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FOREWORD

The behavior of the '"noble metal" fission products in the fuel salt
is a subject of major importance to the design of molten-salt reactors.
A considerable amount of data bearing on the subject was obtained from
operation of the Molten-Salt Reactor Experiment. All or part of the data
has been studied with various degrees of thoroughness by many people with
different backgrounds and different viewpoints. Unfortunately, the chemi-
cal and physical situations in the reactor were complex and the data ob-
tained are not very accurate or consistent. Consequently, no one has de-
velcped an explanation of the detailed behavior of noble metals that is
acceptable to a majority of the knowledgeable observers. It is generally
agreed that most of the fission products from niobium through tellurium
are reduced to metals in the fuel salt, that they migrate to metal and
graphite surfaces and to salt-gas interfaces, and that they adhere to the
surfaces with varying degrees of tenacity. The details of the processes
involved and the manner in which the noble metal particles may be affected
by other processes in the reactor are subjects of frequent debate in which
opinions vary widely. This report describes the author's interpretation of
the data and explanation of some aspects of the operation of the reactor,
Although others would analyze the data differently and would reach differ-
ent conclusions concerning some of the mechanics, we believe that publica-
tion of this report will provide information helpful to the design of
molten-salt reactor systems and to the development of a better understand-

ing of the behavior of fission products in those systems.
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ABSTRACT

The Molten-Salt Reactor Experiment (MSRE) is a fluid-fueled experi-
mental nuclear reactor; consequently, fission products are dispersed
throughout the entire fuel circulation system. One group of fission
products, referred to as noble metals, exists in the fuel salt in the
recuced metallic state. They are insoluble and unwet by salt. They de-
posit on surfaces exposed to salt such as the Hastelloy N piping and the
moderator graphite. They apparently accumulate in a stable form on the
liquid-gas interface in the fuel pump. The amounts of noble metals on
these surfaces and on other deposition sites have been measured. These
measurements have been analyzed within the framework of mass transfer
theory. The analysis has been found to correlate the data from these
sources in a unified manner. It is therefore concluded that the noble
metals do migrate in accordance with mass transfer theory, although some
parameters still remain unevaluated. A hypothesis is presented to ex-
plaein some of the dramatic differences in reactor operating characteris-
tics between the 23°U and 223U runs. It is recommended that additional
ncble metal deposition experiments be conducted in a circulating salt

loo».

Keywords: TFission Products + Hoble Metals + Mass Transfer
+ MSRE + Experience + Bubbles + Foaming + Mist + Physicel Properties
+ Entrainment + Off-Gas System + Void Fractions + Corrosion Products

+ Fluid Flow




1. INTRODUCTION

The goal of the Molten-Salt Reactor Program at Oak Ridge National
Laboratory is toc develop the technology for an efficient power producing,
thermal-breeding (btased on the Th-2337 cycle) nuclear reactor for commer-
cial use. The fuel in a molten-salt breeder reactor is fluid, and con-
sists of UF, and Th¥, dissolved in a carrier salt mixture of LiF and 3BeF';.
The liguidus temperature ranges from 800 to 940°F, depending on the exact
carrier salt composition, with the nominal reactor operating temperature
being ~i200°F, The fuel salt is pumped through a graphite-moderated core
and then through a heat exchanger where it transfers heat to & secondary
salt system, which then generates steam in another heat exchanger. One of
the unique features of this concept is that the fuel is in the 1liguid
state. This gives rise to many advantages, the principal one being poten-
tially very low fuel cycle cost. The fluid fuel also creates a few lia-
bilities, one of which is that the fission products are spread throughout
the entire fuel loop and other hydraulically connected regions (e.g., off-
gas system, dump tanks, etc.).

A 7.3-MW(t) experimental reactor based on this concept was built and
operated at Oak Ridge National Laboratory. This reactor, the Molten-3Salt
Reactor Experiment (hereafter called the MSRE), first went critical in
June 1965. Nuclear operations were terminated in December 1969, Being
an experimental reactor, it was subjected to a good deal of testing and
observation. One of the principal efforts was to determine the distribu-
tion of the various fission products in the fTuel loop and connected re-
gions. This information is critical in the design of large central power
stations [1000 MW(e)] where the heat generated by fission products is sub-
stantial.

Fission products in molten Tuel salt can be grouped into three prin-
cipal types where the mechanics of migration is the distinguishing fea-
ture — (1) salt seekers, (2) noble gases, and (3) noble metals. The salt-
seeking fission products (which include 3r, Y, Zr, I, Cs, Ba, and Ce) are
the best behaved., They are soluble in a fuel salt and remain with the

fuel salt in inventory amounts. The noble gases are XKr and Xe. A great




deal of work has been done to understand noble gas migration, particu-
larly 135¥e because of its thermal neutron cross section of over 106
barns. The third group, the so-called "noble metals " Nb, Mo, Ru, Sb,

and Te, is the subject of this report. The noble metals are reduced by
the UF3 in the fuel salt, and therefore exist in salt in the metallic
state. They are insoluble in fuel salt and are unwet by it. Because of
their incompatibility with salt they migrate to various surfaces (graph-
ite and Hastelloy N) and adhere to them. They apparently also migrate to
gas-liquid interfaces and adhere to these in a stable manner. Noble met-
als have been found and measured in fuel salt samples and gas phase sam-
ples on the surfaces of Hastelloy N and graphite surveillance specimens

in the core, and on the fuel loop and heat exchanger surfaces. In this
report we shall present a theory of noble metal migration based on conven-
tional mass transfer concepts. We shall then analyze data from the above
mentioned samples and measurements in the framework of this theory, and
show that noble metals apparently do migrate from the fuel salt to their
various depositories in accordance with the theory. A major thesis of
this analysis is that noble metals migrate and adhere to liquid-gas inter-
faces. As such, they apparently have properties similar to insoluble sur-
face active agents. This idea will be used to explain many of the obser-
vations on fission product behavior in the reactor. It will also be used
to suggest an explanation for the rather dramatic difference in reactor

operating characteristics between runs made with 425U and ?33U fuels.

2. DESCRIPTION OF THE MSRE

2.1 General Description

The purpose of the MSRE was to demonstrate, on a pilot plant scale,
the safety, reliability, and maintainability of a molten-salt reactor.
The operating power level was 7.3 MW(t). Because of its small size and
other considerations, it was not intended to be a breeder, and no thoriﬁm
was added to the fuel. The fuel consisted of UF, and UF3; dissolved in a
mixture of LiF, BeF,, and ZrF,. Its composition and physical properties

are given in Table 2,1. All fuel loop components are constructed from
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Table 2.1. MSRE Fuel Salt Composition and Physical Properties

v Composition — LiF, BeF,, ZrF,, UL,
(65.0, 29.1, 5.0, 0.9 mole %)
Liquid type — Newtonian

English Units Metric Units
Liguidus temperature 813°F 434°C
Properties at 1200°F (650°C)
Density 141 1b/ft> 2.3 g/cm?
Specific heat 0.47 Btu/lb+°F 2.0 X 10 J/kg+°C
Thermal conductivity 0.83 Btu/hreft+°F 1.43 W/me°C
Viscosity 19 1b/ft+hr 28 kg/hem
Vapor pressure <0.1 mm-Hg <1 X 10™% bar

80.3 mole % 235U and 0.6 mole % 238y,

Hastelloy N, which is essentially unwet by fuel salt under normal operat-
. ing conditions. The nominal operating temperature was 1200°F with a 40°F

temperature change across the core and primary heat exchanger.
- Figure 2.1 is a schematic flow diagram of the MSRE, which will be
described briefly here. More detailed descriptions of the reactor and
the concept are available in Refs. 1, 2, and 3. The fuel loop consisted
essentially of a centrifugal pump, a heat exchanger, and the reactor
vessel. The nominal flow rate was 1200 gpm. The heat exchanger was a
conventional U-tube type with the fuel salt on the shell side. Heat was
transferred to a secondary coolant salt that in turn dumped it to the
atmosphere via a large radiator. During periods of shutdown, the fuel
salt was drained into either of two drain tanks, 1In addition, a third
drain tank contained a load of flush salt for rinsing the fuel loop prior
to any maintenance that was required. Note the use of freeze flanges in
the primary and secondary salt loops for easy disconnection of main compo-
nents should they need replacement, and also the use of freeze valves in
the drain lines. Off-gas from the pump bowl passed through a volume holdup,
charcoal beds, and then absolute filters before it was discharged up the

stack. Characteristics of the reactor core and fuel pump influenced the
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mechanics of noble metal fission product migration, so they will be des-
cribed in somewhat more detail in the following sections.

The MSRE went critical June 1, 1965, and nuclear operations were
terminated December 12, 1969. The reactor was critical for a total of
17,655 hr. Figure 2.2 is a brief historical outline of the MSRE's power
operation. Note particularly that for the first 2 1/2 years the reactor
was operated with 235y fuel. The fuel was chemically processed and the
235y replaced with 233y, Then for the last 1 1/2 years, the reactor was
operated with 233y fuel. Most of the results presented in this report

will be from data obtained during the 233y rums.

2.2 Description of the Reactor

A detailed view of the MSRE core and reactor vessel is shown in
Figure 2.3. Fuel salt entered the reactor vessel through a flow distribu-
tion volute near the top of the vessel. It then flowed down through a
l-in.-thick annular passage bounded by the reactor vessel and reactor
core can and into the lower vessel plenum. The fuel then passed up
through the graphite moderator region and out the top outlet pipe. The
moderator assembly was composed of graphite stringers about 5 ft long and
2 in. square. The stringers had grooves cut longitudinally in the four
faces, so that when the stringers were stacked together vertically, the
grooves formed the fuel channels. The graphite was grade CGB (trade name
of Union Carbide Corporation). It was unclad, in intimate contact with
the fuel, and unwet by fuel salt under normal MSRE operating conditions.
In the bulk of the fuel channels (95 percent of them), the fuel salt
velocity was about 0.7 ft/sec, yielding a Reynblds number of about 1000.
The entrance to the fuel channels through the moderator support grid
structure was rather tortuocus and turbulence was generated that persisted
for some distance up into the fuel channels., Nevertheless, the flow is
thought to have been essentially laminar in most of the length of the
fuel channel.

Located near the center line of the core in a square array was an
arrangement of three control rods and one surveillance specimen holder.
Details of the specimen holder are shown in Figure 2.4. Tt was positioned
vertically in the reactor and extended the entire height of the moderator

region. At times when the reactor was shut down and drained, the
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surveillance specimen holder was removed from the core and taken to a
hot cell where the samples could be removed. Samples consisted of
graphite specimens, Hastelloy-N rods for tensile strength tests, and
Hastelloy-N flux monitor tubes. The specimen assembly was made so that
only part of the samples need to be removed, and the remaining samples
along with new replacements could be reinserted into the reactor for
further irradiation. Fission product deposition measurements were then
made on the graphite and Hastelloy-N specimens, which had been removed

from the sample holder.

2.3 Description of the Fuel Pump

The fuel pump turned out to be a very important component in under-
standing noble metal migration in the MSRE. A detail drawing of the pump
is shown in Figure 2.5. Its rated capacity is 1200 gpm of fuel salt at
48.5 ft of head. The volute is completely enclosed in another vessel
referred to as the pump bowl, which served a variety of purposes. It
contained the only free liquid surface in the system and therefore
served as an expansion volume for salt. It also contained the 135x%e
stripping system, a salt level indicator, and the fuel salt sampling
facility. The fuel expansion capacity of the pump bowl was more than
adequate for the normal operating ranges of the MSRE, but was not adequate
for some postulated accident conditions. Therefore, the pump bowl was
provided with an overflow tank that would fill if the salt level in the
pump bowl reached the level of the overflow pipe. The normal operating
helium pressure in the pump bowl, which was also the pump suction pres-
sure, was about 5 psig.

The xenon stripper was a gas-liquid contacting device. A toroidal
spray ring containing many small holes (146 - 1/8 in. holes, and 145 -
1/16 in. holes), sprayed the salt through the gas phase. The salt flow,
which resulted in a mean jet veloéity of 7.2 ft/sec, was estimated (not
measured) to be at a rate of about 50 gpm. The xenon rich cover gas was
purged from the pump bowl by a continuous flow of clean helium from
(1) the pump shaft purge, (2) two bubbler level indicators, and (3) the
reference pressure line purge for the bubblers. The purge gas then went
to the off-gas system described earlier. The overflow tank also had a

bubbler level indicator and its purge also went to the off-gas system.
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The spray jets impinging on the salt surface generated large amounts of
helium bubbles and fluid turbulence in the pump bowl. These bubbles
manifested themselves in several ways in the operation of the MSRE. In
one sense their presence was unfortunate because it complicated the under-
standing of many observations in the reactor, but in another sense it was
fortunate because it led to the suggestion of efficient ways of removing
fission products (particularly noble gases, but possibly also noble
metals) from future molten-salt reactor systems.

Let us examine the behavior of gas bubbles in the salt in the pump
bowl by first considering the carryunder of bubbles. Note from Figure 2.5
that there are two bubblers and they are at different depths. By differ-
ence in reading between the bubblers, one can deduce information on the
average fluid density between them. Void fractions as high as 18 percent
were measured in this region.(h)Certainly most of the bubbles were large
and would rise to the surface, but some of them were small and would be
carried down into the pump suction to circulate with the fuel salt.
Estimates of the size of the small bubbles indicate they were less than
0.010 in. in diameter. The amounts of bubbles circulating with fuel salt
could be estimated by analysis of (1) level changes in the pump bowl,
(2) nuclear reactivity balances in the core, (3) sudden pressure release
tests, (4) small induced pressure perturbations, and (5) other less
direct observations. The general conclusion from these analyses is that
the volume fraction of circulating bubbles in the fuel loop during the
235y yuns was 0.0002 to o.ooohs,(h’S)
233y runs was 0.005 and 0.006.(h)A hypothesis is presented in Section 3.3

and the void fraction during the

to explain this rather large change in circulating void fraction between
the 235U and 233U runs. The same hypothesis is used to explain the dif-
ference in overflow rates discussed next.

Now consider the bubbles that rise to the surface in the pump bowl.
There are strong indications that they produced a froth with a high liquid
content on the salt surface. For instance, there was a constant flow of
fuel salt from the pump bowl to the overflow tank even though the indi-
cated salt level in the pump bowl was well below the overflow pipe.
Periodically this salt was forced back into the pump bowl by pressuriz-

ing the overflow tank with helium. This transfer must have been due to
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froth flowing over the lip of the overflow pipe, or to a mist of salt
drifting into the overflow pipe, or to both. Overflow rates during the
2357 runs ranged from 0.4 to 1.5 1lb/hr. During the 233y runs they ranged

from 4 to 10 1b/hr with excursions up to 70 lb/hr.(h) A simple comparison

indicates that a rain of "more than the hardest torrential downpour" h)
would have been required to match the lowest overflow rate during the
233y runs. A reasonable conclusion is that froth with a high liquid con-
tent flowing down the overflow pipe accounted for the high overflow rates.
There may also have been mist in the pump bowl. It is well known that the
mechanical action of a high velocity jet impinging on a liquid surface
will generate a mist. Bursting bubbles are also known to produce mist.
There are physical indications from the reactor that a mist was present

in the pump bowl. For example, the off-gas line plugged periodically
which was probably due to freezing of salt from a mist. Strips of metal
suspended in the gas phase of the pump bowl were covered with small drop-
lets when retrieved (see Figure L4 of Ref. 4). Later when we discuss the
analysis of gas samples taken from the pump bowl, we will explain the
results by theorizing that a salt mist was probably being sampled.

A facility was provided for taking salt samples from the bowl of the
fuel pump. This sampling facility was used for a variety of purposes
including (1) taking fuel salt samples, (2) taking gas phase samples,

(3) adding uranium to the fuel salt, (L) adding chemicals to the fuel
salt to control its oxidation-reduction state, and (5) exposing materials
to fuel salt for short periods of time. The sampling facility was quite
complex, and included a dry box, isolation valves, remote handling gear,
shielding, instrumentation, etc. A detailed description of the entire
facility is not necessary for the purposes of this report, and only the
sample station in the pump bowl is shown in Figure 2.6. Note that the
sample station is enclosed by an overlapping shield arrangement. It was
desired to take the salt and gas samples under rather quiescent con-
ditions, and this shield was intended to prevent the mist, foam, and
fluid turbulence generated by the spray ring from penetrating too aggres-
sively into the sampling region. The shield does not, however, prevent
free movement of salt through the sample region. The overlapping portion

of the shield is not closed, and also, the shield is elevated off the
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bottom of the pump bowl. The sample capsule shown is typical of the first
kind of capsules used in the MSRE. It is referred to as a "ladle
capsule." It is simply a container with open ports in the side. During
normal sampling, it was lowered with the sample transport cable until it
was well below the salt surface. After filling, it was lifted out of the
salt and suspended for a period of time a short distance up in the trans-
port pipe in order to freeze the salt. It was then withdrawn, isolated
from the fuel system, and taken to a hot cell for analysis. During the
sampling period, a small purge of helium was maintained down the trans-
port pipe. Fig. 2.7 shows other sample capsules used which will be des-
cribed later.

3. FISSION PRODUCT EXPERIENCE IN THE MSRE
3.1 General Fission Product Disposition

In this section we will discuss in a qualitative way the general
disposition of fission products in the MSRE, and the techniques used to
measure this disposition. The emphasis will be on noble metals. We will
also discuss the rather dramatic differences in the reactor operating
characteristics when fueled with 235U and 233U, and propose a reason for
this difference.

A systematic way of classifying fission products in the MSRE, based
on their migrational characteristics, is as follows:

(1) salt seekers,

(2) noble gases, and

(3) noble metals.

As a group and under normal MSRE operating conditions, the salt
seekers are the best behaved of all fission products. Examples of salt
seekers are Sr, Y, Zr, I, Cs, Ba, Ce and Nd. Unless affected by
migrational characteristics of their precursors, they remain dissolved
in the fuel salt in inventory quantities. Consider the following gen-
eralized beta decay scheme of fission products:

(2) (1) (1) (1) (1) (4) (3)
*r - Rb - Sr - Y > Zr - Nb > Mo =~

(3) (3) (3) (3)  (3) (4) (1)
Tc > BRu » Rh - Pd~» Ag - C4 -+ In -
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(3) (3) (3) (1) (2) (1) (1)

5Sn - 5b - Te - I - Xe - Cs - Ba -
(1) (1) (1) (1)

la - Ce - Pr - N4 -~

1) - salt seeker,

2) - noble gas,

3) - noble metal, and

L)

- ncble metal or salt seeker depending on
cxidation-reduction state of fuel salt.

Note that Kr (a noble gas) is a precursor of Rb, Sr, Y and Zr (salt
seekers) and also that Xe (a noble gas) is a precursor of Cs, Ba, La and
Ce (salt seekers). Also note that Sb and Te (noble metals) are precursors
of I (a salt seeker). The behavior of precursors of salt seekers may
dramatically affect the ultimate disposition of the salt seekers them-
selves. For instance 2°Zr has a vield of about 6.2 percent but its pre-
cursor, 95Kr, has a yield of only 0.007 percent and is very short lived.
Therefore any migrational tendency of the 95Kr will have little effect

on the 2°Zr. Indeed the complete 357r inventory was found in the fuel
salt.(6) As opposed to this, consider the salt seeker !37Cs with a
cumulative yield of 6.15 percent. Most of its yield comes from the decay
of 137Xe that has a vield of about 6.0 percent and a half life of

3.9 min. Xenon can be transferred to the off-gas system and also can
diffuse into the porous structure of the graphite. Accordingly, only

80 to 90 percent of the !37¢g inventory was found in the fuel salt 6)
and significant quantities were found deep inside the graphite where it

(7,8)

deposited upon decay of its precursor.® In conclusion, the salt
seeking fission products are well behaved and remain dissolved in the
circulating fuel salt in inventory quantities except when influenced
by the behavior of their precursors.

There are only two noble gas fission products, Kr and Xe. They
appear, however, in over 30 mass number decay chains and therefore
significantly affect the general fission product disposition. Notable

among these fission products is 135%e with its large thermal neutron

¥The amounts and concentration profiles of salt seekers inside the
graphite have been correlated with theory quite well in Ref. (9) for
the case where the noble gas precursor is short lived.
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cross section of 3 x 106 barns. Because of 135Xe, a great deal of work
- has gone into quantitatively understanding noble gas migration in the

MSRE. This work has been reported in the semiannual reports and other

documents. The noble gases, particularly xenon, are very insoluble in
fuel salt; therefore, they are readily transported into any available
gas phase such as the circulating bubbles, the gas space in the pump
bowl, and the pores of the moderator graphite.

The third group of fission products is the so-called "noble metals."
They are reduced by UF3 in the fuel salt and exist in the reactor
environment in the metallic state, hence the name. Examples are Mo, Ru,
Ag, Sb, Te and sometimes Nb. If the fuel salt is in a well reduced
state, then the Nb exists as a noble metal, but if the fuel is more oxi-
dized, it exists as a salt seeker. Noble metals have been found through-
out the entire reactor fuel salt loop. They have been found in large
quantities in fuel salt and gas phase samples from the pump bowl. They
have been found in large gquantities on the Hastelloy-N and graphite-core
- surveillance samples, and on the primary heat exchanger tube surfaces and
loop piping surfaces. They have been found at various locations in the
off-gas system. In this report we will look quantitatively at the noble
metals in these depositories, within the framework of mass transfer
theory, and try to develop a unified model of noble metal migration in the

MSRE.

3.2 Fission Product Disposition Measurements

3.2.1 Fuel Salt and Gas Phase Samples

Three types of capsules were used to obtain fuel salt samples from

the MSRE pump bowl sample station, and these are shown in Figures 2.6 and
2.7. Numerous other sampling devices were used for special tests but only
those illustrated were used on a routine basis. The ladle capsule is the
simplest and was the first used for sampling fuel salt. This capsule is
illustrated in Figure 2.6 in the process of taking a salt sample. It is

- simply a small container with open ports on the side to allow salt to
enter. During the course of fuel salt sampling from the reactor, it was

" found that a mist of salt, which was heavily contaminated with noble

metals, existed over the salt pool. Presumably this mist was generated by
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the mechanical action of the spray impinging on the salt surface and by
bursting bubbles. When the ladles were lowered to take a salt sample,

the mist adhered to the capsule and grossly contaminated the sample.
"Freeze valve" capsules, which had previously been developed for taking
gas samples, were therefore used to take salt samples in the hope of
alleviating this problem. Two modifications of these freeze valve
capsules are shown in Figure 2.T7a. Each capsule contains a vacuum which

is held by a frozen salt seal around the capillary entrance tube. The
salt seal is designed to melt after a delay time long enough to allow the
capsule to be completely submerged in fuel salt before it opens. The
inside surface of the capsule is therefore not contaminated with the salt
mist when taking a fuel salt sample. Freeze valve capsules for taking
salt samples were used first in run 1L4. The noble metal concentration
measured in salt from these capsules was generally about two orders of
magnitude less than in salt from the ladle capsules. Note that in both
modifications of the freeze valve capsule, the sealing salt remains inside
the capsule, and puddles over the capillary nozzle. When taking gas phase
samples, the capsule is lowered into the pump bowl until the valve thaws
and the sample is taken, then it is withdrawn to a cooler region so the
salt puddle may again freeze and contain the sample. These freeze valve
capsules did not exclude mist and scum on the salt surface from adhering
to the outside surfaces of the capsule. During capsule processing the
outside surfaces were always well leached to remove this material. Never-
theless, the question of transfer of contamination from the outside sur-
face to the inside materials during chemical processing always remained.
This worry led to the development of the double walled, freeze valve
capsule shown in Figure 2.Tb. It is basically a freeze valve capsule but
it is doubly contained, and can be used for salt or gas phase sampling.
During processing, the nozzle and top of the outer container are cut
through. The inner capsule containing the sample then falls away from

the outer container and is free from mist and scum. There was little
difference in the measured noble metal concentration between samples taken

with freeze valve and with double-walled freeze valve capsules.
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These three kinds of capsules were routinely used for taking fuel
salt and gas phase samples. In the analytical work presented in this
report, only data from the freeze valve and double-walled freeze valve
capsules will be used, and they will be used with equal weight. Ladle
samples will not be used because of the problem of mist and scum contami-
nation. On all plots that follow, the data points will specify whether
the capsule was a freeze valve or a double-walled freeze valve type.
Another point to note is the difference in volume of the two capsule
types. The freeze valve capsule when full holds 50 to 60 grams of fuel
salt, but the double~walled capsule when full holds only 14 to 15 grams.
During the sampling procedure, a purge of helium was maintained down the
sample transport pipe. This should make little difference to the salt
samples but could be a significant parameter for the gas samples. The
helium purge varied from 575 to T5 standard em? /min depending on the
sample. All samples were taken with the higher purge rate before sample
19-16; after that the salt samples had the higher purge rate and the gas
samples the lower purge rate.

Only four freeze valve samples of fuel salt were taken during the
235y yuns (during run 1L4) but many freeze valve and double-walled freeze
valve samples were taken during the 233y runs. The 233U runs will there-
fore be discussed most extensively. Many ladle samples of salt were taken
during the 233y runs because they continued to give good results on salt-
seeking fission products. Both the salt and gas samples were analyzed
radiochemically. This technique was used to determine both the identifi-

cation and the amount of the isotopes present.

3.2.2 (amma Spectrometry of the Primary Heat Exchanger

The amounts of certain noble metal fission products deposited on the
primary heat exchanger tube surfaces were measured by gamma ray spec-—
trometry. The technique consisted of looking at a spot on the heat ex-
changer with a collimated detector and measuring the gamma energy spectrum
emitted from that spot. The resulting spectra were used to identify and
measure quantitatively the fission products present.

The first gamma scans were made after run 14 (last 23°U run) and were,

to an extent, exploratory in nature; i.e., an attempt was made to see if
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specific fission product information could be extracted quantitatively
from the tremendous amount of background gamma radiation emitted by an
operating reactor system. Briefly, the equipment consisted of a highly
collimated lithium-drifted germanium diode detector that was coupled to
a 400 channel analyzer to determine the energy spectra. All scans were
taken with the reactor shut down and either drained or filled with flush
salt. The equipment was mounted on a portable maintenance shield, so
gamma scans could be taken at many locations on the heat exchanger. All
together about 100 spectra were determined. Most of these were from the
heat exchanger but a few were from other components. The equipment was
calibrated so that the measured count rate could be reduced to atoms of
fission product per unit area of tube surface. Data processing was done
by hand and was quite tedious. It was possible to isolate quantitatively
four noble metals from a typical spectrum (2%Mo, 103Ru, 132Te, and 2°NDb).
More details of the equipment and procedures can be obtained from Ref. 10.
At the end of the experiment it was concluded that the quality of the
data and its potential applications were sufficiently promising to warrant
improving the system and repeating the experiments during later runs.
After considerable equipment and calibration procedure improvement,
the gamma spectrometry measurements were repeated after run 19 (233U). An
improved Ge(Li) detector and a 4096 channel analyzer were used. Data
processing was done with a computer program developed for this purpose.
Precise alignment was achieved by use of a laser beam and surveyor's
transit. Altogether some 1000 spectra were measured, many of which were
taken with the reactor at different power levels (a few watts to full
power). Another LOO spectra were taken for calibration purposes. Details
of the equipment, calibration procedures, and dasta analysis can be
obtained from Ref. 11. Gamma spectra were obtained from other fuel loop
components besides the heat exchanger, such as the pump bowl, off-gas
line, and main loop piping. The principal intent of the experiment, how-
ever, was to measure fission product deposition quantitatively in the
primary heat exchanger. This was the only component for which an
absolute calibration of the detector was made. Therefore, these are
the only data that will be analyzed in this report. The principal spectra

of the primary heat exchanger were obtained after run 19, although some
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preliminary data were taken after run 18. The data were taken with the
reactor shut down and drained. Altogether, quantitative information was
obtained for 10 noble metal isotopes from these data. Figure 3.1 is
typical of the kind of data obtained from this experiment. It shows the
amount of !32Te per square centimeter of tube surface plotted against a
longitudinal representation of the heat exchanger. The total range in
concentration is from 0.3 x 1012 to 0.75 x 1012 disintegrations/min—cmz.
The higher value seems to be associated with the baffle plates and their
windows, whereas the lower value is associated with the crossflow part of
the heat exchanger. In this report the lower value was considered to be
most representative of the heat exchanger and, as an example, 0.3 x 1012

2 yas chosen for !32Te, The quality of data from

disintegrations/min-cm
the gamma scans after run 14 were not nearly as good as shown in Figure

3.1, and a sort of weighted average of all the data was used.

3.2.3 Core Surveillance Samples

The core surveillance specimens were briefly described (see Sect. 2.2)
and illustrated (see Figure 2.4) earlier. Periodically, when the reactor
was shut down and drained, all graphite and Hastelloy-N specimens were
removed and the amounts of fission products deposited on the surfaces and
the interior of some were measured. Radiochemical techniques were used

to determine the identity and amount of the isotopes present. Unfortunate-

ly, the fluid dynamic conditions in the surveillance specimen holder are
not well known because the flow passages are so complicated. These fluid
dynamic difficulties are discussed in detail in Appendix B where we
estimate the mass transfer coefficient. Briefly, let us just say that the
surveillance specimens feature inside corners, outside corners, fluid
entrance and exit regions, and possible stagnation areas. Superimposed
on these is a flow that is only marginally turbulent (Re ¥ 3000). These
difficulties were a result of the many different kinds and geometries

of specimens that had to be incorporated into a very confined space. The
measured noble metal deposition data on graphite that will be analyzed in
this report came from the surfaces exposed to fuel salt, although some

noble metals were also found on the inside surfaces that presumably were
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not exposed to salt. The measured noble metal deposition data on

Hastelloy N came from the dosimetry wires. Noble metal deposition measure-
ments were also made on the perforated Hastelloy N cage but these will not
be analyzed because of the almost impossible job of estimating the mass
transfer coefficient. In Appendix B, the mass transfer coefficient to
both the graphite and the Hastelloy N is estimated to be about 0.25 ft/hr.
There is a significant uncertainty associated with this value for the
reasons described above. The mass transfer coefficient from the fuel salt
to the heat exchanger surfaces is a much better known number than to the
surveillance specimens. Figures 3.2 and 3.3 show typical data obtained

from these specimens.

3.3 The Difference Between the 23°U and 233U Runs

Following run 14 the 235U fuel was removed from the carrier salt (and
flush salt) and the reactor was refueled with 233U. Chemical processing
of the salt was done at the MSRE site, and the process is discussed in
detail in Ref. 12. The basic process was fluorination of the fuel salt
and removal of the uranium as a volatile fluoride. The corrosion rate on
the process tank during processing was high and has been estimated to be
about 0.1 mil/hr. The tank was constructed of Hastelloy N and the corro-
sion products were NiF,, FeF,, and CrF,. Following the fluorination step,
it was therefore necessary to remove the corrosion products from the salt,
This was done by reduction with hydrogen and zirconium powder and subse—
quent filtration. Removal of 23°U from the salt was essentially complete.
The carrier salt was then returned to the reactor system and loaded with
233U, Run 15, the first 233y run, was concerned with the zero-power
physics experiments with this new fuel.

During run 15 a significant change in operating characteristics of
the reactor occurred and persisted until the reactor was permanently shut
down. During the 233y runs, the volume fraction of circulating bubbles in
the fuel loop was determined to be between 0.0002 and 0.00045 (see Ref. 5),
end the overflow rate from the pump bowl to the overflow tank ranged from
0.4 to 1.5 1b/hr, with essentially no overflow excursions following
beryllium additions. Beryllium was periodically added to the fuel salt,
primarily to reduce some UF, to UF3 and control the oxidation state of the

fuel. During the 2337 runs the volume fraction of circulating bubbles
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in the fuel loop was 0.005 to 0.006, and the overflow rate ranged from k4
to 10 1b/hr with excursions up to 70 1b/hr following a beryllium addition.
The mean circulating void fraction had gone up by a factor of about 20

and the overflow rate had gone up by a factor of about 10 in the 233U runms
as compared to the 235U runs. Reference L provides a detailed discussion
of these operating variables and others. The composition of the fuel salt
remained nominally the same for both fuels, although the uranium concentra-
tion was reduced from 0.9 mole percent to atout 0.2 mole percent primarily
because the 233U was not diluted with 238y, This resulted in a lowering
of salt density by 3 to 4 percent. Other physical properties {viscosity,
surface tension, etc.) might be expected to change an equivalently small
amount. The rate of bubble injection from the pump bowl to the loop, and
the overflow rate are certainly functions of these varisbles. In my
opinion, the change in reactor operational parameters is much too great to
be explained by such small changes in physical properties, Actually,
there is evidence that the bubble ingestion phenomenon was near a thresh-
old region. This was indicated by a steep change in void fraction when
the pump speed was changed a small amount.* Tt has been speculated that
the small changes in physical properties were coupled in some way to the
ingestion threshold to yield the high void fractions during the 233y
runsgh) This suggestion may account for part of the increased void frac—
tion, however, I believe that it accounts for only a small amount of the
increase.

The question then is - Why the difference in the sabove parameters
when fueled with 23U ang 233y, a clue is given during the initial history
of the 233U runs. Prior to the start of run 15, flush salt was circulated
in the fuel loop for about L0 hr. There was no sbnormal behavior during
this period. Both the circulating void fraction and the overflow rate
were consistent with what had been expected from past operating history.
The flush salt was drained and the fuel salt was added. Circulation was

started and again no abnormal behavior was noted. After about 14 hr of

*The fuel pump was powered by a variable frequency unit for a period
of 