparisr with mventory 5 straaght-
forwad in the caee of 2 5dny "My and 34-day
12907,. smo much of the mncmiory was formed »
ruas 15 and 16. In the case of 36742y ' **Ru. although
a major part of the run 14 material remamns wndecsyed.
st somples durimg runs 15 and 16 show lntle 10 be
preseat m the salt: i only the '*“Ra prodwced b
133y fission is takem mto account. the relative samplc
value is high.

The fuel provessimg. completed September 7. 1908,
appeared also to have remuved subsiamtially all *5N\b
from the salt. Inventory s consequently taken a5 that
produced by decay of **Zr from runm 13 afier this time
and that produced in runs 15 and 16. Thes the
“noblenetal” clements appex 10 be present n the
material removed from the off-gas lme m considerably
greater propurtion  than  other materials. It wuuld
appea that they nad 2 mode of transport different
from the first two groups abuve. though they may not
have been traasported all in the same way.

There remains 8.05-day 3'1. The examination alter
run 14 of the jumper section: of the off-gas line found
appreciable '>'1. which may have been transferred a5
304 2" ™ Te. In the present case. esseatially all the
1311 inventory came from  short period of high power
near the end of run 5. Neas-inventury values were
found m salt sample F” 164, taken just prior (o the
erd of run 16. Thus it zppears that the value found here
indicates litthe ' 31 irnsfesred except as salt.

104 Off-Gas Lme Examinations after Rum 18

After run 138 the specimen holder installed after run
14 in the jumper line outlet flange was removed. and
samples were obtained.

The off-gas specimens were exposed during SR8 hr
to about 4748 hr with fuel circulation. during runs 15.
16. 17. and 18. During this period. 2542 effective
full-power hours were developed.

Near the end of run 18, a plugging of the off-gas linc
(at the pump bowl) developed. Restriction of this flow
caused diversion of off-gas through the overflow tank.
thence via Ene 523 to a pressure control valve assembly.
and (hen into the 4-in. piping of linc 522. These valves
can be closed when il: is desired 10 blow the accumu-



bted ovcrion salt back miv the pump bowd_ but 20c
sxmalh wpen. A flows restratos aiso dewel iped mn hime
523 mea the cod of rua 16, 20d the vave 2ucmbh was
semmed fur CXLAMMRITRN.

Data obtamed from buth sets of cxaminatives will be
described bebow

The oit-gas e spocancn zmcmbly was placed afeer
e 14 m the flmge conmecting the pmmper hae cxit 10
the entry pipe lcadmg 1o the 4-m. pipe section of hee
3522 The specomen holder was made of 27 m of
Y = 0D 0035m-wall stamless sacel tubing. with 3
fimge mueri &k um the wpper cnd. Fow dotied
17 m. of the rube: about 8 of the upper 10 m. wene
cuntained within the % . cotry pipe: all the sest of
4m. pipc section. The specimen arvays snleded 2
holder fos clectron micrescepe screewms. 3 pon of
<hosed-end diffusion tubes. 2nd 2 przabite specimen.

A hot-cell photograph of the partially sepmented tabe
affter expossee s showm m Fig. 107. The decrrm
miTosupe wroems were ot secovered. Data from the
diffasion tubes and graphitc specimen will be presented
below. In addition. two sections were cut from the
105 emsdotied section. of particels mlerest becawse
wormally 3 ine ofi-gx flow passed thiough this rebing
These scpments of tubing were then plugged. and the

art wx c-oich, Jdeantd and leached sepeatedly
wntd the keach actwity was quite low: the sections wewe
these sectioms aoc peesenied in Tahie 1 0.4,

From the cxtenior of the wbe. digidy sbowe the
spper sots. 2 thin black fake of depasited material s
rcstssod weighing abost 20 mg The tube. afeer
wmovdl o e e = shown in Fig 128 The
wnderlymg metad was bright and did ot appear to have
ateracted with the fake sabstance. Analyss of the
fake s heeam i Tabie 104.

The quantity pey contimeter was dimided by that for |
g of ficke ssbstaac: for cxch amclide: dhe gemeval
agrecent of vaees mdicsacd that they were doubtiess
the Two sectiars wese sbout | and o xg/cm respectively
(based on median ratio valers). Thrse vduwes will be
seferved o tater. Qbacrved walees we alse hown for
deposits on the spsiream handiing ~bail ™

Data were din obiaimed for fisien product oovosi-
tion on the grapl ine specimen (marrow sad wide fu0cs)
and on consecative dasoived 1-m_ scrabbed sepeonrc o7
%-in_- and ¥, 28 4D dffusion tubes 2=~ un the spper
cnds. The wpper parts of these tubes contaimed packed
sections of the granslar absorbents Al O, and NaF .

Dotz on these specimens ase shown m Table 10.5. As
wseful models for examination of the daa have mot

Fig. 10.7. OfV-gas liwe specioarn halder 5 segmented after removal. following ree 18
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Fig 10.8. Sectan of off-gs fine spocines halies showmg fvied dopusis. remuved sfuy son §8.

been found. these otz w® pot be considerce forther
Ioeve.

10.5 Examimation of Valwe Assembly
from Line S73 after Rum 18

The overflow Sme from Uhe posmp bowl opens 2

proes throngh the top of the torvidal overflon tank.
and scrminaies e the botiom of the tank. Ga: way
pass through this lime il no salt covers the exn mfo *he
overflow tank or if the pressure s sulficieni (due 1o
cdoggping of regular ofT-gas limes. ¢tc.) 10 camss Dubbling
throwgh any sait that is presont.

In 2dditewm. helimm (2bout 9.7 sid liter/min ) flows in
through two bubblers lo mezsure tie ligaid Jevel. Gos
from these bubblers. along with .ay off gxs flow. will
pass through lime 523 10 enter the 4-m.diam part of the
mam ofT-gas lime 522.

From time (o twme the salt accumslaied m the
overflow 1wk was retumed to the pump bowl. This was
acomplished by closimg 2 control valwe m line 523
beiween the overflow tank and the entry point mto line
512 The entry of the hubbler gas pressurized the
owctflow 1ank until return of the accumulated st 1o
the pump howl permitted the gas 10 pass nio the pump
howi_ the comirnl valve was then reopened.

Near the end of res 18 dugpag of e 513 which
had heer curyimg most of the offgss flow foc several
weeks. was experienced. This 533 A1ribuied 1o plugpng
m the valve axsembly . and after shuidown the assembly
was replaced. The removed equipment was transpurted
where it was segmented for cxamimation.

The vertical %-m. entry 2ad exit limes to the vawe
assembly were spaced about 39 im. 2pat. terminating n
Ormg flanges. Followmg the entry flamge the line
contimued spward. xros. ad downward lov the entry
port of the automatic control salve HCV-523. Gas flow
procecded past the plenger wmiu the cylmde: contaming
the bellows plumge- -3l and wpward into L-shaped exn
boles m thve Rage. leavr g T lve Pange horizontally .
Curved pipng ther led = 2 mamal valwe (V-523)
mormaly open. whech vxs #; cved cpward. The hote
oomtal exit pipe from this valve curved upward and then
downward to the exit Mamge.

Examination of HCV-523 did nof revea an obsiruc-
on to flow. All sirfaces were covered with sootlike
deposits over bright metal. sampues of ths were
recovered. Some amples of black dust were obaimed
frem sections of the line heiween the (wo valves.

In the noumally open V-523 the exit flow was
downward. A Blob of rounded black subsance (ahout
the size of 2 small pea) was found covermng the exit

i VoLt A R v = e
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Table 106 Asalysis of depugies fram line 5213 (vndeeswined quaneity)
L xpressed 33 oquvalent grams of mventory @it

Ratso of observed valwe t> that for | g of mventery alt

Invcntury - - N
feclg HOV-523 Lo
of fod oit vV-523
Leaxch Dust Dust Daut Dust Dust Leach
Elements
I snllgrams
[N 116 0,080 002! 0008 <0002 < 0.000% 0.00%
[ o7 i3 [ ) 0036 0003 0.033
U ®.7 [ 32} [ B B 0.3 ng2? 012 oel3 0095
U235 130 138) 28 44) 29
U238 wH 159 wh 548) 161
Funien ponducts
In drsmtegratians per smmte
S29 1.3FL0 | I o001t 0.063 0.004 0.8 035 b X
Se50 5.459 230 160 17
Y9 1 2E10 Q906 <0.90%
180 1.5E1¢ 00¥ 0.2} 0043 0938 0.002 0.01] 0922
Cs137 3 510 bd | 33 21 1.2 0.31 0.33 *»
e bl 1.9¢:1 0.00; 0.002
Cel 84 6.1F10 0.0 0013
Nd-147 Sek|0 - 003 048, 003 .00 09i0 0002 <08
Li9s 1 3% 9004 04c o7 0.006 0.0003 20015 0.006
-5 S0 33 430 27 52 (%] 92
Ru-{OL 43810 129 87 018 [ A K 46 0.036 13
R Fimb 3.5k I8 0.5 0.19 [ Bk} 4.3 0041 »
Ag-til 6.T¢g -0 300 p 160 .78 19 <
o138 293 e 82
Te-l ¥ 8 J¥Fe 5 Te0 T h4 § Y Y 63 15
i3

Fi3 sitle 13 38 15 49 0036 14

aperture. n 2ddition to 3 hard blxk depusit on the The off-gas srvice of lime $23 and its valve assembly

hexagunal side of the entry port.

was sporadic over Uhe full prios hni.> of the reactor.

Tiee black matersal which covered the V-323 port was A powd account of the amount and duration of the flow
gossy. qurte hard and frangible. and filled with bubbles s not available. and 10 2 detailed exarmination of data
1 mem m diameic . Exaaination by % w_ Pukinsor® is  terms of mechanisms related to such history will aut be

semonansed Hiempied.

The plag matetial amalyzed 447 -arbon. 0.3 beryl- The total quantitire of the various clements and
inew. and 0.1 uthana. muclides in the sainples from exch valve and the

Lexchmg by CCl; 3t rouom temperatuc ided 3 micrvening lime are shown in Table 0.6, where they are
sobution indicated by its mfrared spectrum o contaim a3 expressed as fractions of the inventory for | g of salt.
saturated hydrocarbon having comsiderable branching. In spite of unkncwnr mass and uncertain deposition
The leach residue. comprising ower two-thirds of the  schedule. several condlusions are evident. The uranium
onpnal sample. m 2l probability wa 3 saturated  was largely 222U and 220U doubtiess deposited during
crosslinked snd mnluble hydrocarbon. Tiwe source of  that phase of operations. This s substantiated by high
this material was believed to be 3 hydrocarhon (lubri-  values of **Se and '27Cs (hoth longlived) compared
<t o1 solvenl) which evaporated or decompesed 2t with 50.4-day **Sr. mdicating that the average sccumu-

dlevaied tcmperalure with vapors being carried tv ive  lation rate was higher than the recent.

valve where They condensed. Condensalion was thought The noble metals generally were relatively high: *$Nb
to be followed by crossinkmg. probably radition-  far exceeded **Zr. wd the 1wo ruthenum cotopes

nduced. 1o render the material msoluble.

("*’Ru and '**Ru) were consistent with exch other



and appreciably higher than the salt-secking substances
(Li. Be, *5Zr. '41Ce. '*%Ce. '*'Nd. '*°Ba. etc).
Silver-111 was quite high! Antimony-125 and '**™T:
were quite high. lodine-131 was lower than '**®T¢ in
exh smple. On balance the pattern is not much
diffevent than that seen for other deposits from the gas
phase. wherever obtained The absolute quantities were
not really very large. and no analysis would have been
called for had not the plugging that devzloped during
the use of this line for off-gas flow required removal.

10.6 The Estimation of Flowing Aerosol
Concentrations from Deposits on Conduit Walls

We can observe the amounts of activily or mass
deposited on off-gas line surfaces. To find out what this
can tell us about MSRE off-gac behavior. we must
consicler the relevant mechanics of aerosol deposition.
We will obtain a relation betweca the amount enter-
irg a condurt and the amount fepositing on 2 given
suriace segment by either diffusional or thermophoretic
mectanism... The accumuladon of such deposits over
axvtended operating periods will then be related to
observable inass or acuvity in terms of inventory values,
fraction to olf-gas. etc.

Diifusicn coefficients of aerosol particles are cal-
culated using the Einstein-Stokes-Cunningham equa-
tion.®

kT I
)

D=-—— (l+.4— .
omnyr r

A=125+04de VoI
where ! is the mean [ree path. 7 the particle radius, and
7 the viscesity of the gas.

The “iscosity of helium® is n = 4.23 X 10°¢T1-5/
(T0-326  (.409).
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At 3 pressur of 5 psig and assuming 2 helium
collision diameter (7) of 2.2 A, the 'nean (ree path is
calculated from the usual formula:

1= —

#(2)V/2 ng? )

where n is the number of atoms per cubic centimeter.

Values calculated for the diffusion coefixient of
particles of varivus diameters in 5 prig of helium are
shown in Tab': 10.7.

10.6.] Deposition by diffusivn. The depusition of
xrosols on conduir walls from an isothermal gas
stream in laminar flow is tle result of particle
diffusion and tollows the Townsend equation.”® which
is of the form

n=nyZ a;exp | -b X/(Q/D)] .

where n is the concent ation of gas-borne particles at a
distance X" frem the entrance and () is the volumetric
flow rate. The coefiicients a; and b; are numerical
calculated constants.

The derivative gives the amournt deposited o unit
length (n,) 5. terms of the amount entering the conduit,
ny:

b
Q

Values of the coefficients are:

n = -dnfd: = ny — Za;b; exp | -b,X/(Q/D)) .

i i
! 07.81‘;7 - t 48;!
2 0.097 70.070
3 0.032 178.91
4 0.0157 338.0

Table 10.7. Diffusion coefficient of particies in 5 psig of helium

Diameter of

particle (A) 921K 873°K
3 5.25¢) 4.880

10 473k 1 4.39E |

30 5.26F 2 4.88E 2

| 100 4.74F 3 4.40FE 3

: 100 S3IF 4 49’k 4

‘ 1.000 490F S 4.56F -5

1.700 1.74F § 1.62E §

"3t 5.89F 6 SSIE -6

L1000 7.05F 7 6.70L 7

1 30,000 7 I41E 7

t.46F

Diffusion ¢ “fficient (cm?/sec) at temperature of

4K

53K 473K

2.550 2.160 1.920
228k -1 1.95E -1 1.73E 1
2.54F -2 217k 2 1.93E 2
229t 3 1.96E 3 1.74F. 3
2.58¢ 4 2.21E & 197k 4
2.43F ¢ 209 § 1.87E §
8.R3IE 6 7.65E 6 6.89F 6
JIIE 6 27 6 248F 6
443k 7 4.06F 18K T
I.ORE 7 1.02F 7 9.75F 8




For suitably short distance lie.. X < 0.01 (Q/Db;)]
the exponential factors approach unity. and we may
write

ng alggx 27.

This is valid in our case for particles above 1000 A at
distances below about 2 n.

As a point for later reference. in the case of particles
of 1700 A in 523°K gas flowing at 3300 std cm> of

helium per minute and S psig,
X88Xx 10
n 27 88X 10 =3X 107
e 80

10.6.2 Deposition by thesmophboresis. Because the
gas leaving the pump bowl (al zbout 650°C) was
cooled considerably (temperature below SO0°F in
the jumper region), the heat loss through the cua-
duit walls implies an appreciable radiat temperature
gradient. A tempcrature gradient in an aerosol results in
a thermally driven Browsnian motion toward the cooler
region, called thermophoresis. This effect. for example,
causes deposition of soot on lamp chimney walls. The
velacity of particies smaller than the mean free path is
independent of size or composition. At diameters
somewhat greater than the mean free path, particle
velocities are again independent of diam~ter but are
diminished if the thermal conductivity of the aarticle is
much greater than the gas. (The effect of thermal
conductivity is not appreciable in our case.)

For particles in helium the radial velocity is given as

V= o.ooz«moo)%_

The radial heat transfer conditions determine both
the internal radial gradient and also the axial tempe.3-
ture decrease for given flow conditions. Simple stepwise
mode!s can be set up and deposition characteristics
calculated. Cne such model assumed %;-in -ID conduit
(1-in.-OD). slow siug flow at 3200 ;:d cm?/min and §
psig. with about S50 W of beta heat per liter in the gas.
an arbitrary wall conductance, and horizontal tube
convective loss to a2 60°C zinbient. With a 650°C inlet
temperature we found the values given in Table 10.8.
We probably do not know whe conditions affecting heat
10ss too much better than this, which is believed to be
reasonably representative of the MSRE conditions.

It is evident that for particles of sizes above about
100 A the thermophoretic efiect was dominant in
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Table 1CA. Thermophovetic deposition pasameters

estinated for ofT gas fine
Distance T e
from inbet """". c: n/mg nfng
(cm)
10 546 0.86 t2x 107
50 306 058 39 w2
100 91 046 16% 107
150 147 040 91 x 10~
200 132 0.36 63x 107"

producing the oosti>4 depositions (w,/ne was about 6
10 16 X 10™* for thermophoresis and about 3 X 107
for difSusion of 1700-A particles).

The insensitivity of thermophoresis to particle size
indicates that the observed mixture of sizes could be
approximately representative of that emerging in the
pump bowl off-gas stream.

Thus the ratio Z = n/nq of deposit per unit length,
n,, to that entering the conduit. ny. can be estimated
on a thermophuretic basis and on a diftusional basis.
The thermophoretic eiTect is appreciably greater in the
regions wher= the gas is cooled appreciably if particle
sizes are abovz 200ut 100 A. We wil) assume below that
values of Z are available.

106.3 Relationship between observed deposition
and reactor loss fractions. Four patieras of deposi-
tion will be described, and the laws relating the ob-
served deposition to the reactor situation will be
indicated.

1. Stable species in constant proportion to salt
constituents follow the simple relation ng = n,/Z. Thus,
gi-2n 2 value of Z. the total wmount entering the off-gas
system can be obtained from an observation of the
deposit on unit length. For jumperiine situations Z is
about 0.001 (within a ‘actor of 2). Steady deposition
can be assumed.

2. A second situation relates to the transpont of
nuclides which ar- not retained in the salt and part of
which may be transported promptly into the off-gas
system, for example, the noble metals. In developing a
relationship for this mechanism, we define /;_ ;4 as the
total MSRE inventory of the nuclide at time ¢,
produced after time #5. If the fra:tion of production
which goes to off-gas is fr(0\). it may be shown that n,
=Z X ff(0G) X /;_ ;. Inasmu~h as we have inventory
values at various times,

1 I-1o =1 !

- lrq exp | -Mt - 1o)] .



Thus

" 1, & m
06) = =-x -t x71
R bl Jab Uil »

In maay cases, [/l ¢y = 1.
For many of the noble metals. /7, ~ 1077 io 107%:
thereby

1 -7
— <0.001 .
fr(0C) < - X 1077 <0.001

An rxtension of this case will invoive holdup of the
suclide in 2 “pool” for some average period. If the
holdup time is significantly lower than the haif-dife, the
effect is not great and should imvoive an additional
factor e*2r.

For appreciable holdup periods and complex power
histories, imtegral equations are mot preseated. Dif-
ferentiai equations and a several-compartment model.
numerically integrated through the power history,
could be used to produce a value of the total atoms to
off-gas (me).

3. A third mechanism of transport is applicable to
fission products which remained dissoived in salt, with
some salt transported into the off-gas, either as discrete
mist particles or conceivably as small amounts accumu-
lated on some ultimately transported particle, possibly
as the r=sult of momentary vaporization of salt along a
fission spike.

If we assume a continuous transport during any
imterval of reacturs power,

dC

—=PFy - X\

o Y C
nd

dn,

—=WZC - Mg ,

dt €= g

where C is the number of atoms per g.am of salt, P is
reactor power, F is the number of fis:ions per gram at
unit power in unit time, y is fission yi'd, Wis the rate
of salt transport to off-gas in grams per unit time, Z =
ngfng. and ny is the number of 220ms in unit length of
deposit.

From these for inierval i we find:

Ci=Cije~Mi *P%(l - e~
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and
L/ _AL;
ﬂu'*lm.u.f'“'*-;—z {C'.'--.-Mf M
PF
"‘l'-' nh-Q *M‘)r‘"‘l} .

The equation for C, is evidently simply a version of the
mventory relationship. 1t appears possible to carry the
second equation through the power history. If we take
mto account the lack of transport when the reactor is
drained and assume that the rate of salt transported to
off-gas is constant while the salt is circulating, we may
write W; = WY, where f; = 0 when drained and | when
circulating. Then the WZ/A term can be factored out,
and the tetm

(- 14)=2 f; {C‘—luﬂ-ui

’ﬁ;—FY- in-a+ Miy‘“il} e MTs-Td
L.}

can F_ obtained by computation through the power
hisiory in corjunction with the inventory equation:

wZ
ng= -i-lG(r, - lg)-

The evaluation of IG(r - 1), the gas deposit
inventory. has not yet been done.

4. The final case considers the daughters of noble
gases, insofar as they are produced by decomposition in
the off-gas stream. Here the mechanism changes: The
daughter atoms diffuse relatively rapudly to the walls, so
that to a good approximation the rate of deposition of
daughte; atoms on the walls is the rate of decay of
aenon krypton in the adjaceat gas. Thus we must, for
shortJived parent atoms. define the time of flow (7)
from the conduit entrance to the point (x) in question.

Let

= o [T A purds

where p is the gas density at the point x (st T, P). Wis
the mass inlet rate of the gas, and A4 is the cross-
sectional area of the conduit.

P R T UV




We may aow show that the aucumulated acivity of
the daughier in disintegrations per minute pe- centi-
meler at 3 partivular point is

A, Ax)
Ax) €

where fi(OG) is the fraction of the parent production
which enters the conduit and 11“_,.) is the MSRE
mventory activity of the daughter for the period (1. 1g)-
Note in particular that because deposition of atoms
{rather than particulates) is rapid and the daughter
atoms are formed in flow, no Z factor appears here.
Actually the daughter atoms of noble gases are
ubiquitous in that they might deposit from the gas onto
particulate surfaces and be trausported in that fashion.
A major part i; contained m the salt and would of
course move with that. However. cither of these
alternative mechanisms is indicated to result in much
Jess deposition than that which occurs by deposition
from decay of a shortdived parent in the adjacent gas.
We now proceed to cxamine some of the cala
presented above in the light of these relationships.

MG ((OG) 24— 44 -

10.7 Discussion of Off-Gas Lime 7 sxipert

10.7.] Sait comsttwents ard mit-secking mwclides.
The deposit data for salt constituent elements and
salt-seeking nuclides can be interpreted as total amounts
of salt entering the off-gas system over the period of
exposure. using the equation presented eatlier, 7y =
nfZ.

We have avalable 10 us the deposition per unit length
on segments from the jumperdine corrugated tubing
after run 14 and the specimen holder tube after run 18.
The deposits presumably occurred by simple diffusion
of particulates to the walls, or by thermophoresis. The
thermophoresis mechanism is over 100-fold more rapid
here. For the regions under consideration. calculations
indicate that within a factor of about 2, the ther-
mophoretic deposition per centimeter would be about
0.0G1 times that entering the tube, relatively independ-
ently of particle size. A similar rate could occur by
diffusion alone for particles ol 100 A but electron
microscope photographs show?d particles 1000 to 3000
A, as weli as larger.

However. the only way for the off-gas 1o have cooled
to the measured levels at the jumper line requires radial
temperalure gradients to lose the heat, and the ther-
mophoretic cifect of such gradients is well established.

Consequently, we conclude the thermophoretic effect
must have controlled deposition in the off-gas line near

N e TR SR RN e e ™ W TR, TR o
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the pump bowl. Thus we use a value n,fg = 0.001.
Amounts of gas-bome sait estimated to have entered
the ofT-gas system are shown in Tabie 10.9.

The deposit data for the samples within a given period
are passably comsistent. Using the thermophoretic depo-
sition factor, the data indicate that the amounts of salt
enering the oll-gas system during the given perivds
wert of the order of only 2 few grums.

The calculation for the radiocctive nuclides was
crude; only the accumulation acrom russ 13-14 and
17-18 was considered, and this w as treated as 2 single
mterval al average power, prior nventory being ne-
Pecied. These assumptions should not introduce major
error, however. We conclude thi; mdicates thal major
quaatities of particulate material did not pass beyond
the jumper Lae into the off-gzs system.

About 0% of the particulate material Jeaving the
pump bow. should be trensporied to the walls by
thermophoresis in the first 2 m or so from the pump
bowl.

Diffusion alone would result in rates several hundred-
fold slower (for 1700-A particles; this vasies approxi-
mately inversely with the square of particle diameter).
Consquently, if ths mechanism controlled the ob-
served deposits, it would imply that considerably more
particulate material left the pump bow] and passed
through the jumper line.

10.7.2 Damghters of aoble gases. The deposit activity
observed for the daughter; of noble gases can be used to
calculate the fraction o} production of the paent noble
gas which enters the off-gas system. Diffusion of
daughter ator-s is more rapid than thermophoresis, and
deposition is assumed to occur at the same tube
positions that the parent noble gas undergoes decay n
the adjacent gas.

Table 10.9. FGrams of salt estimated 10 enter ofl-gas system

Russ 10~ 14,9112 hr Runs 15-18,4748 hr

Basisof  Upstream Downstream m' iy m"
o bom hose whel  trbe?

Li 2.3 4.2 0.15 0.17

Be 0.9 1.5 0.12 0.12

Zr 0.6 06

U-238 14 4

Zr9S 0.15 4 0.2 0.4

Ce-141 0.2 08

Ce-144 06 5

Nd-147 5 43
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Table 10.10. Estimated poscentage of acbis-ges nuclides enteving the of-gos buned oa deponited
danghter activity and tatio 8o thegsrtical value fur (ull stripping

Ruas [0- 14 Runs 15-19
Upsiream Downstream Specimcn bolder Specimmen holder
Gas Dewghter hose hose tobe | twbe 2
Pervent Ratio Peycemt Ratio Perceat Ratio Percent Ratio
191 -9e< Kr-89 -89 08 006 490 0.28 40 0.28 52 0.36
33-3ec Kr-90 $S2-90 0.04 0.04 017 0.19
9.3-9ec K91 Y91 007 1.00 0.003 0.04 0.004 006 0.004 0.06
1692 Xe-140 140 0.004 003 0.019 0.12 0.008 003 0.008 6.05
234-sec Xe-137 Cs13? 13 007 60 0.32 46 0.25 54 0.29
The fraction of noble gas (1) entering the ofl-gas froft )_obcnedactivity
system is calculated from daughter (2) activity: Lo MSRE inventory
inventory total \ x MSRE inventory x !

obs dismin "’ cm ™!
ﬁ“)s( inventory total );x(

iventory period/

ﬂowralex i,-’nlx _
aea X|

The values shown helyw were calculated assuming a
flow rate of about 80 cm®/sec and a delay (7,) of about
2 sec between the pump rowl and the deposition point.
All daughter nuclides which icsult from the decay of a
noble-gas isotope ar= assumed to remain where depos-
ited

The indicated percentage of production entering the
off-gas was compared with the amount calculated to
enter the ofl-gas if full stripping of all of the noble-gas
burden of the salt entering the pump bowl occurred,
with no entrainment in the retum flow, no holdup in
graphite or elsewhere, etc. The resulis as2 indicated in
Table 10.10. The magnitudes appear plausible.

Most of the v.dues for the longerdived gases (**Kr
and ' ?7Xe) are 25 10 32% of the theoretical maximum,
indicating uiat the net stripping was only partially
complete, possibl:' attributable to bubble retum, in-
complete mass transfer, and graphite holdup.

The natio values for *°Kr, *’Kr, and ' *°Xe mostly
are 0.06 to 0.04; the net stripping appears to be
somewhat less for these shorterdived nuclides. Slow
mass transfer from salt to gas phases could well 2ccount
for both groups.

10.7.3 Noble metals. The activity of deposits of
noble-metal nuclides can be used to estimate the
fraction of production that entered the off-gas system.
‘The relationship employed is

MSRE period inventory z’

whaie Z is again the r»tio of the amount deposited per
centimeter 1o the amount 2utering the off-gas system
(here, of the nuclide ia guestion). This factor as before
is approximately 0.001 T the thermophoresis mecha-
nism is dominant.

The perixd of operation was long (runs 10 to 18
extended over 380 days, runs 15 to 18 over 242 days)
with respec’ to the hilfdife of most noble-metal
nuclides, so that the ratio of the MSRE inventory to the
MSRE period inventory is not much above unity (in the
preatest case, 367-day ' % Ru, it is less than 1.1 for runs
10 to 14, and for runs 15 to 13 the ratio is below 2.7,
in wpite of the shorte: period, the Jonger prior period,
and changes in fission yield).

Table 10.11. Estimeted fraction of noble-metal

preduction entesing ofl-gas sysiem
Runs 10-14 _'_'EL"_L_
Nuclide Upstresm D ream Spec.mer SpeciTem
hove hose ' hoides
tube 1 tube 2
Nb-9S 0.000002 0.00001 0.00003
Mo-99 0.00010 0.00160
Ru-103 000012 0.03130 0.00002
Ru-106  0.00074 0.00450 0.000005
Ag-111  0.00009 0.00260
Te-129 0.00018 0.00120 0.00001 0.00002
Te132  0.00004 0.00029
131 0.00003 0.00010 0.00430 0.00002




Thee. to 2 useful approximatio »,

_obsativity percm |

floffgx) MSRE mventory xZ

We tabulate in Table 10.11 this fraction, wsing for Z the
value of 0.001 as before.

These values, of course, mdicate that only negligible
amounts of noble metals entered the off-gas system,
tenths to hundredths of one perceat of production. We
belicve that the assumptions involved i the above
estimate ave acceptable and comsequently that the
extimates do indicate the true magnitude of noble-metal
transport into off-gas_

Obviously, the estimated values depend directly on
the inverse of the deposition factor, Z If only the
diffusion mecharism were active (which we doubt), the
estimated amounts ransported into the off-gas would
be increased several hundredfold (300 X ?). Even im this
situation the estimated fractiers of noble metals trans-
poried into the off-gas would mostly be of the order of
a few percent or less.

We consequently belicve that the observed activities
of noble metals in off-gas line deposits indicate that
only negligible, or at most minor, quantities of these
substances were transporied into the off-gas system.
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11. POST-OPERATION EXAMINATION OF MSRE COMPONENTS

Operation of the Molsen Salt Reactor Experiment was
terrined on December 12, 1969. the salit draimed, and
the sysiem placed i staadby cosdition. In Samuary
1971 2 sumber of scpments were removed from
stlected components im the reactor system for exami-
wation. These incheded 2 graphite bar aad comtrol rod
thimble from the cemter of the core. tubing ad 2
seprwent of the shell from the beat exchanger. and the
sampler-cnricher mist shield and cage from the pump
bowl. The examimation of these iteos is discussed
below. It was expecient to extract parts of the orignal
reports int preparing this sumeary .

11.1 Examinstios of Depesits from the Mist Shicld

in the MSKE Fuel Pomp Dowl

kn Jamuary 197; the sampler cage and mist shield
weve excised from the MSRE fuel pump bowl by using
2 rotated cutting wheel to trepan the pump bowl top."
The sample transfer tube was cut off just above the
hitch stop pleg penetrating the pump bowl top: the
adjacent approximately 3t sepnent of tube was
imadvertently dropped to the bottom of the reactor cell
and could not be recovered. The final hgament attach-
ing the mist shield spiral to the pump bowl top was
severed with a chisel. The assembly was transported to
the High Radiation Level Examination Laboratory for
cutup and examination.

Removal of the assembly disclosed the copper bodies
of two sample capsules that had been dropped in 1967
and 1968 lying on the bottom of the pump bowl. Also
on the bottom of the howl. i and around the sampler
area, was a considerable amoumt of fairly coarse
granular, porous black particles (largely black flakes
about 2 to 5 mm wide and up to | mm thick ). Czatact
of the heated quartz light source in the pump bowl with
this material resulted i smoke evolution and appar-
ently some softening and smoothing of the surface of
the accumulation.

A few grams of the loose particies were recovered and
transferred in 3 jar to the hot cells: 2 week later the jar
was darkened enough to prevent secing the partic.es
through the glass. An additional quantity of ‘ais
material was placed loosely in the assembly shield
carrier can. Semples were submitted for analysi; for
carbon and for spectrographic and radinchemical analy-
ses. ‘The results are discussed below.

The sampler assembly a5 removed froin the carrier can
is shown in Fig. 11.1. All external surface: were covered
with a dark-gray to black film. apparently 0.1 mm or

mose i thickmess. Where tne metal of the mist shield
spiral at the top had been distorted by the chisel action,
black epgshell-like film had scaled off. and the bright
metal below it appeared wnattacked. Where the metal
Scraping indicated a dense. fairly hard adherent black-
ish deposit.

On the cage ring 2 soft deposit was noted. and some
was scraped off. the underlying metal appeared unat-
tacked. The heat of sun lamps used for in-cell photogra-
phy caused a smoke 10 evolve from deposits on bottom
surfacts of the ring and shield. This could have been
material. picked up durimg handling. similar to (Rat seen
o (he bottom of the pump bowl.

At this time. samples were scraped from the top.
middie. and bottom regions of the exterior of the mist
shield. from inside the bottom, and (rom the ring. The
mist shield spiral was then cut loose from the pump
bowl segment. and cuts were made to lay it open using
2 cutofl wheel. A view of the two parts is shown in Fig.
1.2

In contrast to the outside. where the changes between
ps (upper half) and liquid (lower) regions. though
<vident. were net mronounced. on the inside the lower
and upper regions dilfered markedly in the appearance
of the deposits.

In the upper region the depusits were rather similar to
those outside. though perhaps more irregular. The
region of overlap apprared to have the hicaviest dzpuni
in the gas region, a cark film up ‘o | mm thick. thickest
at the top. The teviemcy of aerosols to depasit on
cooler surfaces (thermophoresis) is called to mind. In
the liquid region the deposits were considerably thicker
and more irregular than elsewhere, as if fu.med from
larger agglomerates.

In the area of overlap in the liquid region, this kind of
deposit was not observed. the deposit resembling that
on the outside. If we recall that flow into the mist
shield was nominally upward and then outward through
the spiral. the surfaces within ‘he nict shield are
evidently subject to smaller liquid shear Jorces than
thewt outside or in the overlap, and the liquid was
surely nore quiescent there than elsewhere. The con-
ditions permit t'e accumulation and depositicn of
agglome rates.

The sainple cage deposits also were more even in the
upper part, hecoming thickest at and on the latch stop.
The deposit on the latch stop was black and hard.
between | and 2 mun thick. Deposits on the cage rods
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Fig- 11.1. Mgt shinid contsining sempler cage frem MSRE puwmp bool.

below the surface (see Figs. 11.3 and 11.4) were quite
irrewuiar and lumpy and in general had 2 brown-tan
(copper or rust) color over darker material; some
whitish material was a'«o seen. Four of the rods were
scraped to recover samples of the deposited material.
After 3 gamma-radiation survey of the cage at this time.
the unscraped cage rod was cut out for metallographic
examination: another rod wos also cut out for more
thorough scraping. segmenting, and possible leaching of
the surfaces.

The gamma radiation survey was conduted by
lowering the cage in Y;-in. or smaller steps past 2 0.020-
by 1.0-in. horizontal collimating dit in 4 in. of lead.
Both total radiation .nd gamma spectra were obtained
using 2 sodium iodide scintillation crystal. The radiation
levels were greatest in the latch stop region at the top of

the cage and next in magnitude at the botiom ring.
Levels along the rods were iregular but were higher in
the liquid region than in the gas area ewen though
considerable material had been scraped from four of the
five rods in that region. In all regions the spectrum was
predominantly that of 367-day '°*Ro amd 2.7.year
1255, and no striking differences in the spectral shapes
were noted.

Analyses of samples recovered from various regions
inside and outside the mist shield and ssmpler cage are
shown in Table 11.1. The amples genesally weighed
between 0.1 and 0.4 ¢ The radistion lewel of the
samples was measured using an in-cell G-M probx t
about 1-in. distance and at the same distance with the
sample surrounded by 3 Y -in. copper shield (10 absord
the 3.5-MeV beta of the 30sec '**™Rh daughter of
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' ' L3 M- ‘“ M' of 'U“ segment ""lbpﬂd n'l Fl'. of segment on lef1.
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Fig. 11.). Sempls cagn and mist shisld.
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Fig. 11.4. Depovits on ssmpler cage. Ring alsready scraped.

104 Rs) Activities mxeasured i this way ranged from 4
R (2 R/ simeided) 10 130 R4 (30 R/bs shiclded).
the latter bring on 2 0.4-g sample of the deposit on the
sanch stz3 3t the top of the sample cage.

Soectrograghic and chemsical analyses ave available on
there samples: (1) the black lumpy sterial picked wp
from the pump bowl bottom. (2) the deposit on the
latch s0p at e top of the sample cage. ad (3)
waterial sccaped from the inside of the mist shield in
the quid scgion. The material recwered from the
pamp bowl bottom comtaimed 7% carbom, 3i%
Hastelloy N metals. 3.4% Be (18% BeF;), and 6% Li
(2% LiF). Quite possibly this included some cutting
debris. The carbon dosbtiess was 3 tar o soot resubting
from thermal and radiolytic decomposition of hebri-
cating oil leaking into the pemp bowl. It is believed that
this mater’al was jarred Joose from upper parts of the
pusnp bowl or the sample transfer tube during the chisel
work to detach the mist shield.

The hard deposit on the Iach stop contaimed 28%
carbon. 2.0% Be (11% BeF,), 2.8% Li (10% LiF), and
12% metals in approximate Hastelloy N proportions,
agaim possibly to some extent cutting debris.

The sample taken from the ianer liquid region of the
mist shield contained 2.5% Be (13% BeF,), 3.0% Li
(11% LiF), and 18% metals (with somewhat more
chromium and iron than Hastelloy N); 3 carbon analysis
was not obtained.

In each case, about 0.5 10 1% Zr (about | to 2%
LF,) was found, 2 level lower than fuel sal: in
proportion to the lithism and beryllium. Uranivm
analyses were not obtainable; 5o we cannot cleatly say
whether the salt is fuel salt or flush salt. Since -ission
product data suggest that the deposits built up over
appreciable periods, we presume that it is fuel salt.

In al} cases the dominant Huastelloy N constituent,
nickel, w2s the major metallic ingredient of the deposit.
Only in the d=; 0sit from the mist shield inside the
liquid region did the proportions of Ni, Mo, Cr, and Fe
depart appreciably from the metal proper. In this
deposit 2 relative excess of chromium and iron was
found, which would not be attributable to incidental
metal debris from cutting operations. It is also possible
that the various Hastelloy N elemen's were all subject
to mass transport by salt during operation, and that
little of that found resulted from cutup operation.

We now come to consideration of fission product
fsotope data. These data are shown in Table 11.2 for
deposits scraped from a number of regions. The activity
per gram of sample is shown as a fraction of MSRE
tnventory activity per gram of MSRE fuel salt to
eliminate the effects of yield and power history:

v mn nme iy



Table t1.1. Chomical and spoctrographic anatysis of deposits from mist shield in the MSRE pump bow

o ean

Sample Radiation level Weight  Perceunt T

g WRin@lin) 08 s ooy, PercemtLi Percont Bo Percent Zr' Percent Ni* Porcent Mo® Percent Cr*  Percent Fe®  Porcent Mr*
Location (shi (mg) C (dismin~"g~")

icided)

Pump towl 1(S) 402 J1EI0 6.00 kR ¥} 08-1.0 20- 30 2-4 )2 08910 0s 1.0
bottom 231 108 71

Latch stop 130¢60) 291 143 El) 273 2.01 03-1.0 5-10 2-4 0s-10 0os |10 <0.$

180(80 363 28

Inside, W01 179 4.7 E10 3.03 .82 0s5-1.0 $-10 -4 3-8 1-4 <0.3

liquid

region

MSRE fuel 1.1 6.7 111
(nominal)

Hastelloy N 69 16 7 ) ~)
(nominal)

SSemiquantiiative spectrographic deterriination.
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Table 11.2. Gamma spectrographic (Ge-diode) anslysis of deposits from mist shield in the MERE pump bowi

o1, *SND 103, TIT M 138gp 137my, 1310, "Mz 1 aggt
Hall-hle 2.1 x 10® yeans 38 days 39.6 days 367 days 2.7 yaann 109 days 30 yeaanrs 63 days 184 days
(afier **2n)
Inventory, dis min "' g} 24 ug/s 83 EI0 JIElI0 JJEY 37Es8 20EY 6.2 E9 99EI0 soRIO
Sample activity per gram expressed
as fraction of MSRE inventory
activity/grams fuel an®
Pump bowl bottom, 023 36 s2 20 1} 2) 01):003 0.0
loose particles
Latch stop 268 364 1000 3.7 [} ] 3 0 0
_ Top
Outaide 122 167 3 104 L1 9.5 0 0
lnside 42 |¢ 2371 162 M 1000 (1] 4.3 (1] [}
Middle outside N7 s3] 646 36} 34 80 0 0
Below liquid surface
nsido No. ) 354 164 224 27 142 0.6 0 0.13:002
lnsude No. 2 463 148 92 3o 72 ” 11 0 0
Cage rod Jos 2) 692 198 187 01 0 0
Bottom
Outside {0, <60) {0, <60) 1210 167 Mn 32 0 0
\nside 1639 1929 189 ()] 7 0.3 0 0.ii

“Rackground values (limit of detection) ware as follows: **Zr, 2-9 E10;'*%Ce, 1 -2 E10;'39Cy, 2-9 E8; 1%Ag, 1--3 £9; "By, ) E8-2 B,
'Uncominly siated (as 1t value) only when sn appreciable fraction (>)0%) of obaerved.



sterals concentrated in the same proportion should
aave similar valwes.

We first note that the major part of these deposi's
does ot appear to by fuel salt. as evidenced by ow
valwes of **2r and "**Ce. The rabwes 0.13 and 0.11 for
194Ce average 12%. and this i 1o be compared with the
combimed 24% for LiF pius BeF, detevmined spec-
wographically. as noted abowe. These would agree well
il focl st had been occheded steadily 2 24% of 3

For "27Cs we note that samples below liquid leved
mside geatvally are below salt inventory and could be
occluded fuel sait, as considered above. For samples
abowe the liquid level inside, or aay external sample,
values are two (0 mine times imventory for feel salt.
Eswichment from the gas phase is indicated. Howtzeel?
has noted tha* off-gas appears to be setumned to the
nnin loop during draining, 25 gas from the drain tanks is
displaced mto 2 downstreamm region of the offgxs
from snmething more than the gas residual i the pumnp
bowl or off-gas limes at shutdown. An estimate substan-
tiating this is as follows.

With full stripping, 3.3 X 10" 7 atoms of the mass 137
chain per minute enter the pump bowl gas. Abost half
actually go to off-gas, and most of the rest are
reabsosbed into salt. If we, however, assume a fraction f
is deposited evenly on the boundaries (gas boundary
area about 16,000 cm?), the depasition rate would be
about 2 X 10*3f atoms of the 137 chain per square
centimeter per minute. Now if in our samples the
activity is / relstive 10 inventory salt (1.4 X 10' 7 atoms
of ' 7Cg per gram) and the density is about 2, then the
time ¢ in minutes required to deposit a thickness of X
centimeters would be

Hux WXIX2XX
2X 10°%

In obtaining our samples, we generally scraped at least
0.1 g from perhaps S cm?, indicating a thickness of at
least about 0.01 cm, and / values were about 4, whence
£ is about 600/f.

Thus, even if all (f ~ 1) the 137 chain entering the
pump bowl entered our deposits, 600 min of flow
would be soquired to develop their *27Cs content —
too much for the 7-min holdup of the pump buwl or
even the rest o the off-pas system, excluding the
charcoal beds.

It appears more likely that ' 2 7Cs atoms. fzum * " Xe
atoms decaying in the pump bowl, were steadily
incorporated to a slight extent in a sowly growing
deposit.

=14X IO‘-LX min.
/

The soble-metal fimion products, 3Sdey **Nb.
Mhday '* Re, 367day '**Ru. 2.7yexr '2*SH. md
107 day '27™Te. were suongly preseat in cssentinlly
al samples. In 3l cams, 35duy **Nb was present in
from decay of ** 21 im the sample.

Antimony-125 appears tc be strongly deposited m 2l
regions, possibly more strongly in the upper (gas) region
deposits. Cleardy '2*SH must be comsidesed 2 moble-
metal fission product. Tellarium-127m was also fownd,
in stromg concentration, frecurntly in smilar propor-
ton to the '?*Sh of the sample. The precursor of
127"Te is 394day '?'Sb. it may be that eastier
observations abost fissicn product telhwimn are in fact
mdmmwm
The ruthemium isotopes were presest in  quantities
compovable with thos of *SNb, '25Sb, and '™ Te.

discassed later, the activity ratio ' *?Ru/**¢ Ru would
excezd the inventory ratio, and material deposited after
appreciable holdup would have an ativity ratio
193 Ru/* **Ru which would be less than the iavertosy
value. Examination of Table §1.2 shows that in all
nlatively less '*2Ru was present, which
indicates that dtpoms were accumulated after a
holdup penod
regions above

appears to be equally true for
conclude that the deposits do not anywhere repsesent

'i

and below the liquid surface. Thus we

deposits on the mist shield interior and cage rods below
the liquid surface.

Data for 2.1 X 10°-year **Tc are available for one
sample taken from the inner mist shield surface below
the fiquid level. The value, 1.11 X 10* ugg, vs
inventory 24 ugly, shows an enhanced concentration
ratio similar to our othes noble-metal isotopes and
clearly substantiates the view that this element is to be
regarded as 3 noble-metal fission product. The con-
sistency of the ratios to inventory suggests that the
noble metals represent about 5% of the deposits.

The quantity of noble-metal fission products held up
in this pump bow! film may not be negligible. If we
take 2 median value of about 300 times inventory per
gram for the deposited material, take pump bowl acea
in the gas region as 10,000 cm? (minimum), and assume

“
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deposits 0.1 mm thick (sbout 0.02 g/cm?® ; higher values
were moted), the deposit thus would have the equ.valent
of the comtent of morve than 60 kg of inventory sait.
There was abcut 4300 kg of fuel salt; 5o on this basis,
deposits contaiing about 1.4% or more of the noble
metals were in -he gas space. At Jeast 3 similar amoust
is estimated 10 be on walls, etc., below liquid level: and
no acccunt was taken for imternal structure surfaces
(shed roof, detlector plates, etc., or overflow pipe and
tank).

Since pump bowl susfaces appears to have more (about
10 times) moble-metal fission products deposited on
them per unit area than the surfaces of the heat
exchanger, graphite, piping, surveillance specimens, etc.,
we believe that some peculiarities of the pump bowl
eaviroament must havy led to the enhanced deposition
there.

We first note that the pump bowl was the site of
feakage and ~racking of a few grams of lubsicating oil
exh day. Purge gas flow also cntered here, and
hydrodynamic conditions were different from the main
loop.

The pump bowl had a relatively high gasliquid
surface with higher agitation relative to such surface
than wac the case for gas retained as bubbles in the
main loup. The liquid shear :inst wal's was rather less,
and deposition appeared thickest <here the system was
quictest (cage rods). The same material ay; 213 to have
deposited in both gas and liquid regions, suggesting a
«ommon source. Such a source would appear to be the
gas-tiquid intesfacce: hubbles in the liquid phase and
droplets in the gas phase. It is known that surface-
seeking species tend 1o be concentrated on dropiet
surfaces.

The fact that gas and liquid samples obtained in
capsules during operation had ' °2Ru/’ °¢Ru activity
ratios higher than inventory and deposits discussed here
had '?2Ru/'°*Ru activity ratios below inventory
suggests that the activity in the capsule samples was
from a held-up phase that in time was deposited on the
surfaces which we examined here.

The tendency to agglomerate and deposit in the less
agitated regions sugyests that the overflow tank may
have been a site of heavier deposition. The pump bowl
liquid which entered the overflow pipe doubtless was
associated with a h'gh proportion of surface, due to
rising bubbles. this would serve to enhance transport to
the overtlow tank.

The binder material for the deposits has not been
established. Possibilities include tar material and per-
haps structura- or noble-metal colloics. Unlikely.
though not entirel excludable, contributors are oxides
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formed by moisture or oxygen imtroduced with purge
gases or ia maintenance operations. The fact that the
mist shicld and cage were wetted by salt suggests such a
possibility.

11.2 Cxamiastion of Moderstor Graphite
from MSRE

A conaplete stnnger of graphite (located in an axial
position brtween the surweillance specimen assembly
and the control rod thimble) was removed intact from
the MSRE. This 64.5-in.long specimen was transferred
to the hot cills for examimation, segmenting, =nd

11.2.]1 Resuits of visusl examinstion. Careful exami-
nation of all surfaces of the stringer with a Kolimorgen
periscope showed the graphite to be generally in very
good comdition, as were the many surveillance speci-
mens previvusly examined. The comers were clean and
sharp, the faint circles left upon milling the fuel channel
surfaces were visible and appeared unchanged, and the
surfaces, with minor exceptions described below, were
clean. The stringer bottom, with identifying letters and
numbers scratched on it, appeared identical to the
photograph taken before its installation in MSRE.

Examination: revealed a few solidified droplets of
flush salt adhering to the graphite, and one small
(0.5cm?) area where a grayish-white material appeared
to have wetted the smooth graphite sutfar> One small
crack was observed near the middle of a fuel channel.
At the top surface of the stringer 2 heavy dark deposit
was visible. This deposit secemed to consist in part of
salt and in part of a carbonaceous material: it was
sampled for both chemical and radiochemical analysis.
Near the metal knob at the top of the stringer a crack in
the graphite had permitted a chip (about 1 mm thick
and 2 cm? in area) to be cleaved from the flat top
surface. This crack may have resulted from mechanical
stresses due to threading the metal knob into the
stringer (or from thermal stresses in this metal-graphite
system during operation) rather than from radiation or
chemical effects.

11.2.2 Segmenting of graphite stringer. Upon com-
pletion of the visual observation and photogzraphy and
after removal of smal! samples from several locations on
the surface, the stringer was sectiorsd with a thin
Carborundum cutting wheel to provid: five sections of
4-in. length, three thin (10- to 20-nmii} sections for x
radiography, and three thicker (30- to 60-mil) sections
for pinhole scani.ing with the gamma spectrometer.
Each set of samples contained specimens from near the
top, middle, and boitom of the stringer. The large
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specimens, from whick surface samples were subse-
quently milled, included (in addition) two samples from
intermediate positions-

11.23 Exrmimstion of surface samples by xtmay
diffraction. trevious attempts to dewermine the chemi-
cad form of (ission products deposited on grajhite
aurveillance specimens by x-ay reflection from flat
surfaces failed to detect any clement except gravhitic
cabon. A sampling method which concentrated surface
impuri‘ies was tried at the suggestion of Harvis Iunn of
the Analytical Chemistry Division. This metnod -
volved lightly brushing the surface of the graphite
stringer with 2 fime Swiss pattern fle which had 3
curved surface. The grooves in the file picked up 3 small
amount Xf surface material, which was transferred into
a glass bottle by tapping the (Tle on the lip of the boutle.
In this way. samples were taken at the top. middle, and
bot*om of the graphite strimger from the (uel-channel
surface, from the surface in contact with graphite, >nd
from the curved surface adjacent to the control rod
thimble.

Three capillaries were packed and mounted in holders
which fitted into the x-ray camera.

Samples from the fuel-channel susfaces yielded very
dark films, which were difficult to read. Many weak
lines were ooserved in the x-ray patterns. Since other
amalyses hau shown Mo, Te, Ry, Tc, Ni, Fe, and Cr 10
be present in significant concentrations on the gravhite
surface, these elements and their carbides and tellurides
were searched for by careful comparison with the
observed patterns.

In all three of the graphite surface samples analyzed,
most of the lines for Mo, C and ruthenium metal were
certainly present. For one sample, most of the lines for
Cr4Cy were seen. (The expected chromium carbide in
equilibrium with excess graphite is Cr,C;, but nearly
half the diffraction lines for this compound were
missing, including the two strongest lines.) Five of the
six strongest lines for NiTe; were observed. Molybde-
num metal, ‘ellusium metal, technetium mewa, chro-
mium metal. CiTe, and MoTe; were er-hided by
comparison of their known pattern with the observed
spectrum.  These obsmrvations (except jor tisat of
Cr,C;) ar: in accord with expected chemical behavior
and are sgnificant in that they epresent the first
experimentil identification of the chemical form of
fission products known to be deposited on the graphite
surface.

11.2.4 Milling of swisce graphite samples. Surface
samples for chemical and radiochemical analyses were
milled from the five 4-in.-long segments from the top,
middle, bottom, and two intermediate locations on the
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graphite stringer using a rotating milling cutier 0.619 in.
in diameter. The specimen was clamped flat on the bed
of the machine. and cut:t weve made from the flat
fuel-channel surface and from one of the narrower flat
edge surfaces on both sides of the fuel channel. The
fatter surfaces contacted the smilar surfaces of an
adjpcent stringer in the MSRE core. Afier the sample
was clamped i position the milling wachine was
operated remotely to take successive cuts |, 2, 3, 10.
20, 30, 245, 245, and 245 mils deep to the center of
collected im a tared filter bottle attached to a vacuum
cleaner hose during and after each cut. The filter bottle
was a plastic cylindrical bottle with a circular filter
paper covering 2 number of drilled holes in the bottom.
Thes technique collected most of the thinner samples
but only about half of the larger 245-mil sumples. After
each sampling, the uncollected powder was carefully
removed with the empty vacuum cleaner hose.

Before sampies were cut from the narrow flats the
comers of the stringer bars were milled ofl to a2 width
and depth of 66 mils to avoid contamination from the
adjacent stringer surfaces. Then successive cuts 1, 2, 3,
10, 20, and 30 mils deep were taken. Finally, 2 single
cut 62 mids deep was taken on the opposite flat
fuelchannel surfzce. Only the latter cut was taken on
the two stringer samples from positions halfway be-
tween the bottom and middie and halfway between the
middie and top of the stringer.

11.2.5 Radiochemical and chemical amalyses of
dissolved in a2 boiling mixture of concentrated H, SO,
and HNO; with provision for trapping any volatilized
aclivities. The following analyses were run on the
dissolved samples:

1. Gamma spectrometer scans for '®¢Ru, '25Sb.
134Cs.'37Cs." 'PAg. ' 4%Ce.?* Zr.**Nb.and ¢°Co.

2. Separate radiochemical separations and analyses for
89Sr. ?9Sr, '27Te. and *H. A few samples were
analyzed for ** Tc.

3. Uranium analyses by both the fluorometric and the
delayed neutron counting methods.

4. Spectrographic analyses for Li, Be, Z1, Fe, Ni, Mo,
and Cr. (High-yield fission products were also lonked
for but not found.)

Ursnismn and spectrugraphic amalyses. Table 11.3
gives the uranium analyses (calculated as 222 U) by both
the fluorometric method and the delayed nevtron
covnting method. The type of surfaces sampled, the
wumber of the cut, and the depth of the cut for each
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Tobde 11.3. Chemical anulyses” of milled somples

o [
Sample Cot and Dz:. T““’ u. e, delayed Li ppm be, ppmn Zs.ppm -;:’
newtyon
] 1 Blank 0-6 <10 <2 - -
2 2 Bhank 61 i 0.1:003 <2 <t - -
3 i FC 0-2 n 32518 30 320 1600 -
4 2FC 1-3 {1 »9:12 340 170 - -
5 3IFC 3¢ | 115:08 - - - -
7 SFC 16-36 2 26+02 - - - -
11 S FC 556-801 3 25:03 310 200 - 820 Fe
i2 1E 02 <l 227:35 50 190 - High Fe
13 2E 2-3 <30 86:2.2 110 50 - -
14 3E 3-6 9 55:0.7
i7 ¢E 3666 3 $0:03
18 1 Deep 0-§2 2 24:0.1 © b - -
9 I FC 0-5 21 215: 06 20 150 970 Me.1100 Ni
20 2FC -7 9 10.1:08 190 100 - -
2 3FC 3-10 4 75:04
23 5 FC 16 -40 <1 027
% s FC 311-55% <2 08:06 10 610
n 1E 0-3 3 38:92 150 % 1400 High Fe
b2 3 2E 1-5 <3 5%:0.1 230 110
» 3JE 3-3 3 57:04
3 1 Deep 0-62 4 33:0.1 0 50 70 150 Ni
32 1 Desp 0 62 14 130:02 120 % 90 180 Ni
33 1 FC 0-9.2 12 isl1=13 1400 2% High High Fe + Mo
k 2FC 0-3 3 292:13 410 M0 500 2900 Ni
35 3KC 3-6 18 200:09
36 SE 16-36 1 25:0.1
39 6 FC 36-66 3 35:01
43 1E 0-1 51 118: 6 1000 400 $000 High Fe
44 2E -3 % 6:18 40 210 550 220 Ni
45 3E 3-¢6 74:07
43 6k 36-66 2 36:02
49 1 Bhnk 0-2 <10 <2 ~ -
50 2 Bhank 2-30 <1 0.1:004 <7 <03 <40 <70 Ni

“Dashes in the body of the table represent asalyses showing mone presest. Blanks indicate the analyses were not done.

number is the number of cut towand the imterior stasting at the graphite surface. “FC™ siands for a fuel channel sutface.

“E” (o1 2 narrow edge susface. and “Deep™ for 2 first cut about 62 mils deep from 2 fue’ channel swrface.
“~High™ indicates an unbelevably high concentration (several percem).

sample are also shown in the table. Samples between 19
and 29 were inadvertently tapered from one end of the
specimen block to the other so that larger-than-planned
ranges of cut depth were obtained. Samples from 3 to
18 were taken from the topmost graphite stringer
specimen, those from 19 to 31 and sample 36 were
from the middle specimen, and those from 32 to 48
were taken from the bottom specimen.

In view of the fact that the uraniun. concentrations
were at the extcerne low end o the applicable range for
the fluotometric method. tne agreement with the
delayed neutron counting method was uite satis-
factory. The data suggest that the sizable variations

between different surfaces (eg., the three deep-cut
samples 18, 31, and 32) were real. Sizable variations
also exist in uranium cc veentrations in the deep interior
of different regions uf the stringer. These values range
from 2.6 ppm at *he top to 0.8 ppm at the middle to 3
ppm at the bottom.

The concentration profiles indicated by the data in
TYable 11.3 were generally similar to those previously
observed both on the surface and in the interior.
Concentrations dropned a factor o 10 in the first 16
mils. A rough cakulation of the iotal 22°U in the
MSRE core graphite indicates about 2 g on the surface
and about 9 gin the interior of the graphite. These low



values indicate that uranium penciration into modera-
tor graphitc: should not be a serious problem in
large-:cale molten-salt reactors.

The fact that flcorometric values 1or total vranum
and the delzyed neutron counting values for U
agreed (with the ?°U value usually buger thaa the
total uraniuin value) imdicates that little uramium
remuined in the graphite from the operstion of the
MSRE with 22* U fuel. Appareatly, the 2>*Uand **U
previously in the graphite underwent rather complete
isotopic exzhange with *°°U after the fuel was
changed. The finding of 150 to 2900 ppm nickel in 2
few of the surface samples is probably real. The main
conciusions ‘rom the spectrographic analyses are that

11.4, toptlmmmetypeadloamd‘sufm
sampled, the number of the milling cut, and the depth
of the cut for each sample.

11' m ltsgv '.‘RII, 'I.A‘, ’sNb.Illd l2‘l-|-e
shn wed concentration profiles similar to those observed
for noble-metal fission products (**Mo, '2%Te, ! 22 Te
103 Ru, '**Ru, and ** Nb) in previous graphite surveil-
lance specimens, that is, high surface concentration®
falling rapidly several orders of magnitude to low
interior concentrations. The profiles for **Zr were of
similar shape, but the mierior concentrations were two
or three orders of magnitude smaller than for its
doaghter *5Nb. It is thought that *3 7 is cither injected
into the graphite by a fission recoil mechanism or is
carried with fuel salt into cracks ir the graphite; the
much larger concentrations of **Nb (and the cther
noble netals) are thought 1o result from the deposition
or phting of solid metallic or carbide particles on the
paphite surface. The **Sr (33-%ec **Kr precunsor)
profiles were much steeper than those previously
observed in suveillance specimens for *®Sr (3.2-min
$9Kr precursor), as expected. An attempt to analyze
the stringer samples Jos **Sr also was uasuccessful. it is
difTicult to analyze for one of thesse puse beta emitters
in the nresence of large activities of the other.

Surprisingly high concentrations of tritum were
found in the moderator graphite samples (Table 11.4).
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The tritium coacentration decreased rapidly from about

10'’ dis min~' g’ at the surface to about 10° dis
min™' g7' at a depth of ¥, ¢ in. and then decreased
slowly to about half this value at the center of the
stringer. If all the graphite in the MSRE contained this
much tnrium, then about 15% of the tritiom produced
during the entire power operation had been trapped in
the graphite. About half the total trapped tritium was
in the outer Y, 4-in. layer.

Similarty high concentrations of tritium were found
in specimens of Poco graphite (a graphite characterized
by large usiform pores) exposed to fissioning salt in the
core during the fimal 1785 hr of operation. Surface
concentrations as high 23 4.5 X 10’® dis min~' g*
were found, but interior concentrations were below 10°
dis min~' g7'. much lower than for the mod:rator
graphite. This suggests that the graphite surface is
saturated relatively quickly but that diffusion to ti.e
interior is slow.

If it is asumed that the surface area of the graphite
(about 0.5 m?/g) is not changed by irradiation (there
was no dependence of tritium sorption on flux), there
was 1 tritium per 100 surface carbon ator=. Since the
MSRE cover gai probably contained about 100 times as
much hydrogen (from pump oi' decomposition) as
tritium, 2 remarkably complete coverage by chemi-
sorbed hydrogen is indicated

An overall assessment 0v tritium behavior i. the
MSRE’ and proposed MSBR’s*® is presented elsewhere.

The data on fission product deposition on and in the
graphite, based on Table 11.4, have been caiculated as
(observed activity per square centimeter) divided by
(inventory activity/total area), ss was done for surveil-
intensities, shown in Table 11.5, can, of course, then be
compared with values reported for other nuclides, other
specimens, or other times. If all graphite surfaces were
evenly covered at the indicated intensity, the fraction
of total inventory in such deposits would be 74% of the
relative deposit intensity shown. For top, middie, and
bottom regions and for channel and edge (graphite-to-
graphite) surfaces, values are shown for surface and
overall deep cuts.

As in the case of surveillance specimens, ntensities
for salt-seeking nuclides are at levels approprinse for
fission recoil (about 0.001), the noble-s doughters
(**7Cs and “®Sr) are 10 to 20 tinwes as high, and the
noble metals notably higher. though, 7; we shall see,
not as high on balance 33 on metals. Wh.cre comparisons
can be made, most of the deposit was sadicated to be at
the surface. Values for **Nb are far sbove *5Zs,
indicating that **Nb \/as indeed deposited; the graphite

1
|
|
|
|

e e e e Mt e e e e o ke ol e —




14

Ry deagt,, pur .-..._..:.. .-..- PR ..c

<Aipapandsn) ' isug i aHGdRIN sy} JO susuIAdE WOlENg PUR ‘AppiW ‘dot sl woly soqdui™ (Uesaidod @ PUB ‘L "OIRJING OUURYD (0N © W0L) deSp SRW 29 INOQR IND 5N
..é:.. _-.:.-.7 _o.... ] .3 ..x.-.. .b _: .o....::.. -:...?B oyt e hylams .c..o.e. 2: .:-!... ns _c .BE.. ' ML VL IequIny JYY

649’4 :...oo o_ 16’9 o'y o..ao | £ {3 |6 ol4e's 6407 6d¢'c [ £ TN
1ALl 84901 Nd¥ DIHTE AC> OQUHLL'L  €H0°1 RAWTI> OuTE WALS> TIILES  OLARB 11361 O1AEHT OC O sdwardoy  ax
iYL (N2> o1l > 840'L LA ;7> A ol396't O1ANT'T quuy du), is
6L’ PHLO'L 9960 9{EY'P > 9qon'! s406'C sHC 1> $AL>  6HIE>  93T0'L 93I9R 9I6CT Q¢ T RUriq Yoy of
oUfYY 9498 LMCT LMvet 401D LASTC LALLL 9AvSL 94O0'L> s36>  LArt L360'§ L3 TO wequiyp 60
oLt wANCH LYY [ Ei AT K[ TN ) LT Lo 8AL0'S T1305'1 64901 8I0¢R  BASKE [} L K4 | 2 2
OIARL'S &LTL  BHT™ RYS'C> OLANE'P OUAIYY OI1RILD SACHT B4LER BARL> TIA6¢'R 01790'% Oliv69 0l1450¢ 10 134
AELL ity 9#ll> SALC> L3169 L6911 BHCHT sACIC 932> Oot3Av> 9361’9 (LASE> L4l> 0% 95¢ (4]
RA69'S 9H(TC 949 4l> 14E> NACC L RGO 93> QIAO'I> (H20Ts RINO1  LACLE WIE 99 (1] ]
Live't 99ty {9 1> 4Ll LR0T'e 93L'E> OlACE>  BALTL  RABCR  BULTC 9N 13
L'l LR > &4l>  wdisy w499°L  LiLt't B49L°T 1Lamee 63T 636 6FLTN 9t st
LR[S AN TS & OLAPI'L  #HLYYP  64CI'8 RACKS B SALS'L TIAKOC OIISL'  6I51°L 64905 [0 ”°
4IN'9  &ACY  4FAC> 11N> O1480's DI14LO'L 67890 6HLC| 63T> C1ACI'T 11ATT® 11361p 11796 20 O (1%
SOV LHOCE (1912 L8> &HCT et &FCeT gLl R19e0 LAT'I™ NANT  64vE'S 63290 635K I9 0 <t
o108's RNl (9> mHI>  AT>  mHot'l 649’ wHCI'6 LHIL'G (16> 11706’ 67R06 01A9R'Y  6HAEE (9O 1t
6166'T 94CS'C 94ILC 249> aamit Ar's LAOKPE 9Ar> OLAYR'E  LA6LP  LAVCL  LALOY 9€ 9 o¢
600 T< 9ACL 94L0L ALY RAD'Y  6HPE'Y WARD'S LHENY LALE'T 11Avz'?  RA6CT  RICRL  LAC6e § 114
01961 BALL'L LA™  LHP>  4HOS'R  44IS'P  4HAL9N 6108’8 RAMY RAPS'T THIATT'Y  6F16T  63C1L 53016 £o (X4
B9 gL 9HCS I cIeFs LAt wt> Risee 9I¢>  014ES  936L'S  646°CS 948> 9¢% I1¢ 9
niseL oL 9¢ "
s361¢ L K] (4 or N (%4
(Y144 ] . 9 4 4
o14¢0'1 oot 630%°( t [\}4
GHIL'S MACLT LS (9> DIASTL 63999 oOldci’'l s301'1 BI¥6'C BATT'S TLALS'l OLATT 63076 6360 $0 6l
S4RP'C L50'1 LiHe'L™  LHl> N> NAT>  GHCVL wdet'T LAl L3> NALTL 6389 63R0'9 6A5K1 29 O L1}
or4sL’l aIst't LAn> a.._s_ SIM'Y  6A9E'S BANP'L BH0P'L 84T9°¢C T1A65'1 O1IALOL O1ATHY  6dlOE 2o 4|
e 9 Al> vir> LAS> 9T mAKl BAKOC 93> SAL>  LWOT  LACE> LA1> 08 98 X Io 1]
14109 $HL> 94( > LAUP>  LHL1'L B9y 1 BT 9HLIS  64rS>  9qcd'dr LAT™ 9IRS ($5 ¢ AR RN ot
8901 9Lt~ L L (&) 2691 LACTL sA00'C LATEE s36™ 01 KL LAY LA06T UL TNE 99 LA L [
&0t oLt L E [ B L0 IRl LA69'T 94102 9qe'e> 616> 8396’1 8ATOT  Lile'T L9 9 1. ]
sASE'L 9l ”L> LA 64PT°1 RA96°C 94IR'E 949'¢™>  O0141> RIOSC RIMS'T  RALOY £ 9L L
e4sL'1 Litg'd t4> LALT'S  SARL'C AA6P'C 9H6LP LA9>  Old4e>  RACT'S  8ATL'E  8INY (L1 9 9
61179 LALL'S LELI ] AL &HRR‘'C RIGC'T 9> LASLT A 63V 64R0'1  BAS'S Lt ¢ 1)
QLAITL  LtAv'Y LA SIS BATY Il RASCT (A9 €1~ RAIMBT LIALT>  64IvVE  BAMLE  6dNITL ! [
DIHTE'S ML C RABP> OI4R(>  od6PR 6HL'R 6701 RAC> Ofe~ 641>  TIAP> OlIS6'R OIFALEL oOldl'x 0 €
2 ARC'T SNy LE11 8] L3> 9% 3> e ri6> BAL> $ACS8 s38> o€ 9 e
a.._:. L4490\ Lice't > 9HIT9  syeL's  MAR>  SHI> $36> 6iL> 9AP> SHPN 90 ...._J.......h |
x. f)ge My Mgt Zga My Mee et "Dt 'Lae Iorr INge  2lier MMgar S:cnn s pHak Y
T T e §9-L1-21 uo snydmall jo wiesd 1od apnupu sad suoprslaiuinid yideq) purin) - Ndweg

!s.._-_.. ..-..z.- .x..;-l JO 1ouANUE [EMWONIOIPEN P ) | quL



125

Tohie §1.5. Fimioa produces in MSRE graphite con: bar after sesayval in cusnlst ve vulues of sadie to inventasy

Lot Type :::: 137, Mg 18es, 8y, g I8p, 17 125
Top Clusnel U 2 0.0008 0007 0.0007 oM* o011 0924 041
0 30 0087 0472 00032 OLOMN 06 214 00% 050
Fdge 0-2 00008 0006 00005 00007 0.12 AnY? 233 3333
aipe 0-62 00007 0038 0.30 038 048 o
Maddic Chaanet 0-3 00 o030 0002 031 0.03 o.10 9.11
0-350 0071 0003 o2
Edge 0-3 0013 0014 00008 OJ008 0.15 0021 0013 0.2¢
0-36 o0 00 00011 00009 026 00X 0o0Iis 025
Edige 0-62 003 0075 00004 1.00 1.16 0.94 214
Edpe 0-62 0037 oo08l 002! 00023 0353 029 040 o7
Battom Chowaei 0-3 0001S oO0l4 00012 08011 049 [T, ) 036 048
0 300 0.0 0017 000 09011 058 0.14 043 o
Edge 03 00017 0006 00015 00015 043 007 ol4 017
Saventery (ds/men per gram of fs)
6269 615y 3S9E10 9910 13EI0 133Ey 2089 17ES
“haclades sgaificont < val.es

valwes 2ppear 1o be higher Tham those reported im the
next section for metal serfaccs, bet the pasage of a
dozen half-lives between shutdown and determination
may have reduced the precision of the data.

113 Examimstion of Hest Exchangers and Contrel
Red Thimble Serfaces

Among the specimens of component surfaces excised
from the MSRE were two segments of costrol rod
thimble and one each of heat exchanger shell and
tubing. In addition to the fission product data we
report here, these specimens were of major imterest
because of grainboundary cracking of surfaces com-
tacting molten salt fuel, s discussed elsewhere.’®

Successive layers were removed electrochemicalty
f.om the samples using methanol— 10% HCl as electro-
lyte. These solutions were exam.iwed both spectro-
graphically and radiochemically. The sample depth was
calculated from the amoun’ of nickel and the specimen
geometry. etc. Cracentaation profiles (relative to
nickeld jor the fuel side of the specimen of heat
exchanger tube are showm in Fig. 11.5 for constituent
clements. fission product t=flurium, and various fission
product nuclides. It i; of in‘erest to note that concen-
trations 3 mils below the sirface wer: | to 10% of
those observed near the surface. Value; this high could

be the resslt of a3 gram-boundary tramsport of the
nuclides

For the various samples. deposit concentrations were
obained by summing the zmounts determined in
successive layers. Thase are shown. expressed as ratios
10 inventory corentration divided by total MSKF area
(30X 10* cm?).in Tabie 11.6.

As discussed for surverilance specimen and other
deposit data. this ratio. the relative depcsit mtensity,
permits Jirect comparison with deprsits on other
surfaces. for example. graphite. To calclate the frac-
tion c. inventory that deposits on a rasticalar kind of
surface. the relative deposit intensi’y should be mulsi-
plied by the fraction of MSRE surface represented by
the deposit. The metal surface was 26% of the total
MSRE surface.

The mnst strongly deposited nuclides were ' ?*Sb and
1277¢, with most values above 1, indicative of a2
selective strong deposition. The variation in values from
surface to surface suggests that generalizing any value to
represent all metal surfaces will probably not be very
accurate. Also. no values are available for certain large
areas ~ in pasticular, the reactor vessel surfaces. In spite
of all thers caveats, the data here for teflurium and
ntimony ate roaasent with similar data from the
various surveillance specimens in indicating that these
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clements are very strongly deposited on metal surfaces.
as well 25 somewhat less strongly on graphite.

It is sufficent here (0 nokc that less sircmg bt
apprecible deposition of rutheninm. technetinm. and
atobi sm was found.

ORNL- DWG 71- 7906
HEAT EXCHANGER TUBE

1 2 3
n-=/-’."-.?.—'—'cr :
. - —v—Fe :
-z: :
10 . mmma v Mn
-3 N

CONCENTRATION RELATIVE TO Ni

S WD |
0 1 2 3 4
DEPTH (mils)

Fig 11.5. Concentrstion profiles from the foul side of a0
MSRE beat exchonger fobe meassred shout 1.5 years after
reactor shetdown. (Artows indicate lewel was bess than of equal
to that given.)

11.4 Metal Tramsfer im MSRE Salt Circuits

Cobalt-60 is formed m Hastelloy N by neutrue
activation of the minor a3moust of **Co (0.09%) put in
the allov with nickel: the detection of **Co activity in
bulk metal serves a3 2 measure of its uradiation history.
and the detection of **Co activity on surfaces should
serve 25 3 measwre of metal tramsport from wradiated
regions. Cobalt-60 deposits were found on sepments of
coolat system radiator fube. on heat exchanger tubing.
md oa core graphite remowved from the MSRE in
Janzuacy 1971,

The xtivity (oumd on the radiator tubimg (which
received 2 completely negligible seutron dosage) was
Dout 160 & mm ' cr . This must have been
tramsporied by coolamt salt flowing through heat
exchanger tubimg activated b - delayed meutrons m the
feel salt. The heat exchanger tubing exhibited sub-
surface activity of sbout 3.7 X 10* dis/min per cubic
centimeter of metal. corresponding 1o 2 delayed meu-
trom flux i the heat exchanger of about 1 X 10°®_If
metal were evenly removed from the heat exchanger
and evenly deposit-d on the radiator tubing throughout
the history of the MSRE. 2 metal transfer rate at full
power of 2bout 0.0005 mil 'year is mdicated.

Cobalt-60 xcrivity n excess of that induced in the
heat exchanger tubing was found on the fuel side of the
tubing (3.1 X 10° dis mim ' cm ) 2nd on he samples
of core graphite taken from a fuel chanmel surface (5 X
1% 1o 3.5 X 107 dis min "' cm 2 ). The higher values
01 12 core graphite and their consister.cy with fluence
oty that rdditional activity was induced by core
neutroas xtin: on **Co after depusition on the
graphite.

The reactor wesie! (nd annulius) walls are the major
metal regions subject to substantial neutron flux. If
these served as the major source of transported metal
and if this metai depusiled evenly on all surfuces. 3
metal loss rate at full powst of about 0.3 mil/year is
indicated. Becaus: deposition occnrred on both the
hotter graph.te and cooler heat exchanger surfaces.
simple thermal transport s not indicated. Thermo-
dynamic arguments preciude oxidation by (uel.

One mechontsm for the indicated metal transport
might have 10% of the 1.5 W/cm® fission fragment
energy in the annular fuel within 2 30-u range deposited
in the metal and a small fraction of the me‘al sputtered
into the fuel. About 0.4% of the fissin fragment
energy entering the metal resulting in such transfer
would correspond to the indicated reactor vessel loss
rate of 0.3 mul/year. I this is the correct mechanism.
reactors operaiing with higher fuel power densities



127

adpcent to metal should exhibit propurtionstely higher
loss ratzs.

11.5 Cesiom lsatope Migration in MSRE
Graphise

Fission pgroduct concentration profiles were obtamed
on the graphite bar from the center of the MSRE core
which was removed carly in 1971, The bar had been in
the core since the begimning of operation: it thus was
pussible to obuzim profiles for 2lvyex ’°Cs 2
neutron capture progwct of the stable * 3>Cs dawghter
of 527day '?’Xe) a5 well a5 the 30year *>7Cs
draghter of 3.9min ">7Xe. These profiies. extending
to the cew:~1 of the bas. are shownia Fig 11.6.

Graphite su-veillance specimens exposed for shorter
periods. and of thinmer diwrensions. have revealed
similar profiles for “?7Cs.* Some of these. along with
profiles of other rare-2as daughters. were sxed n 20
analysis by Kedl” of the behavior of st.wtlived noble
gases im praphite. Xewm diffusion aad the possible
formation of cesium carbide im moliensalt reactors
have been considered by Baes md Evans.*

An zppreciable litera ure on the bekavior of fission
product cesium im nucl-ar graphite has been developed
in stadies for gascooird rextors by British iwvesti-
gators. the Dragon Poject. Gull Gemeral Atomic
workers. and workers a1 ORNL

The profiles shown in Fig. 11.6 mdicate significant
diffusion of cesium atoens i the graphite after their
formation. The 5.27-day halfdife of * 22 Xe must have
resulted in a fairly even comcentration of this sotope
throughout the graphite and must have produced a flat
deposition profile for "3>Cs. This isotope and its
neutron product ' 24 Cs could é. fuse to the bar susface
and could be taken up by the salt. The * **Cs profile

shows that this occarred. The * >*Cs comcentration that
would accommlate m graphite if wo diffusion occmrved
has bees estimated from the power hisiory of the
MSRE t0 be sbomt 2 X 10'° aoms per gam of
graphite (higher f pump bowl xemom stripping is
meflicient). assuming the local newtron flux was 2
minimum of fowr times the average core flux. The
observed ' 2*Cs comcentration s the bar center, where
diffesion effects would be least. was about 5 X 16°*
atonss of ' >*Cs per gram of graphite. The agreement is
"ot weerssonable.

Data for 30-yexr ' *7Cs are showm im Fig 11.6. Fox
comparison. the accumlated decay profile of dhe
parent 3.9-wim '*7Xe is shown a3 2 dotted lnz in the

QRan, -Sug 7¢- 1Py
j

- acCumL ATED Tae

Y DURTEGRATION [e3r)
o 07; - . . .

i N !
s \ H
LY ) -
- 0% ey '
3 & :
* raew .
g w7t S
- \ - ———
§ \ :
) IO" - % g
§ SAR CERMTER LE :
= -c"‘ S
3
wo? i
0 WO 200 0 400 S0C 600 700 800

OEPT™H (meis)
Fig 11.46. Concentrstion of crsiom isstepes in MSRE come
gaphite ot gven distances from focl chunael susface.

Table 11.6. Finion products on sfaces of Hastelloy N after terwminstion
of operation exporwed s (obueyved dis min ' cm 7 WISISRE imventery/sont

MSRE swface )

Sweface -!:ll_;, bl " S ”r g, %0 ;"TC I3y
Controf rod thimble, bottom 014 5.2 1.5 050 165 L 5 |
Controt rod thinble. middie 1.0 073 058 042 [ K] ] i4
Mist shield owtside. lquid 0.26 073 0.7 0.38 0 28
Heat exchanger . shell 0.33 1.0 0.10 0.19 14 b7
Heat exchanger. tube 0.77 1.2 0.1 054 26 4.3

MSRE inventory divided by sotal MSRE sseface aves (dis mm ™' cm ?)

8.3F]10

oS

3.3E10 3.36y 2.09 3.7E8
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wpper left of the figure. This was estimated assuming
that perfect stripping occurred im the pamp bowl with a
mass tramsfer coefficient from salt to ceatral core
paphite of 03 f/® and 2 diffesion coefficient of
xemon in graphite (10% porosity) of 1 X 107%
C"Iﬂ.l.

Near the swiface the observed ' >7Cs profile is lower
than the estimaied depsition profile: ‘»ward the center
the observ=d profile apers dowaward bat is about the
€s imted deposition wwofile. This patien should de-
velop il diffesion of cessom occumed. The central
comcentration 18 about one-third of et cear the
sface. Steady diffusion imto 2 cylimder'' from a
corsuant serface scurce to yield 2 similar ratio requires
that D/ he aboezt 0.14. For a cylinder of 2 cm radins
and 2 it circulation time of 21,788 lw. a cesism
diffesion coefficient of about 7 X 10™° cm?/sex is
ndicated.

Data developed for cesimm-in-graphite relationships in
gas-cooled reactor systems’ * 3t temperatuses of 800 to
1100°C may be extrapolated to 650°C for comparison.
The diffesion coeflicient thereby obtained is slightly
below 107" °: the diffusion coefficient for 2 gas (xenom)
is sbowt i ¥ 107 cm’/oec. Sume form of serface
diffesion of cvism seems indicased. This .- further
substantizeed by the sosptiva behavior mooved by
Milstead' * fox the cesinm-—-mucicar-graphite sysiem.

In partice’s. Milstead has shown that 2t lemperatwres
of 800 o | 00°C and corcentrations of 0.04 to 1 .6 mg
of ceoum ger gram of graphite, cesimm sorption om
Daphite follows a Ficuadiich isotherm (1.6 mg of
cesium on | m® of graphite smrface corresponds 1o the
seteration ssiface compowad C3Cs). Below this. 2
Languuiv isotherm is indicated. In the MSRE graphite
wnder ¢ asideratica the ' 2 7Cs content was abowt 10'*
stomn per gravo of gaphie. and the 133 aad 135
chaims would provid: similar amownts, equivalent 1o a
total content of 0007 mg of cesom per gram of
grapaite. At 650°C. i the sbsence of imterfere.ce from
other adscrbed spesies. Lamgmuis adsorption to this
concentratios should occur at 2 cesium partial prewure
of bout 2 X 107" atm At this presare. cesiom
wansport via the ga: phase should be negligible, and
surface pheromena should conirol.

To some exient. rubidiem, strontium, and barum
atoms also are indicated to be similarly adsosbed and
Sikely to diffuse in graphite.

It thus appears that for time periods of the ordes of 3
year or move the dkali and alkaline earth daughters of
noble gases which get into th2 graphite can be expected
to exhibit appreciable migration in the moderator
graphite of molten-sal: .cactors.
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11.6 Noble Mceal Fimioa Transpert Model

it was noted cisewhere'* that noble metals in MSRE
salt samples acted as if they were pasticalate com-
stitwents of 2 mobile “pool™ of sech substances held u»
in the system for 2 substantizl period and that evidence
megarding this might be obtaiaed from the activity ratio
of pairs . isotopes.

Pairs of the same clement, thereby having the same
chemical behavicr (e.g.. "®*>Ru and **Re). should be
particularly efled tive. As produced. the activity ratio of
such a2 pair is proportional to ratios of fission yelds and
decay comstants. Accummlation ower the operating
history yields the imventory ra'io. ultimasely propor-
tioual (at comstant fission rawe) omly w the ratio of
fision yields. If, however, there & 2n mwermediate
holdep and refez=: vefore fimal deprsition, the activity
ratio of the retained material will depend on holdep
time and will fall between production and imventory
valwes. Furthermore. the maierial deposised afier such 2
widep will, 2z 2 result, have ratio valees lower than
inveatory (Valwes for the isoope of shorter half-life.
here **Riz. will be used in the muercator of the ratio
throughut our discussion.) Contcquendy. comparisr
of an cheerved mati. of activiti's (e the same sampic)
with associated production and mventory ratios should
provide an mdication of the “accumulation history ™ of
the region represenied by the sample. Smce both
determinations are for sotopes of the same clement n
the same sample (comsequently subjected to idemtical
eatmert), many sampling and handling errors camcel
and do not affect the ratio. Ratio values are thereby
subject (o less vasiation.

We have wied the ' *>Ru/' ** Ru activity ratio. among
others, 10 examine samples of various kimds taken at
various times in the MSRE aperation. These mclude salt
and gas samples from the pamp bowl and other
materials briefly exposed there at various times.

Data are also available from the sets o surveillance
specimsens removed from nms 11, 14, 18, and 20.
Maserials removed from the off-gas lime afier runs 4
and 18 offer useful data. Some mformation is avad
able’ * from the on-site gamma spectrometer surveys of
the MSRE following russ 18 and 19, particularly with
regard to the heat exchanger and off-gas line.

11.6.1 lnventory snd mede). The data will be dis-
cussed i terms of 2 “comperiment” model. which will
anign firit-order trander rates common for both
isotopes between given regiors and will assume that this
behavior was consistent throughout MSRE history.
Because the half-lives of '*>R: and '**Ru are quite
diffevent, 39.6 and 367 days. respeciively. appreciably

JE—



different isotope activily ratios are .rdicated for differ-
enl compartments and times as simulated operation
procveds. A skewch of 3 useful schen:~ of compurtments
i skown in Fig. 11.7.

We assume divect prodaction of F*>Ru and “?*Ruin
the tuel salt m perporiion o fission rate and fuel
composition a3 Jetermimed by MSRE history. The
marerial & fairly rapidly lost from salt either o
“surfaces™ or 10 2 mobile “particulate pool™ of agglom-
erawed material. The pocl loses maszrial 10 one or more
fimal repositories. nominally “off-gas.™ and also may
depusit material 22 the “surfaces.” Kates are such us to
result i an appreciable holdup period of the ordes of
50 10 100 days m the “particutate pol.” Decay. of
conrse, occurs i all compart:nents.

Maverial is also tramsfereed to the “drain tank™ a5
requived ty the history. and tramsport between com-
partments ceases in the imterval.

From the atoms of each type 21 2 given time & 2
pven compartment. the activity ratio can be calcelated,
as well 23 am overall ~ntory ratio.

We shall identifly amples takon from different repons
of the MSRE with the various cormpann.ents and thas
obtzin msight mio the transport paths and lags leading
0 e sowpled region. It shomld be moted that 3
compartment can Bwolve more Zus ude region or kind
of sample. The additional mfovmation. sequired to
establish the amownts of materiad to be sssigned to 3
gven region, and thereby 1o produce 3 matenas balance.
s mot available.

FiSSiOn
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In comparison with the oxerall inventory value of
193Ru/'**Ru. we should expect “surface™ valwes to
equal it if the deposited material comes rapidly and
valy from “slt” and to be somewhat below it if. in
addition. “particulate” is deposited. If there s no direct
Jepositiva from “salt”™ 0 “serface.” but only “particu-
fse.” then deposited material showld approach ~ofl-
gas” compartment rativ.

The “off-g2s™ compartment ratio should be beiow
mventory. simce it s assemed to be sivadily deposited
from the “pasticulate pool.” which is racher i the
longlived '*“Ra compoment tam production. aed
wentory is the accomwlation of productica mirss
decay.

The particulate pool will b zbowe mventory
meterial is Wansterred 10 it rapidly and lost from itat a
sgnificant rate. Slow lom rates correspond to lomg
Dificvential squations mvolving proposed tsamsport.
accemslation. and decay of **Ru and '**Ru atoms
with respe-t to theye compartments wese imcorporased
mto a2 fowrth-order Runge-Kutta muwmericai mecgsztion
scheme which was operated over the full MSRE power
hiztory.

The rates used in = .dovlation weferved 10 i the
discussion below show rapid lox (less dhan ome day)
frce it w particelates and sarface. with sbowt 4%
going divecdy to swface. Holdup i the particilzte pool
results in ¢ dally tramsport of abont 2% per day of the
pool 1o “off-gas.” for an effective svevage holdup

Ot~ 20§ 70-13303

{ALL TRANSPORT CEASES QUG
PEMOD THAT SALT 1S DRAMED
FROM SYSTEM)

Fig. 11.7. Compustment model for nobie-meetel finsion Sronspert in MSRE.
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period of about 45 days. All transpott piocesses are
assumed irreversible in this scheme.

1162 Off-gas lne depesits. Data were reported in
Sect 10 on the examination after run 14 (March 1968)
of the jumper lime mstalicd after run 9 (December
1966). on the >xamimation after run I8 (June 1969) of
parts of 2 sp:isnen holder 2ssembly from the main
cif-gas lime iustalled 2feer run 14, amd om the exami-
mtion of perts of e 523, dvs feel punitp overtlow
tapk purge gxs vutet to the maim off-gas lime. which
was imstalled Jurimg ovigmal fabrication of MSRE.
These data are shewn i Table 11.7.

For twe smper lime removed afier 1on 14, obsesved
r2ios rage from 24 10 73. By comparison the
mventory ratio for the met expossre mterval was 120,
If 2 holdup period of about 45 days prior to deposition
i the off-gas hme is asswmed. we calculate a lower ratio
for e comparment of 7.0 It scems indicased that 2
holdup of retheniom of 45 days or more is required.

Ratio valees from the specimen holder removed inem
the 522 lme after ron 18 ranged between 9.7 and 5.5.
Net mwentory ratio for the period was 19.7. and for
wmaterial deposited afier 2 45-day holdup. we estimated
a nptio of 123. A louger holdsp would redece this
estimate. However. we recall that gas flow through this
lime was appeeciably dininished during Uee fimal month
of rem 18. Thi. would camse the observed ratio valwes to
be lower Uy am apprecable factor than would enwwe
from sicady gas flow all the time. A holdwp period of
something over 45 days still aprears indicated.

Flow of off-gas dwough ime 523 was less well known.
In addition t0 Subbler rn to measere salt wepth in Uee
overflow tzak. pant of the maim off-gn flew (rom the
pump bowl went through the overflow unk when flow
dwowgh lime 522 was bimdeved by deposits The
observed ratio aftei rom 13 was 8 w0 13.7. mventory was
9.6. and for material depusited after 45 days holdup the
nto i; caloslated 10 be 5.8 However, the waussally
peat fiow dmmg the fmal month of ren 18 (wetd
blockage of mc 523 on May 25) would increase the
observed ratio considerably. This response is consistent
with the low valse for material from lime 522 cited
above. So we belicve the asswmption of an 2preciable
holdup period prior to deposition m off-gas regions
rerwains valid.

1163 Sevveillonce specimenms. Sorveillance speci
mens of graphite and also selecied segments of metal
were removed from the core surveilbmce assembly after
exposwre  throughout several runs. Table 11.8 shovs
values of the xtiviiv ratios for '*?Re/'**Re for a
aumber of graphite and metal ;pecimens removed on
different occasions = 1967, 1968, and 1969. Insofar 23

deposition of these izotopes occurred ireversibly and
with reasonatle directness swon after fission. the ratio
values should agree with the net invenitory for the
period of exposure. and the samples that had been
expused lomgest at 2 given raaval teme show'd have
appropriately lower values for the ' ®>Ru/* ** Ru activ-
ity ratio.

Examination of Table 118 shows that this Lateer view
is confirmed — the older samples ~*u have values that are
lower. to about the right extent. Hvwever. we also mose
that most observed ratio values fall soxrewhat below the
met inventory values. This could come abowt i, m
addition to divect deposition from salt ontc swrfaces.
deposition also occurred from the holdep “nool,”
presemed collcidal or particelate. which was mentione 4
in the discussion of de off-gis deposits. Few of th
observed valwes (2l below the pareathesized offga-
valers. This valwe was calculated to reselt f 2l the
deposited material had come from the holdso pool

Tabie 11.7. Ruthegiom imtspe activity miles
of offges Ene dupesity
i“L'”.'_')‘

(Mw‘“c*m( U~

Saomple  vsservad 0 Gilowlowed

I. Jemper Section of Linr 522. Exposrd December 1966
e Manch 25, 198

$ieviool 23 Producton®  $3
Upurcams hose 23 Net mvemtors 121
Dovansream hoee 1.1

Taler dou T3 Net depout

Ourtlct dust 44 45-day holduwp 7.0

Mday holdsp 55
N. Specimen Heldes. Line 522, Exposed tugnn 1968

» Jone 1909
Bad et .7 7 Produchow® 43
ke n Net mvemiory 197
Tuhe wgfvows 54.59
Recowmt 7 ™. com 6.2 Net deposs o
43-day holdep 1° 5
M-day boldep 9.3
B Ovexfiow Tank ON-Gas Lins (523). Expesed 1965
» Jone 1999
Vaive V523 L 1] laventory 9
Lme $23 11.3.13.7.1).
Valwe HCV 523 133.128.10 Net depont -
| a5day holdep 53

| 9 doy oldep 4.3

“Corvected l‘o twme of dvetdown.

FI3SUIINC fuet. with mbred 2 2%Ps.

U330 fuel. mciwding 2.1 of fivwons from comtawed 125U
and 3.Y1 from 23'P.
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Tahie 11.8. Ratheniom isstape sctivity reting of surwillance specimens

19)
Obrerved vs calculated "”""__.___._.")
dis/min ' Ry
. Caicelawed Values of Ratie
Exposer, Obsesved Ratios, .
Ress Meodion Usderined Ne: Inventory Fiws Deposition O Gas
from Holdup (43 day)
-1 Geaphae 0222, 23925327 52 5.5 19.2 (159
314 Giaphior e e 34 7% )
12-14 Geaplusr 1. 1294510, 132 ¢>13). 14, (>14). 16, 17 16.7 1ne o3
Setal 1051112215
518 Geaphese er15s 28 7.2 5.0
Meidd hasket  (3.5)
15-18 Gaaphioe 1011212713, 14,1526, 21. 7 19.7 149 aLm
Metal $.7°8.9.10
19-20 Graphvine 10.2 11, 12,2137 14, 3200 u.7 134 9.6)
Serad 6. 158, IO‘II‘I"IJ‘U

. Kirslin and F_ F. Blankendwe. 23R Progrem Semiesm. Progy. Repe. <ug. 31. 1968, ORNL 434 pp_ 115 -41.
Kn;hudf F. mmmsmm Reps. Awg 31, 1987. ORNLA1%)_pp. 121-28.

Compere_4SR Progrem Seviigown. Progy. Repe. Awg. 31 1968, ORNL 4343 pp. 206-10.

104 1;Frl. *, 1976, ORNL-4448, pp. 104 . 10.

Therefore we conclude that dee surface deposits dad not
occus oaly by deposition of material from the “partics-
fate pool”: calculated valwes are S.own which zssume
rotes which would have about two-thiras coming from a
particeiate pool of abowut 45 days holdep. The agree-
men{ is wot wncomfortable.

In general, the metal sepments showed lower values
observed valnes below amy corresponding caloslated
valwes. This implics that in some way i the later part of
its exposwre €2 tendency of the metal swiface to
receive and retain ruthenium isotope deposits became
dmimished, pasticelaly in comparison with the graph-
ite specimens. Also, the metal may have retaimed more
particelate and lews disectly deposited material than the
graphite. but on balawce the deposits on both types of
specimen appeas to have occurred by 3 comvimation of
the two modes.

11.64 Pamp bowl ssmples. Ratio data sre wvailable
on salt samples and later gas samples removed from the
pump bowl spray shi-ld beg naing with rua 7 in 1966.
Similar data are alsc awvabiable (or other materials
exposed from time to timw (o the gas or ligmid regions
within the spray shield. Data from outer sheaths of
double-walled capsules we included. Daa for the
activity ratios (dis/min ' *>Ru)Xdis/min '®*Ru) are
shown for most of these in Fig. 11.8. In this figure the

lbdnvhqss.ﬁtdu wd E. L. Compere. IR Progrem Sewioon. Progy. Reps. Aug. 31, 1969. ORNL4449_ pp.

activity ratios are plotied in sample sequence. Also
shown on the plot are values of the overall imventory
ratio, which was calcelated from power history, and the
production ratio. which was calculated from yields
based on feel composition. This changed appreciably
faring rens 4 (o 14, where the plutomiwm content
increased because of the relatively high 22%U consent
of the fuel. The '**Ru yield from 2**Pu is more than
unfold greater than its yield from 222U or 22U The
plutonium content of the fuel did not vary nearly as
much dusing the 232U operation and was taken as
comstant.

Also shown are limes which have been computed
asuming 2 particulate pool with average retention
pesiods of 45 and 100 days. The point has been made
previously’ * (hat noble-metal activity associated with
any materials exposed in or <ampled (rom the pump
bowl is principally from this mobile peol rather than
being dissolved in salt or occuming 33 gascous sub-
stances. Consequently. simiar ratios should be en-
countered for salt and gas sampics x.d suraces of
various materials exposed in the pump bl

Examination of Fig. 11.8 indicates that tiw prepon-
derance of points fall between the inveniory line and 2
line for 45 days average retention, agreeime reasonably
well -th an average holdup of between 45 and 100
days - but with release to off-gas. surfaces. and other

Mot e
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regions resulting iz 2 limited retention rather than the
unlimited retention implied by an mventory alue.

Although meaningful differences doutticss exist be-
tween different kinds of samples taken fsom the pump
bowl, their similarity clearly indicates that all are taken
from the same mobile pool. which loses material. but
slowly enough to have an average retention period of
several months.

Discussion. The data ovresented above represent
practically all the ratio data available for MSRE
samples. The data based or gamma spectrometer
surveys of variius reactor regions. particularly after
runs 18 and 7. have pot beep examined in detail but in
CUrsory views appear not too inconsistent with values
given here.

It appears possible to summ:vize our findings about
fission product ruthenium in this way:

The off-gas deposits appear to have resuited from the
fairly steady accumulation of material which had been
retained elsewhere f{or periods of the order of several
months prior to deposition.

The deposits on surfaces also appear to have con-
tained material retained elsewhere prior to deposition.
though not to quite the same extent. so that an
appreciable part could have been deposit:d soon after
fission.

All materials taken from the pump bowl contain
ruthenium isotopes with a commor attribute: they are
representative of an accumulation of several months.
Thus all sampies from the pump bow: presumably get
their ruthenium from 2 common source.

Since it is reasonable to expect fission products to
enter salt first as ions or atoms, presumably these
rapidly deposit on surfaces or are agglomerated. The
agglomerated material is not dissolved in salt but is
fairly well dispersed and may deposit on surfaces to
some cxtent. It is believed that regions associated with
the pump bowl -- the liquid surface. including bubbles.
the shed roof. mist shield, and overflow tank - are
effcctive in accumulating this agglomerated material.
Regions with highest ratio of sali surface to salt mase
(gas sarples containing mist and surfaces exposed to
the gas-liquid interface) have been found to have th:
highest quantities of these isotopes relative to the
amount of salt in the sample. So the agglomerate secks
the surfaces. Since the subsurface salt samples. however.
never show amounts of ruthenium in excess of in-
ventory, it would appear that material entrained,
possibly with bubbles. is fairly well dispersed when in
salt.

Loss of the agglomerated material to one or more
permanent sinks at a rate of 1 or 2% per day is
indicated. In addition to the off-gas system and to some

e .tent the reacior surfaces. these sisks coulo include
the overflow tank and various nooks, cranmies, and
crevice: if they provided for a reasomably steady
irreversible loss.

Withcut additional isformation the ratio methd
cannot imdicate how much mzierial follows a particular
path to a particular sirk, tut it does serve t= :ndicate
the paths and the transport lags alomg them for the
isotopes under consideration.
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12. SUMMARY AND OVERVIEW

A deiailed synthesis ¢ £ all the factors known to affect
fission product behavior i this reactor is ot possible
within the avaiiable spuce. Many of the comments
which follow are based on 2 recent summary report.'

Operation of the MSRE provided an opportunity for
studying the behavior of fission products in an
operating moulten-salt reactor, and cvery effort was
made 10 maximize utilization of the facilities provided,
even though they were not originally designed for some
of the investigations which became of interest. Sig-
niiicant difficulties stemmed from:

1. The salt spray system in the pump bowl could not
be wmed ofl. Thus the generation of bubbles and
salt mist was ever present; moreover, the effects
were not constant, since they were affected by sait
level, which varied continuously .

2. The d=sign of the sampler sysiem severely limited
the geometry of the sampling devices.

3. A mist shield enclosing the sampling point provided
a special environment.

4. Lubricating oil from the pump bearings entered the
pump bowl at 2 rate of 1 1o 3 cm’ /day.

S. There was continuously varying flow and blowback

of fuel salt between the purap bowl and an over-
flow tank.

In spite of these roblems, usefi: information con-
ceming fission product fates in the MSRE was gained.

12.1 Stable Selt-Seluble Fluerides

12.1.1 St samples. The fission products Rb, Cs,
St, Ba, the hnthanides and Y, aad Zr all form
stable fluorides which are soluble in fuel salt. These
fluorides would thereby be expected to be
found completzly in the fuel salt except in those cases
where there is 2 noble-gas precursor of sufficiently long
halfdife to be appreciably stripped to off-gas. Table
12.1 summarizes data from salt samples obtained during
the 227U operation of the MSRE for fission products
with and without significant noble-gas precursors. As
expected, the isotopes with significant noble-gas pre-
cursors (*?Sr and '?7Cs} show ratios to cakulated
inventory appreciably lower than those without, which
generally scatter around or somzwhat above 1.0.

12.1.2 Deposition. St3lte fluorides showed little
tendancy te deposit on Hastelloy N or graphite.
Examinations cf surveillaice specimens exposed in the
core of the MSRE showed only 0.1 to 0.2% of the
isotopes without noble-gas precursors on graphite and
Hatselloy N. The bulk of the amount present stemmed
from fission recoils and was generally consistent with
the flux pattern.

However, the examination of protiles and deposit
intensities indicated that nuclides with noble-g:s pre-
cursors were depusited within the graphite by the decay
of the noble gas that had diffused into the relatively
porous graphite. Clear indication was notea of a further

Takie I2.1. Sb&mr—upohclnomy-ﬂmiudd:*ﬂ
imventory in selt samples from 22U openation

Without :ignifiant noble-gas precunor With noble-gas precursor

Nu. lide "z, 1410, 1440, 1874 ”g, 1370, "y 140p,
Weighted yield. 3 6.01 643 4.60 1.99 5.65 6.57 5.4) 5.4)
Haiflife, days (1] k k] 284 111 52 30 yr. 588 128
Noble-gas precursor oy, 137y, Ny, 140y,
Precwesor half-life 3.2 mn 3.9 min 9.8 sec 16 sc
Activity in san’®

Runs 1517 0.88-1.09 0.87-1.04 1.14-1.25 099-1.23 067-097 0.82-093 083-146 0.82-1.23

Run 18 1.05-1.09 09%-099 1.16-1.36 0.32-1.30 0.34-089 086255 1.16-1.55 1.10-1.20

Runs 19-20 095-1.02 0.89-1.04 1.17-1.28 1.10-1.34 070-09¢ 081-098 1.13-142 1.02-]

Allocated fission yields: 93.2% 323y, 2.34 333y, 4.5¢. 330y,

BAs fraction of calculated inventory. Range shown is 25-75 percentile of sampiz; 1hus half the sample values fall within this

range.



4iffusion of the rclatively volatile cesium isotopes. and
p» bly alsc of Rb. Sr. and Ba. after production within
gapaate.

1213 Gas samples. Gas samples obtamed (19m the
g2 space in the pump bowl mist shield were consistent
with the zbove results for the salt-seeking isotopes with
and without roble-gas precursors. Table 12.1 shows the
percentages of these isotopes which were estimated to
be in the pump bowl stripping gas. based on the
amounts found in gas samples. Agreement with ex-
pected amounts where there were sirippable noblegas
precursors i3 sJtisfactory considering the mist shield,
contamination problems. and other experimentai dif-
ficultics. Gamma spectrometer “xamination of the
offgas line showed litthe activity due v salt-seeking
isotopes without noble-gas precursors. Examinations of
sections of the off-gas urc also showed cnly small
amounts of these isotopes present.

12.2 Noble Metals

The socalled noble metals showed a tantalizingly
ubiquitous behavior in the MSRE. appearing as salt-
borne, gas-bome, and metal- and graphite-penetrating
species. Studies of these species included isotopes of
Nb, Mo, Tc. Ru, Ag. Sb, and Te.

12.2.1 Salt-borne. The concentrations of five of the
noble-metal nuclides found ir: salt samples ranged from
fractions to tens of percent of inventory from sample to
sample. Also, the proportionate composition of these
isotopes remaned relatively constani from sample to
sample in spite of the widely varying anrounts found.
Silves-111. which clearly would pe 2 metal in the MSRE
salt and has o volatile fluorides. followed the pattern
quite well and also was consistent in the gas samples.
This strongly supports the contention that we were
dealing with metal species.

These results suggest the following about the nobic
metals in the MSRE.

I. The bulk of the noble metals remain accessible in
the circulating locp but with widely varying

amounts in circulatio 1 at any particular time,

. In _pite of this wide variation in the total amaunt
found in a particular sample, the proportional
composition is relatively constant, indicating (:-t
the entire inventory is in substantial equilibrium
with the 1 *‘w material being produced.

. The mobility of the pool of noble-metal material
suggests that deposits occur as an accumulation of
finely divided, well-mixed material rather than as a
*plate.”
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No satisfactory cotrelation of noble-metal cuncen-
trative i the salt samples and any operating parameter
could be found.

In order 10 obtain further understanding of this
panzulate poul. the transpurt paths and lags of
noble-inetal fwon products in the MSRE were exam-
ined using all available data on the activity rativ of two
isotopes of the same clkement. 39.6day '°’Ru and
367-day '**Ru. Data from graphitc and metal sur-
veillance specimens expused for varivus periods and
removed at various ligees. for material taken from the
off-gas system. and Jor salt and gas samples and other
materials exnused to pump bowl salt were compared
with appropriate mwertury niins and with valves
cakulated for indicated lags in 2 simphe compartment
model. This mudel assumed tha. wit rpidy lost
ruthenium fission product formed in it. some 1o
suifices and mwst to a scparatz mwbilke ~pool™ of
noble-metal fission product, presumably particulate or
cu.cidal and located o an appreciable extent in purip
buwl regivns. Some of this “pool”™ material deposited
on surtaes and also appears v be the source of the
off-gas depusits. All materials sampled from or exposed
in the pamp buwl appear tv receive their ruthenium
activity jointly from the poul « f retained material and
from more direct depusition as produced. Adequate
agreement of observed data with indications of the
model resulted when holdup periods of 45 to 90 days
were assumed.

12.2.2 Niobium. Niobium is the most susceptible of
the nuble metals to oxidation should the U**/U*" ratio
be allowed to get tov high. Apparently this happened at
1he start of the 223U operation, as was indicated by a
relatively sharp rise in Cr?* concentration; it was also
zoted that 60 to about 1297 of the calculated **Nb
inve' tory was present ir the salt samples. Additions of
a reducing agent (beryllium metal). which inhibited the
Cr¥ buildup, also resulted in the disappearance of the
*3Nb frura the salt. Subsequently the **Nb reappeared
in the salt several times for not :lways ascertainable
v~ uns and was caused to Jeave e salt by further
reducing additions. As the 222U opevations continued.
the percentage of *>Nb which reappeared decreased.
suggesting both reversible and irreversible sinks. The
?5Nb data did not correlate closely with the Mo-Ru-Te
data discussed, nor was there any observaole correlation
of its behavior with amounts found in gas samples.

12.2.3 Gas-borne. Gas samples taken from the pump
bowl during the 2>*U operation indicated con-
centrations of noble metals that implied that substantial
percentages (30 to 100) of the aoble metals being
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produced in the MSRE fuel system were being carned
wit in the 4 liters (STP) min helium purge gas. The data
vbtained in the 1’’U operativn with substantially
transfers to oifgas. In both cases it is assumsd that the
noble-metal concentration in 3 gas sample obtaised
mside the mist shield was the same a3 that in the gas
Jeaving the pump bowl pr er. (The pump bowl was
designed (v minimize the amount of mist m Use
sampling area and alsv at the gas exit purt) It is our
beliel that the **?U perivd data are representative and
that the conventrations indicated by the gas samples
taken during 2>*U uperation are anomalously high
becawse of contamimation. This is suppurted by direct
examination of 2 section of e off-gas system after
completion of the *°*U operaiion. The large amwunts
of noble metaks that wouid be expected on the basis of
the ga: sample indications were not preseal. Appre-
ciable (10 to 17%) amorphous carbon was tound in dust
samples tecovered from the lime. and the amounts of
noble metals roughly correlated with the amounts of
carbon. This suggests . possibility of noble-metal
absorption during cracking of the oil.

In any event the gas transport of 2obl: meials appears
10 have been as constituents of partiknlates. Analysis of

tht dejosition of flowing acvosols im condwits de-
veloped relationships between observable deposits and
flowing concentrations or fractions of production to
offgas for diffusion and thermophoress mechanions.
The thermophoretic mechanism was indicated tc be
Jominani: the fraciion of noble-metal production car-
red mto off-gas. *ased on this mechanism. was siight
(much below 1K),

12.3 Ocpesition in Graphite and Haseelloy N

The resuits from core surveillance specimens and from
postoperation examimalion of componemts revealed
that difl<rences iz depusit miensity for noble metals
occurred as a result of flow conditions and that deposits
on netal were appeciably heavier thaa on graphite,
particularly for tellurium and its precursor anunmony .

The final surveillance specimen array. exposed for the
last four months of MSRE operations, had graphite and
metal specimens matched as to configuration i varied
flow conditions. The relative deposition intensities (1.0
if the eatire inventory was spread evealy over all
surfaces) were 33 shown in Table 12.2.

The examimalion of some segments excised from
particatlar reactor components, including core metal and
graphite. gunp bowl, and heat exchanger surfaces, one

Tablz 12.2. Relative deposition intensities for aoblie metasls

Deposition ; .
Surface Flow sepme Yae Mo MTc  pe Wpe 35 19wy, 133p,
Sweveillance specimens
Graphite Laminas 0.2 0.2 0.06 0.1¢ 0.15
Turbulent 0.2 0.04 0.10 0.07
Metal Laminas 0.3 0.5 0.1 0.3 09
surbulent 0.3 1.3 0.1 0.3 20
Reactos components
Graphite
Core bar channel Turbulent
Bottom 0.54 0.07 0.25 0.65 0.4¢"
Middle 1.09 1.06 1.90 0.92*
Top 0.23 0.29 0.78 0.62°
Metal
Pump bowl Turbulent 0.26 0.73 (%] 0.38 2.85 0.89"
Heat exchanger shelt Turbulent 0.33 10 0.10 0.19 262 1.35°
Heat exchanger 1 be Turbulent 0.27 1.2 01l 0.54 4.35 257
Core
Rod thimble
Bottom Turbulent 142 1.23 1.54 0.50 .27 1.65*
Middle Turbulent 1.00 0.73 058 042 1.35 0.54°

‘Ii'l.r‘.

S tae m aeng



yexr affter shusdown also revealed appreciable accume-
Iation of these ssbstamces. The relative deposition
mtemsitics a3t these focations are also showm ia Table

12.2.

It is evident that met deposition geacrally was more
micwse or. metal Uan on graphite. and for metal was
more intense wader more twribslent flow. Surfae
roughmess had 0o apparent effect.

Extcasion to all the metal 20d graphite ancx  of the
systess would require knowledge of the effects of flow
conditiors in cach regon and the fraction of total area
repeesented by the region_ (Overall, metal ares was 20%
of the total and graphise 74%

Flow effects haw not been studied experamentally:
theoretical approaches based on atom mmss transfer
through st bowadary layers. though 2 useful frame of
reference, do not in their wsual form take nto account
the formation, depusition. and release of fime partics-
late material such as that indicated to have been preseat
im the fuel system. Thus, much more must be learmed
about the fates of noble metals in molten-alt reactors
before their effects om vatious operalions can be

Although the noble metals are appreciably deposited
on graphite. ihey do not penetrate any more than the
saliseeking fluorides without noble-gas precursors.

The more vigorous deposition of noble-metal nuclides
on Hasielloy N was indicated by postoperation
examination lo inciude penciration into the metal to a
slight extent. Presumably this occurred along grain-
boundary cracks, a few mils deep. which had developed
during cxtended operation, possibly because of the
deposiied fission product tellurium.

12.4 lodime

The salt samples indicated considerable ' 2’| was not
present in the fuel, the middle quartilkes cf results
ranging from 45 10 71% of inventory with a2 median of
62%. The surveillance specimens and gas samples
accounted for less than % of the rest. The low
tellurium material balances suggest the remaming '>'|
was permanently ~wmmoved from the fuel a8 '>'Te
(hal(life, 25 min). Gamma spec:rometer studies indi-
cated the '*'1 formed in contact with the fuel returned
10 it; thus the losses must have been to a region or
regions not in contact with luel. This strongly suggests
off-gas, bul the iodine and tellurium data from gas
samples and examinations of off-gas components do not
support such a loss path. Thus. of the order of
one-{uurth to one-third of the iodine has not been
adequately accounted for.

it is recoguized that. 235 shown in gascooled reactor
studics,” ~% fission product iodime may be at partial
prewsures in off-gas helimm that are too low for indine
to be fixed by swwel surfaces af temperatures above
about 400°C. However, various off-gas sesfaces at or
downstream {-om Use jumper lime outiet were below
iodine deposition. Combined with low valwes in g3
smples. this mdicaws fiitle odine tramspont to offgz:.

125 Evaluation

gwes and stable fluorides behaved as exgecied based on
their chemistry. The noble-metal behavior and faves,
however, are still m part 2 matter of comecture. Except
for »iobiem undir wnusually oxidizing conditioms, it
seems ciear that these clements are present as metals
and that their ubiquitous properties stem from that fact
since metals are mot wetted by, and nave extremely low
solebilities in. molten-walt reactor fuels. Unforiunately
the MSRE obscrvations probably were subaantially
affected by the spray system. oL cracking produ :ts, and
flow to and from the overflow. all of wii h were
continvously changing. uncontsolled variables. The iow
material balance on "2’ indicates appreciable unde-
termined loss from the MSRL. probably as . noble-
metal precursor (Te, Sb).

Table 123 shows the estimated distribution of the
various [ission products m 3 molten-salt reactor, based
on th: MSRE studics. Unfortunately the wide variance
and poor material balunces for the data on noble metals
make it unrealistic to specily (neir fates more than
qualitatively. As 2 consequence. future reactor designs
must allow for encountering zppreciable fractions of
the noble metals in all regions contacted by circulating
fuel. As indicated in the table, continuous chemical
processing and the processes finally chosen will o:%-
stantially affect the fates of many of the fission
products.
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Tahis 12.3. Indicated distribution of fission products in moltensalt reactors

Fission product group Example isvtopes Dhtribution (%)

In salt To metal To graphite To offgar Other
3eable salt seekers 2198, Ce-144, Nd-147 99 Negligible < | (fmion revells) Negligible Processing?
Swaole 5 1* wekers (noble gas precursors)  Sr-89, Ca-137, Ba:140, Y-9) Variable T, ] of gas Negligible Low Variable/T ) 3 of gus
Noble gusos K189, Ki-91, Xe:113$, Xe-137 Lovl/'l', nw | L) Negligible Low HM\/T. ne® (L
Noole mctals Nb-9S, Mo-99, Ru-106, Ag-1il 1-20 3-30 5-30 Negligible Processing®
Tellurium, antimony Te-129, Te127, Sb-12S 1-30 30- 90 $-J0 Nenligibte Procesting®
lodine 131, 0138 sC-78 <) <l Nepligible Processing®

oFur example, sircnium tends to acvumulats with protactinium holdup ln reductive extrsction processing.
SPurticulate observations suggest appreciable percentuges will arpesr in processing streams,
Substantial iodine could be removed if side-siream stripying |1 used 1o remove [:138,
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