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ABSTRACT

Graphite behavior under Molten-Salt Breeder Reactor
(MSBR) conditions is reviewed and its influence on MSBR
performance estimated. Based on the irradiation behavior
of small-sized graphite specimens, a permissible reactor
exposure for MSBR graphite is about 3 x 10°2 neutrons/cm2
(E > 50 kev). The stresses generated in the graphite due
to differential growth and thermal gradients are relieved
by radiation-induced creep, such that the maximum stress
during reactor exposure is: less than 1000 psi for reactor
designs having a peak core power density of about 100

kw/liter and reactor exposures less than about 2-1/2 years.

The corresponding power costs for single-fluid MSBR's
would be about 3.1 mills/kwhr(e) based on a capital charge
rate of 12% per year and an 80% load factor. Experimental
data on graphite behavior also indicate that graphites
with improved dimensional stability under irradiation can
be developed, which would lead to improved reactor per-
formance. '

The deposition of fission products on graphite does
not appear to be large (10 to 35% of the "noble-metal” .
fission products based on MSRE experience); taking into
account graphite replacement every two years, fission -
product deposition reduces the MSBR breeding ratio by
about 0.002. Also, it appears that xenon poisoning can
be kept at a 005% fraction poisoning level by using pyro-
lytic carbon as a pore impregnant which seals the surface
of MSBR graphite and/or by efficient gas stripping of the
fuel salt fluid by injection and removal of helium gas
bubbles. :

It is concluded that good MSBR performance can be
obtained by using graphite having combined properties
presently demonstrated by small-size samples, and that
development of MSBR graphite having such properties is
feasible. :



1. INTRODUCTION

Recent experimental results'concerning the physical behavior of
graphite during reactor irradiations have indicated that significant
dimensional changes can take place at exposures of interest in Molten-
Salt Breeder (MSBR) systems. These results indicate the need to evaluate
graphite behavior under MSBR conditions, to estimate what constitutes a
permiséible reactor éxposure for the graphite, to determine the influence
of core power density and graphite replacement costs on MSBR performance,
and to initiate an experimental program for the purpose of developing
improved graphite. Also, in assessing overall reactor performance, a
number of other interreiated problemé are involved. For example, the
deposition of fission products on'graphite has an adverse effect on reac-
tor performance, and this deposition behavior in an MSBR environment
needs to be determined. Thus, the purpose‘of this study is to summarize
and evaluate presently available information concerning graphite behavior
and properties as they relate to MSBR operation. Further, investigations
are proposed which may lead to deveiopment of improved graphites. Topics
specifically treated in this report include the behavior of graphite
under reactor radiation conditions; the evaluation of irradiation data;
the stresses generated in graphite under MSBR conditions; the penetration
of graphite by gases and salts; the sealing of graphite pores; the depo-
sition of fission products on graphite; the effects of gas stripping and‘
of graphite permeability on 135%e neutron poisoning; the influence of
graphite dimensional changes on MSBR fuel cycle performance, mechanical
design, and power costs; the effect on MSBR fﬁel cycle performance of
fission product deposition on graphite; .and a proposed program for devel-
oping improved graphites which includes physical, mechanical, chemical,
fabrication, and irradiation studies. ‘

As mentioned above, the effect of graphite behavior on reactor per-
formance influences reactor design. Until recently, the term MSBR was
applied to a two-fluid concept, in which fuel salt containing fissile
material was_kept separate from fertile-containing fluid by means of

graphite plumbing. Such a concept is given in reference 1,which presents

1MSR Program Semiann. Progr. Rept. Aug. 31, 1967, ORNL-4191
(Dec. 1967). }
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design information on a 1000-Mw(e) plant employing four reactor modules,
each module generating the equivalent of 250 Mw(e). The core of each
reactor ugses graphite fuel cells in the form of reentrant tubes brazed
to metal pipes. The pipes are welded into fuel-éupply and discharge
plenums in the bottom of the reactor vessel. The fertile salt fills the
interstices between fuel cells as well as a blanket region around the
core. Such.a reactor is termed a two-fluid MSBR.

Also considered here is a single-fluid MSBR, in vwhich the fissile
and fertile salts are mixed together ih carrier salt but which is other-
wise similar to the two-fluid MSBR. Such a concept does not require
graphite to serve as fuel plumbing, which is dgsirable from the viewpoint
of reactor operaﬁion. However, in order to opérate as a breeder, a fuel
processing scheme is required that can rapidly and economically retain
233py outside the core region. Recent chemical developments indicate?
the feasibility of such a process. Thus, both the two-fluid and single- '
fluid MSBR's are referred to in the folloﬁing sections. However, no
differentiation is made to items which apply equally well to both reactor

concepts.

2. SUMMARY AND CONCLUSIONS

When graphite is exposed to fast neutron doses, it tends to contract
initialiy, with the rate of contraction aecreaéing with expoéure until a
minimmm volume is attained; further exposure tends to cause volume expan-
sion, with the réte of expansion increasing rapidly at neutron doses above
about 3 x 1022 neutrons/cm? (E > 50 kev) in graphite tested to date. This
behavior is due to atomic displacements which take place when graphite is
exposed to fast neutrons, and is dependent upon the source and fabrication
history of the material and also the exposure temperature.’ Irradiafion
results for different grades of grabhiﬁe have shown that gross volume
changes are a function of crystallite arrangement as well as size of the
individual crystallites. The initial decrease in graphite volume with
reactor exposure is_attributed to the clbsing of voids which were gener-

ated in the graphite during fabrication. These voids (as microcrgcks)

3MSR Program Semiann. Progr. Rept. Feb. 29, 1968, ORNL-425..




afford accommodation of the internal shearing strains without causing
gross volume growth which would otherwise take place due to the differ-
ential growth rates of coke particles. Once the original microcracks
are closed, however, this accommodation no longer exists, and macroscopic
growth-.occurs with increasing exposure.

.The.rapid volume expansion of graphite observed at very high reactor
exposures indicates that for these conditions the internal straining is
not accommodated by particle deformation, but by cracking. Examinations
show that this cracking generally takes place in the interparticle, or
binder.region. Thus, it appearé that the binder region has little capacity
to accommodate or control part{cle strain and thus fractures because of
buildup of mechanical stresses. This indicates that graphites with im-
proved radiation resistance might be obtained by developing graphites
having little or no binder content, and there are experimental results
which appear to encourage such development. Experimental data also indi-
cate that improved radiation resistance is associated with isotropic
graphites made up of large crystallites. Consequently, a research and a
development program aimed at producing improved graphite would emphasize
development of'graphite having large crystallite sizes and little or no _ -
binder content. Such a program would involve physical, chemical, mechan-
ical, . fabrication, and irradiation studies, énd could be expected to
develop"graphités with permissible fast neutron exposures of 5 to
10 x 1022 neutrons/cm?® (E > 50 kev).

Volume changes in graphite during irradiation can influence reactor
performance characteristics and thus affect MSBR design specifications.
Consistent with the desire to maintain low permeability of the graphite
to gases, obtain high nuclear performance during MSBR operation, and to
simplify core design features, the maximum permissible graphite exposure
was limited to that which causes the graphite to expand back to its original
volume. On this basis, and considering results obtained to date with
present-day graphites, the permissible exposure under MSBR conditions is -
estimated to be about 3 x 1022 nvt (E > 50 kev) at an effective tempera--
ture of TO0°C. More specifically, at a peak core power density of 100
kw/liter under MSBR operating temperatures, return of the graphite to its 4
original volume corresponds to about 2.5 years of reactor operation at
90% load factor. N

b
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Neutron flux gradients in the MSBR will lead to differential volume

fchanges in graphite components, and if the graphite is restrained from

free growth, stresses are generated. The magnitude of the stress depends
on the fast neutron flux distribution and also on the‘radiation-induced
creepbof the graphite. Based on a single-fluid MSBR design in which the
peak pover density is 100 kw/liter and where the graphite shape is repre-
eented by an annular graphite cylinder having an external radius of 5 cm
‘ ‘and an internal radius of 1.5 cm, the maximum calculated stress in the
lsraphite during a 2.5-year reactor exposure was less than TOO psi due to
épatially symmetric neutron flux variations, and less than 240 psi due to
asymmetric flux variations (flux variations around the tube periphery).
SincebMSBR graphite is estimated to have a tensile strength of about 5000
psi, the above stresses due to changes in graphite dimensions dé6 not
appear to be excessive. For, the above conditions, the net change (decrease)
in the length of the graphite c&linder is estimated to be about.l,6%, an
amount which does not appear to introduce significant core design diffi-
culties. .
X  Graphite for an MSBR should have low penetration by both gas and salt,
in order that performance characteristics of the system remain high. If
neutron poisoning due to 135Xe is to be limited to 0.5% fraction poisons
by diffusional resistance of the graphite alone, a material is needed in
which the xenon diffusion coefficient is about 10 % £tZ/hr. The most
promising of several approaches for producing such a graphite is that of
sealing the surface pores with pyrolytic carbon or graphite. Experi-
mental results indicate that graphite sealed in this manner has a dif-
fusion coefficient of about 10°® f£t?/hr (associated with the surface seal),
and that thie seal can be maintained even though some thermal cycling
occurs. Alternatively, neutron poisoning could be maintaihed at low
levels by efficient stripping of fission gases from the fuel salt with
helium, and if this is accomplished, an increase in graphite permeability
during reactor exposure may be permissible. . Due to the nonwetting
characteristics of molten fluoride salte, penetration of grephite by
salts does not appear to be a problem.

Fissioh products other than gases also have access to the graphite.

Retention by the graphite of fission products could significently reduce



the nuclear performance of MSBR systems. However, tests conducted in the
Molten-Salt Reactor Experiment (MSRE) have demohstrated that only a small
fraction of the total fission products generated accumulate on the graph-
ite. The primary interaction between MSRE graphite and fissioning fuel
salt is the partial deposition (abqut 10-35%) of fission products that
form relatively unstable fluorides. Of the "noble-metal" fission products
which deposited, over 9% of the associated activity was within 5 mils of
the graphite surface. 1In no case was there permeation of fuel salt into
the graphite or chemical damage to the graphite. Test results can be
interpreted such that the percentage of the noble metals deposited on
graphite depends on the ratio of graphite surface to metal surface in the
fuel system, with deposition on graphite decreasing with decreasing ratio
of graphite-to-metal surface. Finally, the MSRE results indicate that
significant fractions of the noble-metal fission products appear in the
gaé phase in the fuel pump bowl, If these fission products can be re-
moved from MSBR's by gas stripping, such a process would provide a con-
venient means for their removal.

Based on the results obtained in the MSRE and taking into account
the higher metal/graphite surface area in an MSBR relative to the MSRE,
it is estimated that deposition of fission products on the graphite in
an MSBR would reduce the breeding ratio by about 0.002 on the average if
graphite were repléced every two years, and about 0.004 if réﬁlaced every
fdur years. Thus, although complete retention of the noble-metal fission
products on core graphite would lead to a significant reduction in MSBR
breeding ratio, the deposition behavior inferred from MSRE results corre-
sponds to only a small reduction in MSBR performance.

Graphite dimensional changes due to exposure in an MSBR can alter
the relative volume fractions of moderator, fuel salt, and fertile salt
in the reactor. ©Such changes influence the design of a two~-fluid MSBR
more than a single-fluid reactor, since in the latter the fertile and
fissile materials are mixed together and their ratio doeé not change
when the graphite volume changes. By constructing a two-fluid reactor
such that the fissile and fertile materials are confined to channels
within the graphite assemblies and the spaces between graphite assemblies

are filled with helium, changes in graphite volume fraction lead largely




to relative volume change in the helium space. ©Such volume changes have
only a small effect on fuel cycle performance and on power distribution.
In.a.single-fluid MSBR, graphite dimensional changes would have little
effect-on.nuclear performance since the fissile and fertileAsalt volumes
are equaily affected. Also, the ability to independently adjust fissile
and ferﬁilevmaterial concentrations in both two-fluid and single-fluid
MSBR's permits adjuétment in reactor performance as changes in graphite
volume occur. Thus, little change in nuéléar performance is expected
because of radiation damage to graphite, so long as the graphite volume
does. not increase much beyond its initial value and the graphite diffusion
coefficient to gases.remains low during reactor exposure (the latter con-
dition neglects the possibility of removing xenon efficiently by gas
stripping).

A limit on the pérmissible exposure of the graphite can have a sig-
nificant influence on reactor power costs. If there were no exposure
limit, the average core power density corresponding to the minimum cost
would be- in excess of 80 kw/liter. However, if a limit exists, hiéh
pover density can lead to high cost because of graphite replacement cost.
At the same time, decreasing the core power density leads to an increase
in capital cost and fuel cycle cost. Thus, a limit on permissible graph-
ite exposure generally requires a compromise between various cost items,
~ with- core power density chosen on the basis of power cost. The optimum
power. density also varies ﬁith MSBR concept, since only graphite requires
replacement in a single-fluid MSBR, while both the reactor vessel and
. graPhite appear to require replacement in a two-fluid MSBR because of the
complexity of constrﬁcting the latter core. Further, reactor power out-
age due solely to graphite replacement requirements can be a significant
cost factor. However, if graphite were replaced at time intervals no
less than two years, it appears‘feasible to do the replacement operation
during normal turbine maintenance periods, such that no effective down-
time is assigned to graphite replacement. A two-year time interval is
associated with an average power density in the power-producing "core" ’
of about 40 ]_sw/liter° For the above "reference" conditions, the single-
fluid MSBR has power costs about 0.35 mill/kwhr(e) lower than the two-
fluid MSBR. Doubling the permissible-graphite exposure Zﬁb a value of
6 x 102 nvt (E > 50 kev)/ would be more important to the two-fluid



concept and would reduce power costs by about 0.15 mill/kwhr(e); the

corresponding change for the single-fluid MSBR would decrease power costs

by about 0.07 mill/kwhr(e). If a two-week effective reactor downtime

were assigned solely to graphite replacement operations, the associated

power cost penalty would be about 0.05 mill/kwhr(e) for either concept.
Conclusions 6f these studies are:

1. OSatisfactory MSBRvperforménce can be obtained using graphite having
the combined properties presently demonstrated By small-sized samples,
with single-fluid MSBR's appearing economically superior to two-fluid
MSBR's.

2, - The development of MSBR graphite having desired properties is feasible.

(It appears that at least two vendors could produce a material satis-
factory for initial MSBR use, based on present industrial capability

for graphite production.)

3. The radiation behavior of. small-sized graphite specimens indicates
a permissible reactor exposure in excess of 2 years for a peak MSBR
power density of 100 kw/liter, based on a zero net volumetric growth
for graphite exposed to the peagk pdwer density. The maximum stress
éenerated in the graphite under these conditions due td.dimensional
changes and thermal effects is estimated to be a factor of 5 less
than the expected tensile strength of MSBR graphite.

L, The deposition of fission products on/in graphite does not appear
to influence nuclear performance significantly. Deposition'of
noble-metal fission products appears to reduce the breeding ratio
about 0.002 every 2 years of graphite exposure. Also, it appears
feasible that xenon concentrations can be kept at a 0,5% fraction
poison level by surface sealing‘of the graphite with pyrolytic
carbon; further, gas stripping provides a means of keeping xenon

poisoning at a low level.

5. The design and operation of MSBR's appear sufficiently flexible
that a high nuclear performance can be maintained even though

graphite undergoes dimensional changes during reactor operation.

(Y



3. GRAPHITE BEHAVIOR
H. E. McCoy

Although the dimensional inatability of graphite.under neutron irradi-
~ation has been known for some time, volune changes associated with very

high reactor exposure-appear to be greater than originally anticipated.
Until recently, graphite had been exposed:to*fast neutron doses of only
about 1 x 10%% neutrons/cm®. Isotropic graphite was noted to contract,
with the rate of contraction.continuously decreasing.- It appeared that
the contraction would cease and that the dimensions would begin to expand
slightly as defects were produced by 1rradlatlon. However, graphite has
nov been irradiated to higher doses,. and a very rapid rate of expansion
is noted after the initial contraction. A large and rapid physical expan-
sion is undesirable from the viewpoint of reactor performance, also, if
the penetration of xenon into graphite were'to increase markedly as the
graphite ‘density decreases, the nuclear performance would be adversely
affected. Based on present infornation, a reasonable core design life
appears to be that which.permits-the graphite to return to its original
volume., ’

The initial graphite contraction with exposure would lead to an
increase in the volume fraction of salt within the core region of the
reactor. Since the contraction would take place slowly with time, the:
nuclear performance of the: system could remain relativeiy constant by
adjusting the fuel concentration, and if the graphite volume fraction
did not increase much above its initial value. Expansion of the graphite
would lead'to a decrease in the salt volume in thevcore, and eventnally
lead to a decrease in nuclear performance of the system. However, if
the core graphite were replaced before it expanded much beyond its _
original volume, the effect of moderator dimensional changes on.nuclear
performance would be small. -

| Graphite for MSBR use should have low penetration by both gas and
salt so that the nuclear performance will remain high Since salt nor-
mally does not wet graphite, there is little tendency for the salt to
penetrate_the graphite unless high pressures are applied or wetting con-

ditions arise, and these latter conditions would normally not exist.
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Gaseous penetration is controlled by the diffusion coefficient of the gas
in the graphite and by gas stripping'with helium bubbles. The most sig-

nificant of the fission product gases is 135%e.

Even though xenon can

be removed by stripping the salt with helium bubbles, it is desirable
that the graphite have and retain a very low permeability so as to main-
tain xenon retention in the core at a low level. Ways for developing .
such a graphite are listed below, with method three the preferred one

at preseﬁt.

1. Development of a monolithic graphite having the desired

characteristics.

2. Impregnation of the graphite with pitch.

3. Deposition of pyrolytid carbon within graphite by

decomposition of hydrocarbon. gases.,

4, Deposition of metal on the graphite surface.

An important considefétion is the_ébiliﬁy of the MSBR graphite to
retain lqw values of the gaseous diffusion coefficient throughout the
reactor exposure'period;

As indicated above, yhe proposed use of graphite in molten-salt
breeder réactqrs poses’ some rather stringént requirements upon this mate-
rial. It must have excellent chemical purity in order to have the desired
nuclear properties. It should be'impermeable to mblteﬁ salts and have a
diffusion coefficient (to gaseous fission products) of about 10™2 ftZ/hr.
Also, the graphite must have reasonable dimensional stability to fast
neutron doses in the range of 1022 to 102° neutrons/cm? (E > 50 kev).

In the next sections a critical aésessment is madé ‘of the status of

graphite development]for molténnsalp breeder reactors.

3.1 Irradiation Behavior of Gréphite

C. R. Kennedy -

Graphite undergoes displacement damage under neutron irradiation,
~ resulting in anisotropic crystallite growth rates. The crystal expands
in the c-axis direction and éxperiences an a-axis contraction. Irradi-

ation studies® on isotropic large-crystallite pyrographite have shown

- 3p, T, Netlley and W, H. Martin, The Irradiation Behav1or of Graphite,
TRG Report 1330(c) (1966)
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that the overall growth rates correspond to a very small volumetric:
expansion. The volume expansion is attributed to minor adjustments in
lattice parameters to accommodate the vacancy and interstitial atom con-
centrations. However, the linear growth rates in highly orientated pyro-
graphite are extremely large and represent the growth rates of individual
crystallites of the filler coke particles in reactor-grade graphite.
Also, the irradiation behavior of graphite is dependent upon its fabri-
cation history.

A comparison of graphite irradiation behavior obtained at different
laboratories is made difficult by the various exposure scales used by
the different experimenters. Perry4 has examined this problem and con-
cluded that an exposure scale based upon neutrons with energies greater
than 50 kev can be used to cdmpare results obtained from widely different
reactors. This exposure scale will be used in our analysis of the
existing data. ‘

Neutron irradiation causes varidus grades of graphite to undergo an
initial decrease in volume rather than the expansion observed in pyro-
graphite having an equivalent crystallite size. -Irradiation results®’®
are given in Figs. 3.1 and 3.2 for an isotropic and an anisotropic grade
(AGOT), respectively. The actual changes in linear dimensions are, of
course, different from grade to grade, and depend largely on the degree
of anisotropy present in the graphite. The initial‘decrease in volume
is attributed to the closing of voids generated by thermal strains
during cooling in the fabrication process. The closing Qf the void volume
is accompanied by c-axis growth and a-axis shrinkage. The orientaﬁion of
the crack or void structure, due to.the thermal strain origin, allows the
c-axis growth to be accommodated internally; the changes in crystallite
dimensions do not contribute to the overall changes in macroscopic

dimensions until the cracks are closed.

45, M. Perry, appendix of this report.

>R. W. Henson, A. S. Perks, and J.H.W. Simmons, Lattice Parameter
and Dimensional Changes in Graphite Irradiated Between 300 and 1350°C,
AERE R 5439. ‘ "

6J. W. Helm, Long Term Radiation Effects on Graphite, Paper MI 7T,
8th Biennial Conference on Carbon, Buffalo, New York, June 1967.
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The original graphite void volume also affords a degree of accommo-
dation of the internal shearing strains that would otherwise be produced
by the differential growth rates of graphitized cokeAparticles. However,
once the cracks are closed, this accommodation no longer exists, and the
macroscopic dimensional changes should then reflect the c-axis growth.

If thg shear strains are accommodated as in isotropic pyrolytic
carbon,7 large internal shear strains resulting from more than 160%
differential growth of the crystallites can be accommodated by pléstic
deformafion without internal fracturing of the graphife and with very
small gross volumetric -expansions. However, as shown in Figs. 3.1 and
3.2, experimental results show that, for samples tested, the graphite
generally contracts to a minimum voiume and then expands very rapidly.
The very rapid rate of volume expansion indicates that the expansion in
all directions is dominated by c-axis growth. This is difficult to
explain unless continuity in the direction of the a-axis has been lost,
since there are two a-axes in the crystal and only one c-axis. It, there-
fore, appears that cohtinuity has been lost between the adjacent grains
and that overall the a-axis contraction cannot restrain the c-axis growth,

The above explanation for the changes taking place ihside the
graphite implies that the internal straining due to differential growth
is accommodated primarily by cracking and not by deformation. To date,
the highly exposed graphites have been subjected to casual, low-magnifi-
cation surface examinations. These reveal, as expected, that the general
region of failure has been in the interparticle or binder region. Only
one isolated case has been found of a crack running across the layer
planes of a particle. These results indicate that the binder region
has little capacity to accommodate the shear strain and as a result it
fractures.

If the graphite-volume decrease (during irradiation) is a result of
closing thé voids generated by thermal strains (introduced during fabri-

'cation), the minimum decrease in volume and the exposure required to

7J. C. Bokros and R. J. Price, "Radiation-Induced Dimensional Changes
in Pyrolytlc Carbons Deposited in a Fluidized Bed," paper presented at 8th
Biennial Conference on Carbon, Buffalo, New York June 1967 (pr0ceed1ngs
to be 1ssued)
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achieve the minimum volume should be temperature dependent; i.e., there
would be partial closure of the void volume simply by the thermal expansion
accompanying heating. Therefore, increasing the irradiation temperature
should decrease the irradiation growth required to close the cracks and
achieve the minimum volume. Thus, unless the irradiation gréwth rates in
the c-axis and a-axes vary appreciably with temperature, the time to con-
tract and then to expand to a specified volume should decrease with in-
creasing temperature. This behavior has been observed as shown on Figs.
3.3, 3.4, and 3.5 using the results of Henson gﬁ;gl.s and Helm.® Figure
3.3 gives the maximum volume contraction as a function of temperature.
Figure 3.4 and 3.5 give, respectively, as functions of temperature, the
total exposure required to achieve maximum graphite volume contraction

and that required for the graphite to expand back to its original volume.
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It should be recognized that these data were obtained from GETR and
"DFR experiments; the neutron energy spectra associated with these reactors
‘differ significantly, and the fast flux differs by almost an order of
magnitude. The data, however, correlate well and if a dose-rate effect
exists, it appears to be very small over the temperature range studied.
In estimating the useful lifetime of the graphite for the MSBR, the
present information on tested grades has been used. Some speculation is
required since there is little information concerning the effects of
volume expansion on pore spectrum, gas-penetration characteristics, and
strength of the graphite. It appears probable that contraction followed
by expaﬁsion back to the initial graphite volume does not create a
structure less sound than the original unirradiated material. On this
basis, the useful life of the graphite would correspohd to the exposure
required for the graphite to return to its original volume. Therefore,
based upon grades of graphite that have been testcd-and the results
shown in Fig. 3.5, the lifetime expectancy of graphite at TO0°C would
be about 3 x 1022 neutrons/cm® (E > 50 kev).
The graphite temperature in an MSBR varies with core design and
power density and also with spatial position within the reactor. For
an MSBR operating at an average power density of 80 kw/liter, peak
graphite temperatures would be in excess of 750°C. However, peak tempera-
ture is probably not the proper criterion; rather, the volume-averaged
graphite temperature in the vicinity of the highest fast neutron flux
would be more appropriate. The peak volume-averaged temperature would
tend to decrease with increasing number of fuel flow channels, with de-
creasing power density, and upon changing from two-fluid to single-fluid
type MSBR's. A value of TOO°C is representative of the effective volume-
averagcd temperature to be used in estimating permissible graphite
Aexposufe for MSBR's operating at an average core power density of about
4o kw/liter; a more detailed analysis of graphite growth, temperature,
and associated stresses is given in Section 3.2 which verifies the above.
The effect of graphite size on dimensional stability during reactor

exposure has been reported by Nightingale and Woodruff.® ILarge blocks

®R. E. Nightingaie and E. N, Woodruff, "Radiation Induced Dimensional
Changes in Large Graphite Bars,” Nucl. Sci. Eng. 19, 390-392 (196k4).
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have shown a.transversé shrinkage rate of up to twice that of subsize
specimens. Although the rationale for such behavior is very vague, thisr
"size effect” has occurred. Unpublished data® from BNWL indicate that,
although the volumetric contraction in the transverse direction with large-
size graphite specimens is possibly greater by sabout 1% than that obtained
with small-size samples, the exposure required to obtain minimum volume
and reversal in volume growth has not been reduced. Further, published
data‘from BNWL® of a very preliminary nature indicéte that extruded pipe
specimens of approximately 3 in. OD and 2 in. ID with about 0.2 in.
machined from each surface had the same growth rate as small-size speci-
mens. The "size effect" ﬁould, at the most; only require an allowance

for this increase in transverse shrinkage in the design. The above would

neither increase nor decrease the lifetime expectancy of the graphite.

3.2 Stresses Generated in Graphite During Irradiation

W. P. Eatherly and C. R. Kennedy

\ The above discussions concerned the limitations on graphite lifetime
due to irradiation-induced dimensional changes, for the case of graphite
- in a stress-free condition. In actual fact, temperature and flux gradients
in the cofe will tend to produce differential distortion§ within the
graphite, thus generating internal stresses. In examining these effects,
a single?fluid reactor will be considered in which the core is constructed
of cylindrical prisms of graphite (i.e., tubes) running axially through
the core. The stresses will arise from two distinct causes. Within each
prism there will be symmetric neutron flux and temperature gradients due
“to flux distributions in a reactor "cell." 1In addition, across the prisms
there will be superimposed asymmetric gradients due to the gross radial
flux and temperature distributions within the core. The symmetric'gradi-
ents will be maximum in the central region of the core where the power
density is high;“the asymetric gradients will be maximum in the outer
regions of the core where the "blanket" region causes a rapid decrease in
" power density with increasing core radiﬁs. The symmetric gradients will

be considered first.

°D. E. Baker, BNWL, private commmication.
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In examining stresses it i1s necessary to relate the dimensional be-
havior of the graphite to the three independent variables of temperature,
flux, and time. In the temperature range of interest (550 to 750°C), the
" dimensional behavior for isotropic graphite is approximated by

Jay’

; (0.11 — 0.7 x 10~%T)(x2 — 2x) C(3.1)

wjr

where _
x 10722 ot
~ 5.7 = 0,006T

temperature, °C,

fast neutron flux, neutrons cm 2 sec™ ! (B > 50 kev),

time, second,
and
JaY)

£

Il

fractional length. change of graphite.

This function is plotfed in Fig. 3.6 as a function of fluence with
temperature as a parameter; as shown, A@/Z is a strong function of the
irradiatibn temperature.

The maximum internal symmetric flux gradients occur in the central
region of the core; at this position the salt-to-graphite volume ratio
will be about 20%. An appfopriate graphite cylinder size is one having
an internal radius, a, of 1.5 cm and an external radius, b, 'of 5 cm; it
is assumed that surface temperatures will bé the same on both surfaces.
The fuel salt enters the reactor at a temperature of 550°C and exits at

700°C. Also, the neutron flux causing fissions, ¢, is cdnsidered to

vary as
® = 0 sin 2% (3.2)
where
L = core height,
= axial coordinate,
QM = maximum flux.

With a maximum core power density of 100 kw/liter, which is considered

here,
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o = 4.5 x 10Y% neutrons cm 2 sec”?

M K
The internal heating within the graphite will be due to energy depo-

sition by both prompt and delayed y rays. For the assumed pegk power

density of 100 kw/liter, this ehergy‘deposition amounts to about 8 w/cc .

prompt and 2 w/cc delayed. Thus; the internal energy generation rate,

4, is approximately giﬁen by

nZ

g = 8 sin T

+ 2 wiee .

This expression combined with the graphite geometry and dimension gives
Q, the heat transfer rate per unit length of graphite between the graph-.
ite and the fuel salt. Since the radial temperature gradients are much
greater than the axial gradients, all the energy generated in the graph-
ite is considered to flow in the radiél direction.

The heat genératioh in the flowing fuel salt will be nearly pro-
portiohal to the flux ¢, and thus the temperature in the flowing salt
will have a cosine dependence on z. Further, the temperature drop, Amf,
from the flowing salt to the graphite—salt interface can be calculated
from ' .

_Q
M =g (3.3)

where the effective heat transfer coefficient h has the value,

h~ 0.731 weem 2.°C™1 (1240 Btu/hr-ft2-°F) .

This yields the surface temperature of the graphite. The internal graph-
ite temperatures follow immediately from the equations of heat flow in a
hollow cylinder with a uniformly distributed heat source. The calculated
salt, surface, and central graphite temperatures along the central axis
of the core are shown in Fig. 3.7.

In the single-fluid MSBR under consideration, the fast flux decreases
about 5% from the surface of the graphite to its interior due to energy

degradation. This relation is represented here by

2 _ in 22
7 = 0.05 sin Syl (3.h).

where r is the radial coordinate for the graphite cylinder.
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Based on the above, the flux and temperature conditions in the graph-
ite tube are specified as a function of z and r, and thus, through Eqg.
(3.1), so is the local radiation-induced distortion. Thus, the induced
stresses can be obtained by solving the stress-strain equations. Before
doing this, it is helpful to review briefly the creep behavior of a uni-
axially loaded graphite bar under irradiation, and define terms used to
describe this behavior. Figure 3.8 illustrates the type of relation be-
tween strain and fluence for a constant applied stress, o. The material
responds immediately in an elastic mode,* then proceeds to undergo a satu-
rating primary creep superimposed on.a linear secondary creep. The primary
creep is essentially a constant volume creep and appears to be reversible.
Since it saturates at fluences small compared to those of interest here,
it is valid to treat it as a non-time-dependent elastic strain. With this

simplification, the equations which must be solved take the form,

J
t
1
+-Jf ko [ci -5 (o, + ck)} dt
o
t
+ -
[ sas oz -n) (3.5)
o
where
€; = total strain in i-th direction (i, j, k=71, 0, 2),
0y = stress in i-th direction,
E = Young's modulus,
H = Poisson's ratio,
k = secondary creep constant (irradiation-induced creep),
g = time rate of radiation-induced dimensional changes,
¢ = differential dimensional change due to thermalbexpansion,
To = reference temperature.

¥

Strictly speaking, graphite has no pure elastic mode, but behaves
inelastically unless prestressed. This detail does not affect the calcu-
lations given later.

L
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The right side of Eq. (3.5) sums the elastic strain, the saturated primary
creep strain, the secondary creep strain, the imposed radiation-induced
distortions, and the thermal strain. 1In addition to Eq. (3.5) the follow-
ing must be satisfied:

e .1 =¥
€ =5 € = 7 € = . (3.6)

vhere u and w are the displacements of the material in the r and z direc-

tions, respectively; also,

(3.7)

and

o la = 9 lb\= o . _ (3.8)

The above relationships have the following significance: Egs. (3.6)
preserve the continuity of the material during straining, Egs. (3.7)
define the conditions for static equilibrium within the material, and
Egs. (3.8) define static equilibrium at the free surfaces of the cylinder.

The above equations cannot be solved explicitly in closed form.
Approximate solutions can be obtained under the conditions Ek®t << 1 and
Ekdt >>1. However, it was possible to obtain numerical solutions to

the complete problem using a computer pro‘blem10

originally designed to
study stresses developed in spherical coated particles and modifying
it to cylindrical gedmetry, The program uses an iterative procedure

as follows:

197, W. Prados and T. G. Godfrey, Stretch, a‘Computer Program for
Predicting Coated-Particle Irradiation Behavior: Modification IV, ORNL~-
T™™-2127 (April, 19638).
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A zero-order approximation is generated by replacing Eq. (3.5) with

1 1
€i0 T E [Uio - p(dio * 0ko)] * E [Uio T2 (010 ¥ Uko)} T (3.92)

where

t
hy o~ f, 0+ t/p gdt + oT ~ To) (3.9b)
(o)

and fio’ the secondary creep strain, is set equal to a constant. Equations
(3.9) are solved for the o,'s as functions of position and time, and a

first-order approximation to fi is generated by setting

t
1
.4 _.g[‘k® [oio - §(°jo + oko)} at - (3.10)
Using this expression to replace f, in Eq. (3.9b) yields values for

s and o, .; such a process is repeated until convergence is .

912 %5 K1 ,
obtained. In general, convergence is achieved in two to three cycles.
The material constants appropriate for Gilso-carbon-based graphite

(presumably to be used for the first MSBR cores) are

1.7 x 10® psi
0.27
2.0 x 1027 cm®-neut t.psi”t

6.2 x 1076 °¢c”1

Q * T W
Hi 1l

Using the above values and procedures, the maximum stresses occur at the
surfaces of the graphite cylinder, and to within .about 1% the axial and
tangential stresses are equal. VFiguie 3.9 givesvthe calculated axial
stresses as a functionzof axial position for various times; it is apparent
that the maximum stresses occur at z/L ~ 0.6. The behavior of the surface
stress at this point is given in Fig. 3.10 as a function of time. Two
points afe of immediate interest: the thermal stresses initially intro-
duced as the reactor is brought to power disappear in a matter of a few
weeks; further, the maximum stress occurs at the end of the graphite

life, T, and is approximately 70O psi. This is well below the anticipated
tensile strength of 5000 péi expected for MSBR graphite.

.
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Of interest also is the overall dimensional change in graphite,

determined by
b

g = —2 f__rgdr . (3.11)

2 2
b= — a= 3

Within the accuracy of the calculations, the distortions u and w at the

free surféces are given by

ul, = ag ufy, = bg wo=2g .
Thus, the external dimensions of the graphite cylinder change according
to the average distortion rate g quite independently of the details going
on within the tube. Defining the graphite lifetime, T, as that which

gives a zero overall dimensional change,

T
f gdt = 0 at

o}

= 0.6

Hin

At time t the surfaces of the graphite at highest average exposure are
still in a slightly contracted state, while the interior is in a slightly
expanded state. This criterion yields a value of T = 26.7 months at
100% plant factor.

The total relative change in length of the graphite cylinder as

a function of time is given by

L t ‘

AL f"dt .12

w1 [a ) oG (3.12)
[o) (o]

The associated results are given in Fig. 3.11; as shown, for the case
calculated, the core must accommodate a net 1.6% linear shrinkage of
the graphite column.

Attention is now given to the second problem mentioned above, namely,'
the stresses assoclated with asymmetrical gradients. Denoting by R the
radial coordinate from the‘centerline of the reactor core toward the
blanket regions, the flux ® will die away rapidly as R approaches the
blanket. Considering a graphite core cylinder near the blanket region,
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the exterior surface facing toward the core centerline will be exposed
to a more intense flux than the exterior surface facing away from the
centerline. Specifically, if & is the average flux in the tube, the
surface facing the core centerline will be in a flux given by

ob

4+ Db 2=
3R’

and the surface facing the blanket will be in a flux given by

®—-b— .
oR

Referring back to Eq. (3.1), the core flux gradient existing near the
blanket region will tend to bow the tube concave inward during its con-
tracting phase, and convex inward during its expanding phase. The associ-
ated stresses_which develop can be approximated in the following way:
In its bowed condition the tube is essentially in a stress-free condition.
If it is constrained from bowing by adjacent tubes, then these adjacent
tubes must produce distributed external stresses just sufficient to
straighten out the bowed tube. Thus, the problem reduces to a beam under -
distributed external loading but undergoing creep, with the maximum
stresses being produced in the extreme radial fibers. Let di be the
radiation-induced distortion of the innermost fiber and dO that of the
outermost fiber. Then the strain rate on the extreme fibers will be

given by
H -3 ,di - doll (3.13a)

and the resulting fiber stress by

= — (3.13b)

Flux gradients in radially power flattened cores suggest that

»




31

2 L 2.9 x 10*2 neutrons cm > sec

JR

at & = 2.4k x 10'* neutrons cm 2 sec”?

-1

For T ~ 700°C, this yields

dy = - 8.10 x 10710 4+ 1,62 x 10717 ¢
and

4, == 7-29 x 1072 + 1.31 x 1077 ¢,
Thus,

€ =—0.41 x107*° 4 0.16 x 10727 ¢t .

Near the end of life (7 = 1.0 x 10® sec) the stresses reach a maximum,
namely

ko

'ozl = Iel = 240 psi

Such a value is relatively small. To this must be added the teénsile stress
generated by the symmetric gradients occuring at the position of greatest
flux gradient; however, the latter would be less than the“value at the
core centerline. Thus, it is concluded that there are no serious thermal-

or radiation-induced stresses produced in the graphite during the life-

t
u/‘ gat =0 ,

(o]

time a@ssoclated with a

and that a net volumetric growth is permissible from the viewpoint of

permissible stresses per se. Thus, a graphite lifetime associated with

t
Jﬁ gdt = 0

o

implies that other factors, such as the influence of dimensional changes

on graphite permeability, limit graphite exposure.
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3.3 Penetration of Graphite by Gases and Salts

W. H,‘Cook

3.3.1 Penetration by Gases

Numerous gaseous fission products will be produced in molten-salt
breeder reactors,! the worst being 135Xe from the viewpoint of neutron
absorptions., Ideaily, the graphite should be completely'impermeable to
135%e, However, reasonably low values of the xenon fraction poisoning
(about 0.5%) can be obtained by stripping the xenon with helium bubbles
and/or by using a graphite in which the diffusion rate of xenon is very
low. '

Two parameters are very important in controlling the quantity of
xenon residing in the graphite at a given time. The first is the void
volume, since the amount of gas present is controlled by the space in
which it can be accommodated. This void volume can be made low by‘ '
multiple impregnations of the graphite during processing. The second
factor i1s the rate at which xenon can diffuse into the graphite, which
is controlled by the xenon concentration gradient and the properties
of the.graphite. The accessible void volume is measured by use of
helium.or kerosene, and the diffusion coefficient is obtained from
permeability measurements with helium. Examination of gas transport
phenomena reveals that in graphite having very low penetration character-
istics, the permeability and diffusion coefficients* are numerically
equal. This condition exists when the mean free path of the gaseous
molecules is greater than the diameter of the pores in the graphite,

corresponding to the Knudsen flow conditions. The value of the diffusion

*The dimensional quantity usually used for permeability coefficient
is cm®/sec, while ft2/hr is used for the diffusion coefficient, and both
of these units are used here. Numerically, they have the same order of
magnitude, Also, the Knudsen diffusion coefficient for xenon at 650°C
expressed in ftg/hr is approximately equal numerically to that for helium
at 25°C expressed in cm?®/sec.

11y, R. Grimes, MSR Program Semiann. Progr. Rept. July 31, 196k,
ORNL-3708, p. 2L7. '




33

(or permeability) coefficient at which this equivalence holds is gener-.
ally about 1074 cma/sec or less when the ﬁores are small in size and
numerous. For MSBR graphite, a gaseous diffusion coefficient of about
1078 fta/hr is desirable; for such a value, Knudsen flow conditions
would clearly apply. Under such circumstances, the relation between the
permeability and the Knudsen diffusion coefficient is'® (for steedy
state conditions):

qmme Bopm :
K=—5r = T Dy (3.14)
where
K = combined Knudsen-viscous permeability coefficient, cma/sec;

D, = Knudsen diffusion coefficient = s K0 v, cm®/sec,

3

K
q, = volume flow rate of gas measured at j cms/sec,

P_ = mean pressure in porous medium, dynes/cmZ,

B

L = length of porous medium in the direction of flow, cm,
A = cross sectional area for flow, cm2,
Ap = pressure difference across sample, dynes/cma,

B, = viscous flow parameter for porous material, cm2,

N = gas viscosity, poise,

K., = Knudsen flow permeability coefficient, cm,

(o]
v = mean molecular velocity, cm/sec = I\’ 8—RTﬁ s
. 14

"R = universal gas constant, ergs/°K/mole,
T = temperature of gas, °K,
M 2 molecular weight of gas, g/mole.

The value of K in the equation is easily determined experimentally

by measuring the volumetric flow of gases through a piece of material

1

12G, F. Hewitt, "Gaseous Mass Transport Within Graphite,” AERE-R-
Leh7 (May, 1964)(Chapter Two, pp. T4-120 in Chemistry and Physics of
Carbon, Vol. 1, ed. by P. L. Walker, Jr., Marcel Dekker, New York, 1965 );
E. A. Mason, A, P. Malinauskas, and R. B. Evans, III, J. Chem. Phys. h6(8)
3199-3216 (April 15, 1967); and R. C. Carman, Flow of Gas Through Porous
Media, Academic Press, Inc., Publishers, New York, 1956.
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under a differential pressure. The term Bopm/ﬂ represents the viscous

coefficient and is a function of the average pressure and the gas vis-

cosity (laminar flow); the second term is the Knudsen diffusion coeffi-
cient.13714 ‘

Having determined DK for a given set of experimental cohditions,
extrapolation to other conditions of interest can . be made since the
Knudsen flow coefficient, Kb, is a fqnction only of the porous medium.
Thus, through permeability measurements of helium in graphite, the
diffusion coefficient of xenon in graphite can be calculated.

Methods for reducing void volumes and diffusion coefficients for
gases in graphite, as well as values associated with these parameters,

are given in subsequent sections of this chapter.

3.3.2 Penetration by Salts

The efforts being made to obtain graphite with a low gas permeability
should yield a material with high resistance to penetration by salts.
The resistance to éalt penetration into the graphitevpores results from
the relatively high surface tensions of the molten salts such that they
do not wet graphite.' The molten fluoride salts at T00°C have surface
tensions about 230 dynes/cm and a contact angle with graphite15 of
approximately 150°. It is inherent that massive polycrystalline graphite
will have some accessible porosity, but the pore entrancé diameters can
be held reasonably small, < 1 p. Therefore, if there is no pressure
differential between the helium-filled pores and the salts, the salts
should not intrude into the accessible pores since they obey the Washburn

relation'® given by

133, F. Hewitt and E. W. Sharratt, Nature 198, 954 (1963).

145, p, Malinauskas, J. L. Rutherford, and R. B. Evans, III, Gas
Transport in MSRE Moderator Graphite. 1. Review of Theory and Counter
Diffusion Experiments, ORNL-414S (September, 1967), pp. 34-35.

15p, J. Kreyger, S. S. Kirslis, and F. F. Blankenship, Reactbr Chem.
Div. Ann. Progr. Rept., ORNL-3591, pp. 38-39.

16H. L. Ritter and L. C. Drake, Ind. Eng. Chem. Anal. Ed. 17(12),
782 (1945). -
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pp = -0 8  (3.35)
vhere .
Ap = the pressure difference,
y = the surface tahsion,
' § = the entrance diameter of pores penetrated; and
@ = the contact angle.

Several observatlions support the applicability of this equation to
fluoride salt systems. Calculations indicate that a pressure difference
of approximately 300 psia would be required to start the intrusion of
fuel salt into the largér pore entrances (approximately 0.4t p) of the
grade CGB graphite used in the MSRE. In_out-of-pilé standard salt-
séreening tests in which a 165-psia pressure differential was applied to
a salt—CGB graphite system, the salt was limited to small panetratiohs
of the surface and to cracks which intersectéd exterior surfaces. In
the latter, the salt was confined to the craak and did not penetrate the
matrix.}? In-pile tests® and the experience to date with the MSRE®™2%
suggest that radiation does not alter the nonwetting characteristies of
the fuel salt to the graphite. Finally, the effects of compositional
differences in the fuel and blanket fluoride salts, of metal fission-
product deposition on the graphite, of fission product fluorides or
minor contamination of the salt do not appear to make 1mpdrtaht changes

in the nonwetting characteristic.®?

17y. H. Cook, MSR Program Semlann. Progr. Rept. July 31, 1964, ORNL-
3708, p. 38L. : -

18\MSR Program Semiann. Progr Rept. Feb. 28, 1965, ORNL-3812, pp.
87"']—20 .

193, 5. Kirslis, MSR Program Semiann. Progr. Rept. Aug. 31, 1966,
ORNL-4037, pp. 172-189.

20g, s. Kirslis and F. F., Blankenship, MSR- Program Semiann. Progr,
Rept Feb. 28, 1967, ORNthll9, pp. 125 =130.

213, 8. Kirslis and F. F. Blankenship, MSR Program Semiann. Progr.
Rept. Aug. 31, 1967, ORNL-4191.

223, B, Beall, W. L. Breazeale, and B. W. Kinyon, internal corre-
spondence of February 28, 1961.
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The pressure difference appears to be the controlling factor for
salt penetration as long as the wetting characteristics are not altered.
The maximum anticipated operating pressure of the fuel salt in the MSBR
will be about 50 psig. The helium cover-gas pressure prior to filling
the reactor with fuel will be approximately 204psia,. Consequently, the
pressure will not be able to force salt into.graphite pores having
openings of 1 p. Steps being taken to reduce_the gas permeability will
probably reduce the entrance diameters of the accessible pores to con-
siderably less than 1 u. |

There are no data at this time which suggest that the salt will
ever wet the graphite.' However, if for some reason wetting occurred,
some data suggest that penetration by a semiwettingvor wetting liquid
would be limited by frictional effects® and/or by the pore structure
of the graphite involved. This should be particularly true for the type
of graphite sought for MSBR's because it should have very small pore
entrances, The friction concept has been referred to by Eatherly.

This effect was illustrated by tests with molten sulfur, which wets
graphite. The sulfur penetrated.only to an'average depth of approxi-
mately 0‘25 in. in a previously evacuated block of grade CGB graphite.24

3.3.3 Pore Volume Sealing Techniques

"A graphite which prevents salt and fission products from‘entering>
is desired for'improved neutron economy, as indicated previously.
Several techniques show promise for producing such a graphite. These
involve treatment of base-stock graphite by (1) impregnating with carbon-
aceous liquids that are carbonized and graphitized, (2) impregnating
with salts, (3) sealing with pyrolytic carbon or graphite, and (4) seal-
ing with a chemical-vapor-deposited metal. All should be of some value
in limiting gaseous and liquid transport into the graphite; the latter

two appear the most promising for MSBR application. .

23y, P. Katherly et al., Physical Properties of Graphite Materials
for Special Nuclear Applications, Proceedings of the Second United
Nations International Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1953, Vol. 7, pp. 389-L01, United Nations, New York, 1959.

2%MSR Program Semiann. Progr. Rept. Feb. 28, 1965, ORNL-3812, pp. 77-80.
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The base stock for all processes should have a narrow range of pore
entrance diameters S 1 p. This pore structure is finer than that found
in most high-density grades of graphite. However, with proper grain
sizing, this type of base stock has already been fabricated by graphite

manufacturers.

Liquid Impregnations

Hydrocarbons. The classical approach for reducing thé porosity

~and increasing the density of graphite has been to impregnate the base

stock with coal tar pitches that are subsequently carbonized and graphi-
tized.2> Recent work has used a variety of carbonaceous materials such

as thermosetting resins. During the pyrolysis of the impregnants, a
variety of gases, primarily hydroéarbons, are driven off. The pore spaces
created by these escaping gases will also be available to fission gases.
Also, these impregnants usually decrease appreciably in volume during
pyrolysis and slightly during carbonization; so, the final volume of the
impregnant does not completely fiil or block voids. Since a graphite is
desired in which the gas flow is controlled by diffusion (Knudsen flow),
the hydrocarbon gases formed during pyrolysis must escape by the same
mechanism. Consequently, the carbonization cycle has to bé long and
carefully controlled. Spalling and cracking are common fabrication
problems of such high-quality graphite. For example, the grade CGB
graphite with a nominal permeability of 3 x 10 * cm®/sec developed tight
cracks during its final stages of fabrication because of the Quélity of
the sealing. Graham and Price reported only a 38.3% yield of fuel element

S even though a fine

graphite for the first charge of the Dragon reactor;z
carbon black, an amorphous carbon, was used in the fabrication of their
base stock to give them a starting fine-pore structure. We are not con-
sidering the use of amorphous carbon in the graphite for MSBR's until we

evaluate its dimensional stability under irradiation.

2571,, M. Curie, V. C. Hamister, and H. G. MacPherson, "The Production
and Properties of Graphite for Reactors," Proceedings of the First United
Nations International Conference on the Peaceful Uses of Atomic Energy,
Geneva, 1955, Vol. 8, pp. 451-4T3, United Nations, New York, 1956.
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Liquid impregnation has been used to produce pieces of graphite

having very low permeabilities;26’27

been < 1076 cm®/sec.

permeability values reported have

At this time; a permeability of about 1073 cma/sec appears to be
readily obtainable in fine-grained, high-dénéity énisotropic or. isotropic
gfaphite. As indicated abdve, decréasing this permgability by hydrocarbon
impregnation techniéues becomes increasingly difficﬁlﬁ as permeability is
decreased. The low permeabilities given above were for anisotropic grades
of graphite, but a largé part of the associated technology should be use-
ful for the fabrication of low-perﬁeabilityIiSOtropic graphite. It would
be desirable to prodﬁcé a structure which is uniform'throughout; however,
it may be satisfactory to have a shallow surface impregnation plus
graphitizing treatment. '

Metals and Salts., Previously we emphasized the need for a premium

gradé of base stock. If metals or salts are used as impregnants, hbwever,
the restrictions on the fine-pore-diameter spectrum of the base stock
could be relaxed. However, the impfégnation‘of the pore volume with metals
is not being seriously considered for the MSBR because it might introduce
intolerable quantities of nuclear poisons. At the same time, impregnating
graphite with salts such as LiF, CaFp, or LigzBeF4 is a possibility. Such
salts would not constitute intolerable nuclear poisons. The first two
ﬁouid be solids, and the third would be liquid at the reactor operating
temperatufés. Althbugh not measured, it is probable that the diffusion
rate of”ufanium, other fuel-salt and blanket-salt components, and fission
products dinto the impregnant would be quite low.28

A small of work was done some years ago in which CaFz was used as an
impregnant. However, attendant experimental problems are difficult,

since the fluoride salts are hygroscopic,_and‘a graphite impregnated with

261, W, Greham and M. S, T, Price, "Special Graphite for the Dragon
Reactor Core," Atompraxis 11, 5h9-5uk (September-October 1965).

27x, Worth, Technique-and;Procedures-for Evaluating Low Permeability
Graphite Properties for Reactor Application, GA-3359 (March 1, 1963), p. T.

28private commmications from R. B. Evans, IIT, of the Reactor
Chemistry Division, who called our attention to this approach.
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~ such salts would have to be protected from the atmosphere until installed
in the core and the core sealed. ‘ )

Finally, there is the possibility of using counter diffusion of gases--
a concepted worked on for some time by the British. A counter flow of
helium cover gas from the graphite té the salt could help block diffusion
of 135%e and other gases into graphite. This method would also supply
helium bubbles to the core region to help remove 135Xe from the fuel salt.
However, such an approach requires special core designs and gas flow
through the graphite, and appears less desirable than the development of
impréved graphite. |

3.3.4 Surface Coatings and Seals

In addit;on toyusing liquid hydrocarbon impregnants for obtaining
improved graphites, a promising method involves sealing the graphite
surface by deposition of pyrolytic carbon (or graphite) or pure metals.

" Such a sealing method has been applied successfully to graﬁhite to give
an. improved oxidation resistance. Much bf this work has been associated
with rockets and missile applications. The approach has been to apply a
coating on a massive substrate of porous graphite. Similar work has been
done on nuclear reactor graphite to decrease helium permeability from '
3.7 x 1072 to less than 10 7 cm®/sec.®® Coatings of carbides, oxides,
silicides, pure metals,Apyrocarbon, and pyrographite have been investi-
gated. Not all were applied by the pyro}ytic technique. The usual

problems30

were cracking of the coating or loss of the‘coatings because
of differences in rates of thermal expansibn. In some instances the
graphite substrate was ménufactured specifically to match the thermal
expansion of a particular coating. ”

A low-permeability pyrocarbon-graphite material has bheen reported

by Bochirol®? in which‘graphite was sealed with pyrolytic carbon formed

25R. L. Bickerdike and A. R.TG Broﬁn, "The Gas Impregnation of EY9
Graphite,” Nuclear Graphite,. European Nuclear Energy Agency, Paris (1961),
pp. 109-128, . ‘

sop g, Clarke, R. E. Woodley, and D. R. De Halas, "Gas-Graphite
Systems," Nuclear Graphite, R. E. Nightingale (Ed ), Academic Press, New
York, 1962, pp. 432-L37.

311,. Bochirol of CEA Saclay, France, personal communication,
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from methane or a sulfur-free natural gas at 900°C. Such material, even
if heat treated to 3000°C, may not be stable enough to radiation damage
for MSBR application because the crystallites are small, approximately
100 X..-However, it does suggest that pyrocarbon can be deposited into
graphite substrate to a significant depth. The grOSS'permeabilitieé
approached 10”7 cm®/sec as deposited, but were increased to 10> cm®/sec
by a graphitizing heat treatment. Since the reduction in permeability of
the sample was obtained by sealing the surface, the gas diffusion coeffi-
cient associated with the surface’seal was much lower than the gross
permeability coefficient, by the ratio of seal depth to sample thickness.

As indicated above, coatings or surface sealing can be employed.
Surface sealing, which injects the sealant a short distance into the pore
structure of the graphite, appears preferable to minimize the effects of
radiation damage on the seal effectiveness. This type of sealant would
be more adherent than & simple surface layer.

The surface sealant approach using pyrolytic carbon is in early
stages of study at ORNL.32 Pyrolytic carbon is deposited froﬁ propylene,
Calg, on graphite specimens in fluidized beds at approximately 1100°C.

In one test the helium permeability of a graphite having two peaks in the
pore spectrum was decreased from approximately lO-s,to about 2 x 10° 7
cmz/sec. This was the average permeability obtained by considering the
graphite to be homogeneous; the permeability of the material near the
surface was estimated to be about 10™° cm®/sec. The carbon penetrated
the pores as well as forming a surface layer approximately 15 p thick.
‘The low permeability was maintained when the sample was heated to 3000°C
and cooled to room temperature. Additional work on surface sealing is in
progress using an isotropic graphite that has a narrow range of pore
sizes with ehtrance diameters near 1 p. Specimens of this material have
been sealed and irradiated to high reactor exposures in the High Flux
Isotope Reactor (about 1022 nvt), but the results have not yet been

evaluated.

32{. Beutler, MSR Semiann. Progr. Rept. Aug. 31, 1967, ORNL-L191.
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The metallic surface sealing studies carried out at ORNL involve
use of molybdenum or niobium.33 The metal is deposited on a heated graph-
ite substrate by reducing the metal halide with hydrogen, Ihitial re-
sults have shown that a molybdenum coating apprcximately 0.05=-mil thick
decreased the permeability:of a porous, molded graphite sample from
approximately 10”1 to 10™® cm®/sec; the permeability of the coating
itself would be much lower. The coating maintained its integrity during
" thermal cycling, and more extensive testing is.planned.

3.4 Near-Term Industrial Production Capability

' W. P. Eatherly

Discussions have been held with several vendors on the possibility
of producing from Gilso-carbon flour an isotropic graphite meeting the
- initial MSBR requirements and hafing the radiation-behaVior character-
istics of the British'graphite, Two vendors have.made Gilso-base material
into large blocks having the above radiation characteristics; the blocks,
however; have a coarse-grained-structure which would not meet the perme-
ability requirements of the MSBR. Both vendors ‘also have active programs
aimed at producing fine-grained materials, and one vendor has made a
production run on tubing approximately 1 in. OD. '

Production equipment was exhibited by-one vendor which is capable
of producing tubing up to 15 ft in length, with processing parameters
appropriate to Gilso-carbon flours, flaw-free structure, and low perme-
ability. Several vendors have expressed their confidence in being able
to produce the required material on a firm price basis in from 18 to 2L
months. | | '

It appears that at least two vendors would be able to produce a
‘material which would be useable in an MSER. Producing this material re-
quires little extension of existing technology, and the uncertainties lay
mostly in the region of processing yields and cycle times rather than in

basic product formulation or process.

33y. C. Robinson, Jr., MSR Semiann. Progr. Rept Aug. 31 1967,
ORNL 4191,
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Thus, an isotropic graphite capable of operating up to an MSBR
dose of about 3 x 1022 neutrbns/cm2 (E > 50 kev) appears available with
moderate exﬁensions of existing technology. The base material would
probably have a helium permeability of about 1073 cmz/sec, and it appears
that pyrolytic carbon can be used to seal the surface. Present Vork
indicates that the surface of graphite can be sealed to obtain a surface
permeability of about 1072 cmz/sec; the techniques presently being used
can be scaled up to seal MSBR-size tubes. However, additional work may
be required in order to develop a seal which is resistant to radiation

damage.

4. TFISSION PRODUCT BEHAVIOR IN MOLTEN-SALT REACTOR SYSTEMS
S. S. Kirslis

The removal of fission products from the reactor core is required in
MSBR systems in order to attain.good fuel utilization performance. The
ability to continuously remove such nuclides is dependentvupon their be-
havior in reactor environments and, in particular, upon the retention
characteristics of graphite for fission products. In this chapter the
behavior of important fission products in molten-sa1£—graphite—meta1
systems is considered; fission gases such as 135%e however, are treated
more specifically in Chapter 5.

In order to use unclad graphite in direct contacf with fissioning'
molten fluorides, some rather stringent chemical compatibility require-
ments must be met. First, there must be no destructive chemical reaction
between graphite and the fuel salt with its contained fission products.
Second, the fuel must not wet the graphite surface since this would lead
to permeation of the graphite pores by bulk fuel and also fission products.
Third, individual fission products of appreciable cross sectidn must not
leave the salt phase and accumulate on the graphite surface or penetrate
into the graphite interior to a degree which significantly affects the
neutron économw of a breeder reactor. This chapter summarizes recent

experimental information on fission product behavior in MSR systems.
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4,1 In-Pile Capsule Tests

In-pile capsule teéts carried out early in the MSRE program showed
that there was no significant chemical damage to graphite in contact with
fissioning molten salt under reactor operating conditions. There were
compatibility problems only when the molten fuel was allowed to freeze
and cool below 100°C during the course of the experimental measurements.
Under these conditions the solid fuel was radiolyzed by the fission
product radiations, yielding elemental fluorine and reduced species in
the salt. A final in-pile capsule test (ORNL-MIR-4T-6) showed no graphite
damage and no uranium deposition when the fuel was not allowed to freeze.
Cover-gas samples taken during this test showed ho Fz or CF4 generation
from the irrédiated capsules. There was also no permeation of fuel szalt
into the graphite in the final test nor even in the previous tests where
some fuel radiolysis occurred.

No detailed observations on fission product behavior were made in
these early tests. However, there were indications that 19%Ru and 1°6Ru
deposited on the submerged metal and graphite surfaces and some evidence
that 311 and 12%7e deposited on the capsule walls above the liquid level

and on the walls of the cover-gas lines.

L.2 Exposure Tests in the MSRE Core

More detailed studies of the interaction of graphite with fissioning
molten salt were carried out in the MSRE reactor environment. A 5-ft-long
test aséembly of graphite and Hastelloy N specimens, shown in Fig. 4.1,
was exposed to circulating fuel salt in a central position of the reactor
core for T800 Mwhr of reactor operation. A second similar assembly was
exposed subsequently for 24,000 Mwhr of reactor operation. These assemblies
vere removed from the reactor, dismantled in a hot cell, and the specimens
subjected to a series of examinations and analyses.

Three rectangular graphite bars were selected from each assembly for
examination, these bars being taken from the top, middle, and bottom parts
of the core. Adjacent Hastelloy N specimens were cut from the perforated
metal basket surrounding each specimen assembly. Visually, the graphite
specimens appeared undamaged except for occasional bruises incurred

during the dismantling. Metallographic examination showed no radiation
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or chemical damage to the graphite structure and no evidence of surface
films. X-radiography of thin transverse slices showed occasional salt
penetratioh into previouély existing cracks which extended into the speci-
men surface. This penetration probably accounted for the slight gain in
weight (~13 mg out of about 30 g). Similar penetration was observed in

the control specimens which were exposed to molten salt in the absence

of radiation. No new cracks were caused,by the exposure to radiation.

A suggestion of a very thin layer of denser material on the graphite
surface exposed to salt was visible in the x-radiographs of the irradi-
ated and the control specimens, X-ray diffraction analyses of the graphite
surface exposed to fuel showed a normal graphite pattern, with a very
slightly expanded lattice spacing. A few véry weak foreign lines, probably
due to fuel salt, wereiobserved. Autoradiography of the graphite specimehs
showed a high concentration of activity within 10 mils of the surface,

with diffuse irregular penetratiohs to the center of the specimens (the"
resolution of these measurements was about 10 mils). An eledtron probe
examination of the graphite specimens (carried out at Argohne Nationél
Laboratory) detected no impurities in the graphite at or near the surface
exposed to fuel, with detection limits of 0.04 wt % for fission products
and 0.02 wt % for uranium. These series of observations, based on samples
having 7900- and 24,000-Mwhr reactor exﬁosures, indicated satisfactory
compatibility of graphite with fissioning molten salt relative to damage
by chemical reaction and to permeation of bulk fuel into graphite.

The three rectangular graphite bars from each of the two MSRE runs
were also used to study fission product deposition on graphite in more
detail. Thin layers of graphite, 1 to 10 mils thick, were milled from
the flat surfaces of the bars to a final depth of about 50 mils. These
‘samples weré dissolvedfand analyzed radiochemically. The predominant
activities found deposited‘on and' in the graphite were the isotopes of
: molybdenum, tellurium, rutheﬂium, and niobium. These elements may be
classed as noble metals since their fluorides are relatively unstable.
Their deposition on graphite is of practical concern since several iso-
topes in this class (in particular, Mo, °"Mo, °9Tc, and 1°*Ru) have
relatively high neutron cross sections; if the total fission yields of

these fission products were retained in the graphite core, the long-term
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neutron economy of an MSBR would be adversely affected. It is difficult
to analyze directly for these stable or long-lived species; it was assumed
that their deposition behavior was indicated either by that of a radio-
~active isotope of the same element or that of a radioactive noble-metal
presursor of appreciable half-life.

Analyses of the milled graphite samples showed that over 99% of the
deposited noble-metal activities were concentrated within 5 mils of the
graphite sﬁrfaces. Conversely, the daughters of the kryptons and xenons
were more uniformly distributed throughout the graphite specimens with
shorter lived rare gases having steeper concentration gradients through
the graphite (as expected). Elements with stable fluorides and no gaseous
precursors (Zr, rare earths) showed low surface concentrations and were
absent from the interior of the graphite. '

Relatively heavy dépdsits éf noble-metal fission products were ob-
served on the Hastelloy N specimens adjacent to the graphite samples.

The deposits of other fission producfs'on Hastelloy N were relatively
light. The deposition of noble metal fissidn products on Hastelloy N
and graphite can be guantitatively described .in terms of the fraction of
the total fission products produced during reactor operation which was
deposited. It was éssumed that deposition on the specimens is repre-
sentative of depdsition on all the reactor graphite and Hastelloy N
surfaces in the MSRE system. On this basis, 14% of the 2°Mo, 13% of
the 33Te, 9% of the °3Ru, and 45% of the ®SNb produced during the first
7800 Mwhr of MSRE operation deposited on the graphite core. During the
same period, 47% of the °Mo, nearly all the 32Te, and 23% of the 1°3Ru
produced deposited on the metal surfaces.

The deposition of fission products on graphite and metal after about
32,000 Mwhr of MSRE operation is shown in Table 4.1 as percentages of the
total of each species generated in the reactor system. The results are
again based on the assumption that deposition on specimens is represen-
tative of all surface deposits. The relative activities of Mo, 132Te,
and 1°3Ru found on the gréphite and metal specimens were about the same
as those found after the first 7800 Mwhr; however, the relative activity
of 2°Nb was distinctly higher after the second exposure. Also, after

the 2U,000-Mwhr exposure, the ratio of 2Nb deposited per cm® on metal
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Table 4.1. Approximate Fission Product Distribution in
MSRE After 32,000 Mvhr of Operation

Isotope % in Fuel Grﬁpﬁgte Haﬁtgﬁloy N COV?;)GaSa
Mo . 0.9k 10.9 Lo.5 T7

1327 0.83 10.0 70.0 66

193gy 0.13 6.6 4.9 40

5o 0.0kk 36.4 34,1 5.7
957y 96.1 0.03 0.06 0.1k
89sr T7.0 0.26 33

1311 6L4.0 1.0 16

aThe figures in this column represent the percentage of
the daily generation rate lost to the cover gas per day. The
sum of all columns does not add to 100% because of time vsri-
ations in behavior, nonuniform concentrations in the gas phase,
and analytical inaccuracies.

to that on graphite was about 2 on the average. The corresponding ratio
was 8 for 99Mo, 14 for 132Te, and 4 for °%Ru--each somevhat higher than
for the T800-Mwhr exposure. It had been expected that the rstio would
fall toward unity as both graphite and metal became coated with noble’
metals, but this apparently did not occur. In the present MSBR designs
thé ratio of metal surface to graphite surfasce is about 1.5 to 1, rather
than 1 to 2 as in the MSRE. Thus, based on these test results, only a
small percentage of the noble metal fission products should deposit on

the graphite in the MSBR core.

4.3 Tests in the MSRE Pump Bowl

The behavior of fission products was further investigated by means
of test samples from the MSRE pump bowl. Access to the fuel salt 2nd
the cover gas is provided by the salt sampling facility shown in Fig.

4,2, Samples were taken of fuel salt snd of the helium cover gas; 1in
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addition, metal and graphite specimens were exposed to the fuel salt and
to the cover gas. .

Early fuel-salt samples, taken in open copper ladles, were found to
be highly contaminated with noble-metal activities becaﬁse the open
sampling ladles passed through the cover-gas region. Contamination was
avoided in later fuel samples by sampling into an evacuated capsule pro-
vided with a freeze valve which melted when the capsule was lowered into
the molten salt. The later results showed that less than 1% of the noble-
metal nuclides produced remain in the fuel-salt phase; species with stable
fluorides (Zr, alkaline earths, rare earths), however, remained ﬁredomi-
nately in the fuel. ) |

Tt was further found that high concentrations of noble-metal fission
products existed in the MSRE cover-gas volume. . The metal specimens ex-
posed to»the‘cover'gas picked up activities associated with noble metals
several times that contained in a gram of fuel salt. The fundamentals of
why these materials transfer and remain in the gas phase are not fully
understood; however, inert gas flow may prove to be an effective way to
remove significant fractions of fissiop products, and this action‘may
account for the relative decrease in fissibn product deposition on graph-
ite with time, which is discussed below.

In another test, sets of graphite and Hastelloy specimens in the pump
bowl were exposed to the gas phase and to the fuel phase for 8 hr during
full power reactor operation. Within a factor of ten, the same amount of
each nuclide deposited on all the specimens independent of location.

The deposition of noble metals on Hastelloy N in this test appeared to
proceed at the same constant rate.in the 8-hr run és in the 2k4,000-Mwhr
(33ho-hr) exposure in the MSRE core. However, the average deposition
rates of noble metals on graphite were about a factor of ten lower in the
3340-hr exposure than in the 8-hr test, except for 25Nb, where the factor
was about 1.5. This could indicate that fhe deposition rate of noble
metals (except 951\]b) on graphite decreases with exposure time, which is
an advantage from the viewpoint of neutron economy. However, results to
date should be treated as preliminary, and further investigations are
needed. Samples of the gas from the MSRE pump bowl indicated that the

helium cover gas contained about 5 ppm by mole of %Mo (i.e., 5 moles
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of %Mo per 10% moles of helium) and 1-2 ppm each of 132Te, 1°3Ru, 1OsRu,
and 2SNb. If these concentrations are present in the gas leaving the

pump bowl and are multiplied by the flow of helium through the pump bowl
(6000 liters/day), the losses of Mo and 13@re to the cover gas are those
given in Table k.1. As shown, these calculated losses are appreciable

fractions of the generation rate of these species in the MSRE.

4.4 Chemical State of Noble-Metal Fission Products

The results above indicate that the noble-metal fission products
rapidly leave the fuel-salt phase by depositing on solid surfaces and by
entering the cover-gas volume. In order to help determine the mechanisms
of volatilization, two hot-cell tests were carried out. These tests
ihvolved passing helium or a helium-hydrogen mixture either over or
through a fuel sample from the MSRE. It was found that passage of hydro-
gen gas had no effect on fission product volatilization, which indicates
that the volatile species of the noble metals were not high-valent gaseous
fluorides. Some salt mist was swept from the sample, but the concentrations
of noble metals volatilized were one to three orders of their concentration
(if uniform) in the salt. Further, significant amounts of noble-metal
fission products were swept from the fuel sample by gas passage either
over or through the molten sample. The amounts of activity were the
same’whether or not the gas contained hydrogen, indicating that these
"noble" fission products were present in metallic form. It was also
found that about 20% of the volatile noble metals passed through a filter
which held back all particles larger than 4 microns. These results suggest
that noble-metal fission products are injected into the gasvphase as tiny

metal particles and form stable gaseous suspensions.

4.5 Results from ORR Loop Experiments

In addition to the study of fission product behavior in the MSRE,
fuel-salt-material tests have also been carried out with thermal con-
vection loops containing fuel salt and graphite. These loops were operated
in the 0Oak Ridge Research Reactor (ORR) to investigate fuel behavior at
high power densities. The first loop experiment was terminated after

generation of 1.1 x 10*® fissions/cc (0.27% 235U burnup) because of
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a break in a sample line. A second loop operated at an average fuel power
density of 165 w/cc until a line leading from the,"core"_crackéd; a fuel
dose of épproximately 8 x 10%® fissions/cﬁa was achieved. The test arrange-
ment employed in these runs is indicated in Fig. 4.3. The "core" in these
loop tests consisted of a 2-in.-diam by_6-in.-ldng cyiinder of graphite
(from MSRE stock). Vertical holes were bored through the graphite for
salt flow. A horizontal gas separation tank connected the top'of the
core to a return line (cold leg) which, in turn, was connected to the
bottom of the core,‘completing the loop. A fluid flow rate of 30 to 50
ce/min (~2 min circuit time) was maintained at a “core" temperature of
about 650°C.. 4

The surfaces in the secbnd‘loop were analyzed thoroughly to determine
the deposition of fission products. This layers were machined from the
core graphite surfaces, and these layefs were analyzed to determine .the
concentration profile of the fission producfs within the graphite. The
results obtained for noble-metal fission products resembled ver& closely
those given above for the MSRE surveillance specimens. For reasons that
are not clear, the salt seemed to have wet the graphite and penetrated.
to a distance Qf a few mils.v Tﬁis-apparently was caused by the presence
of a small amount of watér vapor. No such wétting behavior has been

observed during MSRE operations.

4.6 Evaluation of Results

A principal interaction between graphite and fissioning molten salt
appears to be the partial deposition of noble metals on graphite. We
.infer from the results that the percentage of noble-metal fission pro-
ducts deposited on graphite depends on the ratio of graphite surface to
metal surface, with deposition decreasing with decreasing ratio of -
graphite-to-metal surface. Finally, test results indicate that signifi-
-canf fractions of noble-metal fission products can be present in the gas
phase. Such behavior could provide a convenient means for their rapid
removal from MSBR systems.,vEgperimentai studies are qqntinuihg in order

to verify the present indications.
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5. NOBLE-GAS BEHAVIOR IN THE MSBR

R. J. Kedl Dunlap Scott

As pointed out previously, the graphite in the MSBR core is unclad
and in intimate contact with fuel salt. Thus, noble gases generated by
fission and any other gaseodus compounds may diffuse into its porous struc-
ture where they can act as heat sources and neufron poisons, Although
fission products other than xenon are involvéd, the greatest gain can be
made by removing'135Xe, and later discussions refer primarily to 135xe
poisoning. '

In order to estimate neutron poisoning effécts, a steady-state
analytical model waé developed to estimate the transfer of noble gases
in the MSBR to the gréphite. The various factors considered included
decay, burnup, migration into graphite, and migration to circulating'gas
bubbles. Gas generatioﬁ direct from fission and generation from decay
of gas precursors wefe considered as source terms. The model utilizes
conventional mass transfer concepts and is used to computé nuclide con-
centrations and 135Xe poisdn fractions. The steady-state model for the
MSRE is developed in reference 34, while the time-dependent model is
given in references 35-38. When applied to very short-lived noble gases,
.the modél has given calculated results in agreement with MSRE values>?

measured under reactor operating conditions.

B4R, J. Kedl and A. Houtzeel, Development of a Model for Computing
135y migration in the MSRE, ORNL-4069 (June 1967T).

35MSR Program Semiann. Progr. Rept. Feb. 28, 1966, ORNL-3936.

36MSR Program Semiann. Progr. Rept. Aug. 31, 1966, ORNL-4037.

37MSR Program Semiann. Progr. Rept. Feb. 28, 1967, ORNL-4119.

387. R. Engel and B. E. Prince, The Reactivity Balance in the MSRE,
ORNL-TM-1T796 (March 1967).

39R. J. Kedl, A Model for Computing the Migration of Very Short-Lived
Noble Gases into MSRE Graphite, ORNL-TM-1810 (July 1967).
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Using a model similar to that indicated above, steady-state 135%e
poisoning calculations were made for a modular two-fluid MSBR /556 Mw(t)/
to show the influence of several design parameters on xenon poisoning.

The reactor design concept considered here is essentially that described

in reference 40; design parameters pertinent to Xe poisoning are given in
Table 5.1, Xenon stripping from the fuel salt is accomplished by circu-
lating helium bubbles with the salt; the bubbles are injected near the

pump at the inlet to the heat exchanger. Xenon-135 is considered to
migrate to the bubbles by mass transfer, with the mass transfer coefficient
controlling the rate of migration. The circulating bubbles are then '
stripped from the salt by a ﬁipeline.gaé separator located near the heat
exchanger outlet.

With regard to mass transfer of xenon to the graphite, the principal
parameters considered were the diffusion coefficient of xenon in graphite,
the mass transfer coefficients and areas associated with the circulating
bubbles, the time that bubbles are in contact with the salt, and the surf-
ace area ofngraphite exposed to salt in the core.

In Fig. 5.1 the diffusion coefficient of xenon in graphite at 1200°F
(650°C) is given in units of ft2/hr. As mentioned in Chapter 3, the -
numerical value of this coefficient in fta/hr is about equal to the
more commonly quoted permeability of He in éraphite at room temperature
with units of cm2/sec, if Knudsen flow prevails. Knudsen flow should
dominate for permeabilities < 1074 cm2/sec. |

The gas bubbles circulating through the fuel system were considered’
to be made up of two groups of bubbles. The first group, referred to as
the "once-through" bubbles, were injected at the bubble generator and
removed with 100% effiéiency by the gas separator. The second group,
referred to as the "recirculated" bubbles, were also injected at the
bubble generator but completely B&passed the gas separator on their
first pass; it was assumed that bubbles in the second group were removed
with 100% efficiency on their second paés through the gas separator.

The particular parameter used to indicate the amount of circulating

bubbles was the bubble surface area; for orientafion purposes, note .

4%pgul R. Kastén, E. S. Bettis, Roy C. Robertson, Design Studies of
1000-Mv(e) Molten-Salt Breeder Reactors, ORNL-3996 (August 1966).
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Table 5.1. MSBR Design Parameters Used in Estimating

35Xe Poison Fraction®

Reactor power Zﬁh(t27

Fuel

Fuel salt flow rate (£t3/sec)

Core diameter (ft) '

Core height (ft)

Volume fuel salt in core (£ft3)

Volume fuel salt in stripper region-heat exchanger (£t3)

Volume fuel salt in piping between core and heat
exchanger (f£t3) '

Fuel cell cross section

556

233y
25.0
8.0

10.0
83.0
83.0
64.0

3-7/8-in. holes —_

5 in.

b4

Total graphite surface area exposed to salt (ft2).
Mass transfer coefficient to graphite, upflow (ft/hr)

Mass transfer coefficient to graphite, downstream (ft/hr)

Mean thermal flux (neutrons/sec cm?®)

Mean fast flux (neutrons/sec cm®)

Thermal neutron cross section for 223U (barns)

Fast neutron cross section for E?QU (barns)

Total core volume, graphite and salt (£t3)

232y concentration in core, homogenized (atoms/barn-cm)

Graphite void available to xenon (%)

Xenon-135 parameters
Decay constant (1/hr)
Generation direct from fission (%)
Generation from iodine decay (%)
Cross section for MSBER neutron spectrum (barns)

Nominal core power density (kw/liter)

3627
0.72

0.66

5.0 x 10
7.6 x 1014
252,7

36.5

502.6
1.11 x 1073
10

7.53 x 102
0.32
6.38

9.94 x 10°
4o

The parameter values given should be considered as representative

values, they would vary with MSBR design conditions.
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that 3000 ft2 of bubble surface area corresponds to an average void
fraction of l% in the stripper region of the fuel loop with bubbles
0.020 in. in diameter, when the gas flow rate is about 4O scfm.

Figure 5.1 shbws the xenon-135 poison fraction as a function of
the diffusion coefficient in graphite with other parameters having the
values specified. The top curve in the figure is for no circulating
bubbles. The other curves consider that about 10% of the bubbles re-
circulate. From Fig. 5.1 it appears that the xenon poison fraction is
not a strong function of the diffusion coefficient when it ranges from
1072 to 107® ft2/hr. Thus, for these values of the diffusion coefficient,
the mass transfer coefficient from salt to graphite is the controiling
resistance for migration of 135Xe into the graphite. The mass transfer
coefficients from salt to graphite were computed from the Dittus-Boelter
equation. as modified by the heat-mass-transfer analogy. Since 135%e
in the graphite is the greatest contributor to the total neutron poison
fraction, the parameters that control xenon migration will, in turn,
control the poison fraction. For diffusion coefficients less than 1076
fta/hr, the resistance to xenon diffusion in graphite starts becoming
significant.

Figure 5.2 shows the effect on poison fraction of the Xenon mass
transfer coefficient from salt to helium bubbles. This mass transfer
coefficient is one of the least well known parameters and can be a most
significant factor. Availasble information indicates its value to lie
between 0.7 and 6 ft/hr, with a value of 2—4-ft/hr appearing reasonable
to expect. Values of about 0.7 — 0.8 ft/hr were estimated, assuming that
the bubbles behave as so0lid spheres having a fluid dynamic boundary
layer. Values of about 3.5 ft/hr were estimated on the.basis that the
interface of bubbles is continually being replaced by fresh fluid
(penetration theory). Both of these cases consider a bubble rising at
its terminal veiocity in a stagnant fluid. There is very little infor-
mation in the litérature concerning the effect of fluid turbulenée on
the bubble mass transfer coefficient, but from turbulence theory it
has been postulated that, under MSBR conditions, mass transfer éoeffiqients
of 6 ft/hr or more could be realized. The analyses that lead to such

values are generally optimistic in their assumptions. Figure 5.2 also
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indicates that a small amount of recirculating bubbles is as effective
as a large amount of once-through bubbles in reduciﬁg xenon poisoning;
this result is due to the increased contact time for "recirculating"
bubbles relative to "once-through” bubbles.

Another variab;e that will strongly affect the xenon poison fraction
is the graphite surface area in the core. Calculations indicate that if
‘the graphite surface area were doubled, all other parametersvremaining
constant, the poison fraction woﬁld increase by 50=T0%. .

The target poison fraction for the MSBR'is 0.5%. Referring to Fig.
5.2, if the bubble mass transfer coefficient were 46 ft/hr, gas removal -
in itself appears to be a feasible method for attaining low xenon poison
fractions. If, however, the bubble mass transfer coefficient were 2-3
ft/hr or less, it appears that the target poison fraction is not aftain-
able under the specified conditions. Under the latter case, alternative
méthods for reducing xenon poisoning are to develop graphite having a
very low gaseous diffusion coefficient (Fig. 5.1 indicates a value .of
1078 £t2/hr would be satisfactory), or to coat the bulk graphite with a
thin layer of graphite having a very low permeability.

” Calculations were performed to determine the effectiveness of low-
permeability graphite coatings on xenon poisoning; Fig. 5.3 gives the
results obtained along with the parameter values used in the computations.
It. was assumed that for a coating of the indicated thickness, thé specified
diffusivitj and available void would apply to all graphite surfaces
exposed tovfuel salt. The various xenon migration ﬁaramete;s were chosen
to yield a *®Xe poison fraction of 2.25% with no coating, so that Fig.
5.3 indicates the effect of coating parameters relative to this poison
fraction. It was assumed that the available void fraction in the graphite
coating decreased by one order of magnitude when the diffusion coefficient
decreased by two orders of magnitude, which 1s a conservative assumption
relative to experimental results. As shown in Fig. 5.3, it appears that
a coating 10 ﬁils'thick and having a diffusivity of about 1078 ftz/hr
and an available void of approximately 0.3% would bring the 135xe poison
fraction down to the target value. A diffusion coefficient of 10™° £t2/hr
would require a coatihg thickness of only one mil. As stated in Chapter 3,

graphite coatings having the above characteristics have been produced, and
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these would keep xenon poisoning in the MSBR at a very low level if the

coatings retained their integrity during reactor operation.

6. INFLUENCE OF GRAPHITE BEHAVIOR ON MSBR PERFORMANCE AND DESIGN

6.1 Effect of Core Power Density on MSBR Performance

A. M. Perry

Limitations on core power density due to graphite radiation damage
will influence reactor performance. The performance 6f an MSBR may be
Jjudged both in terms of the estimated power cost and also in terms of the
annual rate of net fissionable material-production (the annual fuel yield)
and the fuel specific power. The fuel yield depends not only on the
breeding gain (breedihg ratio minus one) but also on the specific pover;
that is, on the thermal power of the reactor per uﬁit mass of fissionable
material chargeable to thefplant (including material in the core, heat
exchangers and piping, and in.the chemical brocéssing plant). All three
factors of cost, breeding'gain, and specific pover depénd on the power
density in the core, but the dependence in each case is not unique.'

That is, the éxtent to which each factor varies with power density depends
on other reactbr parameters such as the fuel-salt and fertile-salt volume
fractions in the core, the concentration of fissionable matefial in the
fuel salt, chemical processing rates, etc. An evaluation of the effect

of power density on MSBR performance must therefore be based on a search
for the optimum combinations of all of these variables for each fixed value
of the average power density. The optimum combination is defined here in

terms of a composite figure of merit, F, such that
F=Y4+100 (C +X)"* ,

where Y is the annual fuel yield (the annual percentage increase in fuel
inventory due to breeding),'C is the sum of all elements of the power
cost which depend'on the parameters being varied, and X is an adjustable
parametér whose vélue determines the relative sengitivity of F to Y and
to C. Thus, F increases with increésing vield and increases with de-

créasing cost, and may be made to depend almost entirely on one or the
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other. An optimum configuration is considered here to be one which maxi-
mizes F, and by repeating the search procedure with different values of X,
curves may be generated shbwing the minimum cost corresponding to each
(attainable) value of the annual yield. In practice, the variation in
cost is dominated by the changes in fuel-cycle cost (raw materiél-plus
inventory plus processing costs less production credits), and the curves
derived from our calculations have therefore been plotted as fuel-cycle
cost versus annual fuel yield. Such curves are shown in Fig. 6.1 for
average core power densities of 80, 40, 20, and 10 w/cm®. These results
apply to a two-region, two-fluid MSBR such as givén in ORNL-3996. However,
preliminary results obtained for single-fluid MSBR's (considering direct
protactinium removal and fission product discard using liquid bismuth
extraction processes) indicate that comparable performance is feasible

for such systems also. For convenience in relating the annual fuel yield
to the potential power doubling time, Fig. 6.1 also'indicates the compound-
interest doubling time as a function of yield.

It is apparent from Fig. 6.1 that there is an incentive to keep the
povwer density as high as ﬁossible. However, if the useful iife of the
graphite is limited to a fixed fast neutron dose, it is desirable also to
avoid the necessity for too frequent replacement of the graphite. The
influence of graphite replacement on plant availability and on power cost
and the technical problems associated with this operation are discussed
in Section 6.3.

6.2 Effect of Graphite Dimensional Changes on MSBR Performance

“A. M. Perry

During reactor exposure the graphite moderator in the MSBR is expected-‘
to experience dimensional changés approximately like those shown in Fig.
3.1, i.e., a period of shrinkage followed by increasingly rapid growth.
These dimensional changes must, of course, be allowed for in the mechani-
cal deéign of the core. 1In addition, the dimensional changes of the graph-
ite will alter the volume fractions of the three core constituents--
moderator, fuel salt, and fertile salt--and these changes, even though
accompanied by changes in uranium and thorium concentrations, may have

an adverse effect on reactor performance. There are two such effects
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which especially require attention. First, changes in graphite dimensions
will cause a departure of reactor parameters from the optimum combinatiqn
required to minimize costs and maximize fuel yield. Second, the spatial
distribution of neutron productions and ébsorptions, which governs the
pover density distribution, may be appreciably altered because of changing
graphite volume fractions, making it difficult to maintain as flat a

pover distribution as would be poésible with a dimensionally stable moder-
ator. These are both rather complex questions, and the extent to which
the MSBR performance might be compromised, when averaged over a peridd of
years, has not been fully analyzed. However, the results obfained to date
are suffiéient to indicate approximately the effects to be expected.

With fertile salt filling the spaces between the graphite "fuel
elements" (two-fluid MSBR), it is clear that a 5% reduction in graphite
cross sectional area gives rise to a large fractional increase in the |
fertile-salt #olume fraction in the core--from an initial value of 0.06,
for example, to a maximum value of 0.11. Such a large volume fraction of
fertile salt is not optimum and, if uniform throughout the core, would
occasion a loss in annual fuel yield of about 0.0l and an increase in
fuel-cycle cost of approximately 0.1 mill/kwhr(e). The actual penalties
would not occur uniformly throughout the core and because the time-averaged
volume change would be not much more than half the maximum change. The
average loss in performance, therefore, does not appear excessive:-if
graphite dimensional changes are no mofe than 5 vol %.

A potentially more serious difficulty arises iﬁ connection with the
pover density distribution in the core, which should be maintained as flat
as possible throughout the core life to increase the time interval between
graphite replacement. Calculations show that the spatial power?distri-
bution is very sensitive to details of core composition, and that the
distributions of fertile and fissile materials in the core must be quite
closely controlled in relation to each other. th the presence of large,
spatially dependent changes in fertile-salt volume fraction, adjustments
in uranium and thorium concentrations in the two salt streams do not

appear sufficient to maintain both criticality and a flat power distribution.
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As.a consequence of the sbove considerations, the original concept
of the two-fluid MSBR*C was revised so that the fertile salt stream, as
well as the fuel stream, flows in annular passages defined by the spacing
between concentric graphite pipes. The intersfitial spéées.betweeh‘graph-
ite assemblies would be filled with helium. For such a design, the relative
volume fractions of the important core constituents--the solid moderator
and the two sait streams--then remain nearly constant, while the variation
in helium volume has little influence on reactor performance. This
approéch largely eliminates penalties in breeding performance in power
flattening that might otherwise result from dimensional changes in the
graphite. '

Alternatively, use of a single-fluid MSBR would alleviate the in-
fluence of graphite volume changes on reactor performance. The single-fluid
reactor contains fissile and fertile materials in the same sglt stream,
and so changes in graphite dimensions influence both fissile and fertile
concentrations in the reactor equally. At the same time, fissile and
fertile concentrationé can bé'cbntrolled independently due to use of on-
_stream processing. These conditions permit considerable .flexibility
with regard to material concentrations, such that there is little change
in nuclear performance with expected graphite dimensional changes; baséd

on equilibrium physics — fuel-cycle calculations.

6.3 Mechanical Design Factors and Cost Considerations

E. S. Bettis Roy C. Robertson

As shown in.Chapter 3, when graphite is exposed to a high neufron
flux it first undergoes a period of shrinkage followed by swelling at an
ever-increasing rate. These effects occur both with and across the grain
structure of the graﬁhite, although not necessarily at the same rate in
each direction, and are related to the energy of the neutrons and to the
total,accumulatéd dose. Sﬁch dimensional changes in MSBR graphite impose
mechanical and nuclear design problems; for example, it is necessary to
prevent overstressing of the core graphite. Also, -particularly, for the
two-fluid design, the volumetric ratios of fuel-to-graphite need to be

maintained within limits in order to obtain good nuclear and economic
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performance. Thus, the useful life of the MSBR core graphite and the
associated power production costs can be significantly influenced by the
neutron-radiation-induced damage to the graphite: The influence that
graphite volume changes and a finite permissible exposure have on reactor

. design features and performance are discussed below with respect to the
two-fluid and also the single-fluid MSBR concepts. The maximum permissible
radiation exposure to MSBR graphite, based on presently tested grades,
appears to be about 3 x 1022 neutrons/cm® (neutron energies > 50 kev).

This exposure corresponds to a final graphite volume about equal to its
initial volume (see Chapter 3).

The two-fluid MSBR core®*® is designed with re-entrant type fuel
channels in order to minimize the likelihood of mechanical failure of the
gréphite. Each fuel channel consists of concentric graphite pipes such
that the fuel salt flows upward through the center pipe and downward
through the annular passage; the outer pipe is closed at the top. At
the bottom of the core, the graphite pipes are brazed to Hastelloy N
nipples, with the other ends of the nipples béing weldedlto the fuel
plena at the bottom head of the reactor vessel. Each fuel channel is
thus free to expand and contract in the axial (vertical) direction to
accommodate the dimensional changes in the graphité caused by thermsl
effects and radiation-induced démage. |

In order to accommodate dimensional changes in the core radial
direction, it is necessary to locate the fuel channels with sufficient
clearance to prevent interference when the graphite expands. Thus, the
top ends of all the graphite elements in the core are mechanically inter-
locked to assure that they will maintain the same positioﬁ!relative'to
each ofher while at the same time not restricting the axial movement.
There are no unattached graphite elements or filler piecesxih the core.
Also, in order to decrease the influence of graphite dimensional changes
on reactor performance, the two-fluid design was modified so that fertilé
and fissile streams are contained in separate annular flow regions |
defined by the spacing between concentric graphite pipes. Helium was
used to fill the intefStitial spaces between graphite assemblies, so
that éhanges in graphite volume have only a small effect on reactor.

performance (see Section 6.2).
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- As pointed out previously, MSBR*!s can also operate as single-fluid
reactors, with features analogous to those of the MSRE. The performance
of single-fluid MSBR's can be as good as that 6f the two-fluid concept
80 long as the fuel stream is processed on about a 5-day cycle to remove
protactinium, and fission products are removed on about a 50-day cycle.
Recent chemical discoveries suggest that processing methods which perform
the above functions are feasible, and indicate that such fuel processing
can be performed economically at a rapid rate. These methods utilize
- liquid bismuth to selectively extract uranium, protactinium, and fission
products from fuel salt, and depend upon the relative nobilities of the
various metals involved. Present information on relative nobilities
indicates that reductive extraction processing effecting the desired
separations is possible, and that the equipment involved is small in
size. Since protactinium is of intermediate nobility to thorium and
uranium, reductive extraction effectively holds Pa out of the reactor
until it decays to uranium, after which it returns to the fuel system.
Fission products are removed by concentration in a salt stream followed
by salt discard; alternative methods are also available for fission
product removal from the fuel circuit. _

In the single-fluid conéept, the fuel salt flows into the bottom
of the reactor and out the top in a once-through arrangement that permits
use of grabhite having simple geometry. One of the present design con-
cepts places the graphite elements on a supporting grid at the bottom of
the reactor; these elements are supported by this grid when'there is no
salt in the reactor. Also, a metal grid is used at the top of the
reactor to maintain proper spacing and alignment of the graphite elements;
a strengthenéd top plenum is used to react to the buoyant force of the
graphite when the reactor is filled with salt and operating. The top of
the reactor vessel and/or portions of it are removable so .that graphite
can be -withdrawn vertically and replaced as needed. : Changes in.the graph-
ite dimensions in the axial (vertical) direction are easily accommodated
since the graphite is not restrained. The graphité elements are long
enoﬁgh so that if axial shrinkage occurs, the graphite to fuel ratio in
the active portion of the core due'to this effect remains essentially

unchanged. Changes in nuclear performance due to radial shrinkage or
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expansion of the graphite can be accommodated by changes in the fuel-
salt composition.

After the MSBR graphite has received the maximum permissible exposure,
it must be taken out of service and replaced. In the two-fluid concept,
it appears that this would be done by replacing the entire reactor vessel
and core. In the single-fluid concept the graphite itself would be re-

.placed, with the reactor vessel remaining in place throughout the life of
the plant. The time required for this replacement, the replacement cost,
and the time between replacements all influence the power cost penalty
associated with graphite replacement. Also, for a given permissible
exposure, the time between graphite replacements can be increased by
lowering the reactor power density. The influence of these factors on
reactor power costs is discussed below.

Lowering the core power density to increase the useful life of the
graphite requires that the reactor be made larger, thus increasing the
cost of the initial reactor as well as that for replacément equipment.

For the two-fluid MSER, the cost of replacing a spent reactor with a
new one appears to be a strong funcfion of the reactor vessel size and
weight. Also, all the graphite is replaced in the operation. TFor the
single-fluid concept, the reactor vessel would not be replaced .and only
a pért of the total graphite would be removed during one replacement
operation. For both concepts, increasing the reactor vessel size leads
to higher fissile inventories and larger fuel-storage tanks, which increase
fuel and capital costs. At the same time, lowering the core power density
leads to longer graphite life and reduces the number of times the graphite
must be replaced over the useful life of the power station. As a result,
there ié a minimm in the curve of power cost versus core power density
for a specified maximum permissible exposure of the graphite.

The effective cost of graphite replacement is also influenced by
plant downtime requirements associated with the replacement operation.
Since the MSBR would be fueled on a continuous or semi-continuous basis,
this cbncept has a potentially high load factor. Thus, if graphite re-
placement can be scheduled at times of regular turbine plant maintenance,
total reactor downtime should be no greater than normally expected in a

base-load power plant. This appears to be the case so long as graphite
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replacement does not océur at intervals shorter than 2 to 2.5 years.
However, in order to determine the effect on costs of losing power pro-
duction due to graphite replacement, the térm'"effective downtime" was
treated as a parameter, where effective downtime 1is theAtime during which
povwer production is léSt due‘solely to graphite replacement requirements.
During the "effective downtime", it was considered that power would be
bought at 4 mills/kwhr(e) from an outside source. Values of zero, 1/2
and 1 month were used for the effective downtime. This nonproductive
time does not include plant downtime required for normal maintenance
operations, which time could also be used for replacement operations.
Labor costs associated with replacing the graphite were those for 18

men working in three shifts for two months at a cost of $lO/hr, including
overhead, etc.; these costs amounted to $259,200 per replacement.

Tables 6.1 and 6.2 summarize power costs calculated for two-fluid and
single-fluid MSBR's, respectively, as a function of average core poﬁer
density, on the bases given above; effective downtime for replacing graph-
ite was considered to be 1/2 month in these cases. The results in Table
6.1 consider replacement of the entire reactor vessel and its contents
when the graphite exposure has reached a maximum value of 3 x 1022 nvt
(E > 50 kev); Table 6.2 considers a single-fluid MSBR with replacement
of graphite alone. Since costs and revenues occur at different times,
a,"levelizea" cost calculation was performed, using a 6% per year
discount factor. The fuel cycle performance for the two MSBR .concepts
appear to be comparable, and so the same fuel cycle cost was used for
each concept for a given average core power density.

The capital cost data shown in Tables 6.1 and 6.2 were based on cost
estimates made for a two-fluid, 80-kw/liter, 1000-Mw(e) MSBR station.
Rather broad adjustments were made fo these base costs in estimating
costs associated with other core pover densities and with the single-
fluld concept. While there is considerable uncertainty associated with
the absolute costs given,'the relative costs for the two concepts as a
function of core power density appear to be significant.

Cost estimates were also made on the basis that the effective plant
downtime associated with graphite replacement was either one month or

zero. (The latter assumes that graphite replacement is performed during



Table 6.1. Effect of Core Power Density on Power Costs?®
MSBR Station if Reactor Vessel is Replaced After Graphite
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in a 1000-Mw(e)

Reaches a Maximum Exposure of 3 x 1022 nvt (E > 50 kev)

Average Core Power Density, kw/liter

80 40 20 10
Life of graphite plus vessel, years 2 L 8 16
Costs per replacement, $10°
Reactor vessels (4 cores) 4.0 5.3 7.6 10.1
Graphiteb 1.2 1.9 3.1 6.3
Labor 0.3 0.3 0.3 0.3
Power loss for 1/2 month 1.2 1.2 1.2 1.2
Total 6.7 8.7 12.2 17.9
30-year replacement cost,® $10° 43.4 26.4 15.5 7.0
Remote maintenance equipment, $lO6 5.0 5.0 5.0 5.0
Total depreciating capital cost, 137 140 149 160
$/ku(e)
Total power production costs,
mills/kwhr(e)
Capital costal 2.34 2.40 2.54 2.73.
Reactor replacement costs 0.50 0.30 0.18 0.08
Fuel cycle costs® 0.4h 0.46 0.52 0.62
Operating costs 0.29 0.29 0.29 -0.29
Potal,t mills/kvhr 3.57 3.45 3.53 3.72

BCosts shown consider a four-module 1000-Mw(e) plant and include in-

spection and installation costs plus 41% indirect charges.
Paraphite cost is based on $5/1b and a density of 112 1b/ft3.

c'I‘ime levelized replacement costs using a 6% per year discount factor.

dBased on 12% per year fixed charge rate for depreciatlng capital and

80% plant load factor.

“Fuel cycle costs include investment for fuel and blanket salts and
fuel recycle costs. The fixed charge rate for nondepreciating fuel was

10% per year.

On comparable bases, light water reactors would have capital costs
of 2.3 mills/kwhr(e), fuel cycle costs of 1.4 mills/kwhr(e), and power
production costs of 4.0 mills/kwhr(e).
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Table 6.2. Effect of Core Power Density on Power Costs® in a 1000-Mw(e)
MSBR Station if One-Half of Graphite is Replaced After Reaching a
Maximum Exposure of 3 x 1022 nvt (E > 50 kev) '

Average Core Power Density, kw/liter

80 Lo 20 10
Life of graphite, years 1.6 3.2 6.4 12.8 -
Costs per replacement $106
Graphite _ 0.6 1.1 2.1 3.3
Labor: 0.3 0.3 0.3 0.3
Power loss for 1/2 month 1.2 1.2 1.2 1.2
| Total 2.1 2.6 3.6 4.8
30-year replacement cost,® $108 17.5 10.3 6.2 3.4
Remote maintenance equipment, $10® 5.0 5.0 5.0 5.0
Total depreciating capital cost, 128 131 134 136
$/ku(e)
Total power production cost,
mills/kwhr(e)
Capital costs® 2.20 .2.24 2.29 2.33
Graphite replacement costs  ° 0.20 0.12 0.07 0.0k
Fuel cycle costs® . 0.4k 0.46 0.52 0.62
Operating costs 0.29 0.29 0.29 0.29
Total,t mills/kvhr(e) 3.13 3.11 3.17 3.28

8Costs shown consider a 1000-Mw(e) plant utilizing a single reactor
vessel, and include inspection and installation costs plus 41% indirect
charges '

cT1me 1evellzed replacement costs using a 6% per year discount factor.

dBased on 12% per year fixed charge rate for depreciating capital and
80% plant load factor.

Fuel cycle costs include investment for fuel and blanket salts and
fuel recycle costs. The fixed charge rate for nondepreciating fuel was

10% per year.
fOn comparable bases, light water reactors would have capital costs

of 2.3 mills/kwhr(e), fuel cycle costs of 1.4 mills/kwhr(e), and power
production costs of 4.0 mills/kwhr(e).
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normal plant maintenance operations, and this is considered to be the
reference condition. Graphite replacement can be considered equivalent
to refueling operations in other reactor types, and so there should be
no net load-factor penalty applied to MSBR's relative to other systems. )
Further, the influence of graphite permissible exposure on power costs
was determined by considering the permissible exposure to be either

6 x 102 nvt (E > 50 kev) or 30 years (versus 3 x 1022 nvt for reference
case).: In these latter studies no effective downtime was associated’
with graphite replacement. The results obtained, including those given
in Tables 6.1 and 6.2, are summarized in Fig. 6.2,

The overall results given in Fig. 6.2 indicate that there is an eco-
nomic acvantage in deveioping an improved radiation-resistant graphite and
that, forva given exposﬁre lifetime, maintenance concepts and methods that
reduce effective graphite replacement costs and replacement downtime are
economically desirable. In utilizing these results, it should be remem-
bered that a maximum core power density of 100 kw/liter for 2 to 2.5 years
corresponds to a zero net cliange in graphite volume and to an nvt (E > 50
kev) for graphite of about 3 x 102 neutrons/cm®. For the two-fluid con-
cept, if graphite had a permiésible’exposure lifetime of 30 years at an
average core power density of 80 kw/liter,bthe minimum power generation
cost would be about 3.03 millS/kwhr(e); the minimum cost would Be about
3.41 mills/kwhr(e) based on a permissible graphite exposure of 3 x 1022
“nvt and zero effective downfimeo 'The difference between 3.03 and 3.41
mills/kwhr(e) power cost amounts to about $80 million of revenue over.
the 30-year life of a single lOOO—Mw(e) power station. If the electric
utility industry were to employ 100 such molten-salt breeder reactors at
a given time, about $265 million per year would be‘associated with re-
moving exposure limitations on the graphite. Doubling the graphite life
from 3 x 10%% to 6 x 102 in the two-fluid reactor would reduce power
costs by about 0.2 mill/kwhr and:be worth about $125 ﬁillion per year for
one hundred 1000-Mw(e) MSBR's. For the single-fluid reactor, the comparable
incentives would be about $28 million per year for doubling the graphite
life, and about $90 million per year for removing restrictions on graphite
life. Thus, even considering a reasonable discount factor, a significant
effort for graphite improvement can be economicaily Justified if such work

leads to a graphite with improved irradiation characteristics.
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The pover cost results given in Fig. 6.2,ffor which effective down-
time was treated as a parameter, show’that, for the cited conditions,
lower effective downtime for graphite replacement leads to lower power
costs. Increasing the effective downtime from zero to one month in-
creased minimum power costs by 0.08 to 0.15 mill/kwhr for permissible
graphite exposures of 3 x 1022 nvt (E > 50 kev).

Thé above results indicate that exposure limitations for MSBR graph-
ite lead to less economic penalty to the single-fluid MSBR than to the
two-fluid concept. Nevertheless, an improvement in graphite behavior is

desirable for both concepts.

6.4 The Influence on MSBR Performance of

Noble-Metal Deposition on Graphite

A. M. Perry

Tt has been recognized for several years that uncertéinty in the
chemical behavior of certain of the fission products--notably niobium,
molybdenum, technetium, and to a lesser extent ruthenium and tellurium--
constitutes one of the principal uncertainties in estimates of the
breeding capabilities of molten-salt reactors. The Molten-Salt Reactor
Experiment is being used to reduce or remove this uncertainty, and it
has already yielded much encouraging information of value in this regard.

The essential question is whether these fission products will remain
in the core, or whether, as we have assumed in our MSBR performance
esfimatesL they will be removed from the melt during fuel processing, or
perhaps be deposited as metals on the Hastelloy N surfaces outside the
core. Experience in the MSRE indicates that most of the noble-metal
fission products appear in the gas phase of the pump bowl.

Should they all remain in the core of an MSBR, they would signifi-
cantly reduce the breeding ratio. While the cross sections of these
isotopes are not especially large, their combined fission yields account
for nearly a quarter of the total yield of fission products, and the
cross sections of the stable isotopes in the group are, in several instances,
sufficient to allow saturation to occur in a few years. At saturation,

the rate of production by the fission of uranium equals the rate of removal
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by neutron capture, and the total quantity of the material in the core
becomes constant. The neutron loss--and hehce the reduction in breeding
ratio--than depends only on the fission product yield, not on the cross
section. The neutron poisoning, Pi’ at any time t after startup, dug to
a particular stable isotope designated by subscript i, is expressed

approximately by
y,T ‘ -0, 9t :
p, =2t (1.¢ ) , (6.1)
i il_+ o) p

where ¥ is the fission yield of nuclide i, o4 is its effective spectrum-
averaged cross section, ® is the flux in the reactor core, ¢ is the
.capture-to-fission ratio for the fuel, and fi is the fraction of this
fission-product species that is deposited from the fuel salt and remains
in the core. The value of Pi gives directly the loss in breeding ratio
associated with this fission product.

Estimates of the amount of poisoning that could result from depo-
sition of these fission products in the core have been made from time to
time during the evolution of the MSBR design. While the fully saturated
poisoning depends very little on details of the reactor design, the rate
of approach to saturation does depend on detailedvdesign parameters, and
this accounts for some differences in the estimates that have appeared.

Table 6.3 gives the -maximum reduction in breeding ratio associated
with the stable.and very long-lived isotopes of Mo, Tec, Ru, Rh, P4, and
Te, as a function of time after reactor startup or after the installation
of fresh cofe graphite; These numbers correspond to complete deposition
on the graphite of the entire yield of each of these isotopes. In some
cases the probability of deposition of the stable poison is assumed to
be associated with the chemical behavior of its precursor. For this
reason, niobium deposition behavior, as well as that of molybdenum, is
important. The quantity (o®) ! in Table 6.3 is the time required for a
nuclide to reach about TO% of its saturation value. These time constants
are computed for noble hetal fission products in the core region of a
single-fluid MSBR, considering a 90% plant factor and a fuel specific
power in the "core" of 10.7 Mw(t)/kg fissile. The total poisoning in
Table 6.3 is the loss in breeding ratio at the given time after startup;
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Table 6.3. Loss of Breeding Ratio Corresponding to Complete Retention
of Certain Fission Products in a Single-Fluid MSBR

Time After Core Startup (years)

Nuclide (°®)-l
(yr)2 1 2 4 8 16
5Mo 4.3 0.0062 0.0111 0.0186 0.0272 0.0345
™Mo 29 0.0009  0.0018  0.003%  0.0086 0.0110
%Mo 93 0.0003 0.0005 0.0010 0.0021 0.0040
1%%0 % 0.0002  0.0005 0.0009  0.0018  0.0035
991 3.1 0.0067 0.0116 0.0183 0.0252 0.0304
101gy 7.3 0.0019 0.0037 0.0066 0.0107 0.0150
102py k2.5 . 0.0003  0.0005  0.0010  0.0020  0.0037
104gy 66 0.0001 0.0002 0.0005 0.0009 0.0011
103gp 0.41 0.0096 0.0117 0.0138 0.0158 0.0168
105pg 6.0 0.0004 0.0007 0.0012 0.0019 0.0026
107pg 9.1 - 0.0001 0.0002 0.0003 0.000k4
1267 46 - 0.0001 0.0002 0.0003 0.0006
1287e 230 0 0 0.0001 0.0002 0.0003
130me 154 0.0001  0.0002 0.0004  0.0007  0.0013
Total 0.0267 0.0k27 0.0662 0.0977 0.1252
P (average) 0.015 0.026 0.041 0.063 0.088

SThese saturation time constants (time required to reach about TO%
of the equilibrium value) apply in the "core" zone, which contains approxi-
mately half the graphite area exposed to fuel salt. The time constants
for the "blanket" zone are about ten times longer.
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in the last row of the table, however, the average loss of breeding ratio,

?, over time, t, is given, wvhere

t -
'15:% f p(tt)att . (6.2)

o

Resulté obtained from graphite samples exposed in the MSRE regarding
" the behavior of these fission products are discussed in Section 4.2, From
Table 4.1 it is noted that, on the assumption that the graphite samples
are typical of all graphite surfaces exposed to the salt, approximately
10.9% of the 29Mo pfoduced in the MSRE was retained on the graphite as
well as 10.0% of the *32Te, 6.6% of the °3Ru, and 36.4% of the °°Nb. In
using these resuits to estimate the fraction of the stable fission product
poisons retained on the graphite surfaces in an MSER, account is taken of
the difference in the ratio of graphite-to-metal area in the two reactors.
In the MSRE, the graphite comprises 63% of the area exposed to salt, where-
as in the single-fluid MSBR, the "core" graphite represents about ho%ﬂ In
addition, the MSRE results indicate a considerably greater affinity of the
noble metals (except for Nb) for the metal surface‘than for the graphite
surface, Thus, it 1s expected that fhe pefcentage deposition of noble
metal fission products on graphite in the MSBR would be less than in the
MSRE, with the ratio dependent upon the kinetics of the deposition process.
On the basis that fission products have access to all surfaces equally,
their relative deposition on MSBR graphite would be less than one-third
that observed in the MSRE; however, since many of the fission products

are generated in the core region, the factor is probably about one-half.
Thus, in this analysis, the percentage of noble metals retained on the
MSBR graphite is considered to be 5% for Mo, 132Te, and 1°°Ru, and

20% for 9°Nb. It is further pdstulated in view of the small fraction of
these nuclides found in the salt (see Table 4.1) that the deposition is
relatively rapid compared to the decay rate of radioactive precursors

of the stable noble metal poisons; consequently, the deposition fractions
of the stable poisons are those of their precursors where the fission
yield is zero. Thus, °Mo is assumed to be deposiﬁed in accordance with

its precursor 95Nb, while the other Mo isotopes and °2Tc are assumed to
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behave like ®®Mo. Similarly, the bebavior of 1°2Rh is assumed to be
governed by that of its precursor 1°3Ru; Pd is also assumed to behave
like Ru, although its contribution is very small. Finally, in view of
the marked difference in neutron flux intensities (about tenfold) in

the "core" zone and in the "blanket" zone of the single-fluid reactor,
the expression for saturation of the deposited fission products was modi-
fied by including a separate term for each of the two zones. For the
combined poisoning of all the noble metal fission products listed in
Table 6.3, the above conditions give the results shown in Table 6.k,

with P(t) and P(t) defined as before.

Table 6.4. Anticipated Noble-Metal Fission Product Poisoning in -
a Single-Fluid MSBR (Loss of Breeding Ratio)

Time After Startup (years)

1 2 L 8 16
P(t) 0.0022 0.0038 0.0061 0.0089 0.011k
P(t) 0.0012 0.0022 0.0036 0.0056 0.0079

It may be seen from Table 6.4 that for exposures of up to 10 years'
duration the degradation in breeding ratio due to deposition of noble-
metal fission products 1s expected to remain less than 0.01, and the
cumlative average will be smaller still. Inasmuch as the graphite will
probably be replaced because of radiation damage considerations at inter-
vals shorter than 10 years, it appears that the average loss in breeding
ratio will be in the range of 0.002 to 0.005 due to fission product
deposition on the graphite,

Thus, although complete retention of the noble-metal fission pro-
ducts on core graphite leads to a significant reduction in MSER breeding
ratio, the deposition behavior inferred by MSRE results gives only a
small reduction in MSBR performance. Additional experimental results

are needed to confirm these preliminary indications.



79

6.5 Conclusions

Graphite dimensional changes due to exposure in an MSBR can alter
the relative volume fractions of moderator, fuel salt, and fertile salt
in the reactor. Such changes influence the design of a two-fluid MSBR
more than a single-fluid reactor, since in the latter the fertile and
fissile materials are mixed together and their ratio does not éhange
vwhen the graphite volume changes. By construéting a two-fluid reactor
such that the fissile and fertile materials are confined to channels
within the graphite assemblies and the spaces between graphite assemblies
are filled with helium, changes in graphite volume fraction lead largely
to relative volume change in the helium space. Such volume changes have
only a small effect on fuel cycle performance and on power diétribution.
In a single-fluid MSBR, graphite dimensional changes would have little
effect on nuclear performance siﬁce the fissile and fertile salt volumes
are equally affected. Also, the ability to independently adjust fissile
and fertile material concentrations in both two-fluid and single-fluid
MSBR's permits adjustment in reactor performsnce as changes in graphite
volume occur. Thus, little change in nuclear pérformance is expecfed
because of radiation damage to graphite so long as the graphite volume
does not increase much beyond its initial.value and the graphite diffusion
coefficient to gases remains low during reactor exposure (the latter con-
dition neglects the possibility of removing xenon efficiently by gas
stripping). '

A limit on the permissible exposure of the graphite can have a sig-
nificant influence on reactor design conditions. If there were no ex-
posure 1limit, the average core power density corresponding to the minimum
power cost would be in excess of 80 kw/liter. However, if a limit exists,
high pover density can lead to high cost because of graphite ieplacement
cost. At the same time, decreasing the core power density leads to an
increase in capital cost and fuel cycle cost. .Thus, a limit on permissible
graphite exposure generally requires a compromise between various cost
items, with core power density chosen on the basis of power cost. The
optimum power density also varies with MSBR concept, since only graphite
requires replacement in a single?fluid MSBR, while both the reactor vessel

and graphite appear to require replacement in a two-fluid MSBR because of
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the complexity of constructing the latter core. Further, reactor power
outage due solely to'graphite replacement requirements can be a signifi-
cant cost factor. However, if graphite were replaced at time intervals
no less than two years, it appears feasible to do the replacement operation
during normal turbine meintenance periods, such that no effective down-
time is assigned to graphite replacement. A two-year time interval is
associated with an average power density in the power-producing "core"
of about 4O kw/liter and a graphite exposure of about 3 x 1022 nvt
(E > 50 kev). TFor the above "reference" conditions, the single-fluid
MSBR has power costs about 0.35 mill/kwhr(e) lower than the two-fluid
MSBR,. Doubling the permissible graphite exposure Zfb a value of about
6 x 1022 nvt (E > 50 kevl7 would be more important to the two-fluid con-
éept and would reduce power costs by about 0.15 mill/kwhr(e); the corre-
sponding change for the single-fluid MSBR would decrease power costs
by about 0.07 mill/kwhr(e). If a two-week effective reactor downtime
were assigned solely to graphite replacement operations, the associated
povwer cost penalty would be about 0.07_mill/kwhr(e) for either concept.
Deposition of noble-metal fission products in the core graphite of
an MSBR would tend to lower the nuclear performance of an MSBR. Based on
the results obtained in the MSRE and taking into account the higher
metal/graphite surface area in an MSBR relative to the MSRE, it is esti-
meted that deposition of fission products on the graphite in an MSBR
" would reduce the breeding ratio by about 0.002 on the average if graphite
"were replaced every two years, and about 0.004 if replaced every four
years. Thus, although complete retention of the noble-metal fission
products on core graphite.wouid lead to a significant reduction in MSBR
breeding ratio, the deposition behavior inferred from MSRE results corre-

sponds to only a small reduction in MSBR performance.

T. PROGRAM TO DEVELOP IMPROVED GRAFPHITE FOR MSBR'S

W. P. Eatherly C. R. Kennedy
D. K. Holmes R. A, Strehlow
Recent work on graphite implies that materials can be developed in
the near future having improved properties for reactor application. The
available information supports the hypothesis that resistance to radiation



81

damage is Strongly connected to large crystallite sizes and to minimal
binder content.  Since the binder phase is, in general, dominated by
-small and highly disoriented crystal structures, these two bases may
‘indeed by synonymous.

In conneétion with the graphite problem, representatives of ORNL
have visifed all U.S. centers where active research on graphite is being
undertaken and all vendors who have expressed interest in the molten-
salt reactor program. As a result of these visits and our owm analyses
of the problem, we have concluded that a graphite research and develop-
ment program conducted largely (but not exclusively) at Oak Ridge
National Laboratory is desirable and essential to furtherance of the
ﬁolten-salt reactor concept. For convenience the program is divided
into five areas: (1) Fundamental Physical Studies, (2) Fundamental
Chemical Studies, (3) Fabrication Studies, (4) Engineering Properties,
(5) Irradiation Program, This program is aimed not only at the devel-
opment of a suitable type of graphite, but aiso at establishing an
improved model for radiation damage which will aid in guiding graphite
development.

At the present time it appears that a radiation damage model can
probably be eétablished which will possess predictive capacity and define
the limits of material capability in withstanding irradiation. Such a
model is desirabie not only in guiding the development of superior
materials, but also to define the ultimate material limitations on the
reactor concept and design. Our confidence in the establishment of such
a model rests on the emergence of recent techniques offering increased
control over graphite microstructure, on the continuing development of
new diagnostic techniques”which enable one to obtain both quantitative
and qualitative information on microstructures, and on the present indi-
cation thaf radiation damage at elevated temperatures may be more tract-
able to analysis.

As indicated above, the attainment of improved graphite for mélten-
salt reactors (viz., lifetimes of 5 to 10 x 10®2 neutrons/cm?®) appears
possible to enhancement of crystallinity and by minimization of binder
content. These postulates rest primarily on British theories based on

single-crystal experiments, work on pyrolytic graphites at Gulf General
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Atomic and irradiation data on certain relatively binder-free graphites.
The most promising routes of attack appear to be cataiysis and pressure
carbonization, methods not largely explored by the graphite industry,
particularly with regard to radiation damage. '

The development program is summarized in more detail below.

T.1l Fundamental Physical Studies

The ultimate solution to the problem of increasing the resistance
of graphite to radiation damage may depend upon a fundamental under- _
standing of the defect processes underlying the observed property changes.
A coordinated effort'ehouid be planned for establishing the basic mechan-
isms of radiation damage. Damage models studied to date do not seem to
offer a completely acceptable explanation of all aspects of the damage
observed at high doses and relatively high temperatures; héwever, such
models do indicate general directions for further investigation.

The crystalline composition of a given graphite seems to play an
important role in the final results of the damage; thus, it appears |
important to study aingle orystals, polycrystalline samples, and Pyro-
lytics (as transition materials) in order to better understand this
crystallite-size effect. Because of the high exposures required, it
also seems important to utilize charged particle bombardment (along with
fast neutron irradiations in high flux reactors) in order to permit the
accumulation of irradiation data in a reasonable time. This, of course,
necessitates the use of thin specimens which may require careful devel-
opment in some cases.

Various property changes (with irradiation) can be studied in each
graphite material as deemed expedient for best identification of basic
defect structures. Among the most important are dimensionai changes,
lattice spacing changes, and changes in thermal expansion coefficients
and elastic moduli. Obtaining these properties (and others) may require
supplemental work in developing techniques and establishing the precise
property talues of material in the unirradiated condition. In pafticular,
use of electron microscopy in investigating defect clusters and their
growth has already been shown to be of great value and would be of

immediate utility, especially in association with single-crystal
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irradiations. Additional valueble techniques which have not yet been
exploifed adequately are x-ray line shape analyses, optical transmission
and decoration. ) ' '
Theoretical support of the experimental work is required at three
levels. Any realistic damage model must first involve a set of -.complex
rate equations which would best be solved by automated analysis. Secondly,
the basic defect energetics and interactions employed in the rate equations
mst be studied from the viewpoint of solid state theory. Finally, the
entire model must be related to the directly observable parameters char-

acterizing polycrystalline graphite.

T.2 TFundamental Chemical Studies

Recognition of the experimentally observed relationship between
radiation-induced growth rate and crystallite size give reasonable assur-
ance that an improved graphite can be developed. Crystallinity is strongly
influenced by chemical chahges occurring throughout the graphite manu-
facturing process. Three chemical/approéches to the tailoring of fhe
crystallite size distribution are: (1) alteration of carbonization con-
ditions for filler-residual binder systems (e.g., carbonization pressure);
(2) elimination of residual binder; and (3) modification of the graphite
by catalytic recrystallization.

Residual binders. (those yielding part of the carbon in a graphite
body) carbonize and begin to develop their crystalline habit primsrily by
free radical mechanisms with evolution of the gases HZ0, CO, Hp, etc.
This habit of texture persists throughout the graphitization process.
Changes in the crystallinity of the final product may be accomplished
by chemical alteration of the binder material and by application of
. pressure during the critical baking operation.

In order to eliminate the residual binder one can utilize fugitive
binders duriﬁg green article fabrication which can evolve before sub-
stantial hardening of the article occurs. The use of raw or semicalcined
cokes presents a promising course of action because of the inherent
chemical activity of those material. The study of solvent action on

these filler materials is a‘necessary first step.
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Catalytic modification of graphite has been demonstrated to yield
an increased crystallite size. Either of two rather distinct mechanisms
may be involved. The first is via a solid-state diffusional path.-
Thorium, ureanium, and titanium carbides, for example, in the presence of
excess carbon have been observed to improve the graphite crystallinity.
A second mechanism appears to be operative for carbides at temperatures
above the eutectic (or periteétic) temﬁerature where a solution-reprecipi-
tation process can be readily driven by the free-energy differences between
large and small crystallites. A

The free-energy differences can also'be expected to result in reaction
rate differences; measurements of those: rates could augment x-ray studies
of the crystallite size. In view of the difficulty of obtaining crystal-
lite-size distribution data from x-ray analysis, some effort in the field
of chemical kinetics is desirable. Studies of gas evolution and catalyst
removal from carbons at temperatures above 1500°C are expected to assist
further in improvement of process control as well as to provide fundamental

information.

T.3 Fabrication Studies

The fabrication of graphite samples for irradiation and physical
property evaluation is'aimed in two complementary directions: first,
to provide the more fundamental programs with controlled test materials,
and second, to take quick advantage of any information developed by these
programs. It would also include the development of suitable graphite-
Joining techniques and pyrolytic-carbon surface impregnation techniques
for control of gas penetration into the graphite. It is envisioned thét
the scope of graphite fabrication would not proceed beyond sample prepa-
ration, with scaleup being left to commercial vendors.

The highly specialized nature of graphites suitable for molten-salt
applications required advanced fabrication techniques and strains the
limits of current graphite technology. For these reasons, it has been
our experience that vendor participation can be successfully secured
only if their claims to protection of proprietary information are
respected. On this basis two companies are actively scaling up processes

to supply a graphite applicable to first cores in an experimental MSBER,



-

/'S

85

two other companies are actively supplyiﬁg samples of more advanced
materials, and several others have expressed an interest in subsequent
participaﬁion.

Under these circumstances, an in-house capability of supplying
materials for irradiation becomes essential. Only on this basis do
materials become available of known character and controlled variability.
Conversely, as long as vendor interesf remains active and substantive,
the difficult problems of process scaleup and control ‘can remain with
commercial suppliers. It is obvious that this approach to the graphite
problem will require close and continued éooperation between ORNL and

commercial suppliers.

7.4 Engineering Properties

Candidate graphite materials must be evaluated and engineering data
generated to obtain the data required for proper désign of an MSBR core.
This will require that sufficient property values be determined within

reasonable confidence intervals for specifying the design parameters.

~ The bulk physical properties of the materials must be determined with

particular emphasis on any effects that surface coatings may have. The
mechanical and thermal properties must be critically evaluated with respect
to possible anisotropic behavior. Sensitive properties determining the
compatibility of the graphite with the MSBR environment, such as entrance
pore diameter, accessible pore volume, and penetration characteristics,
must be examined very carefully. Also, the effects of irradiation of

these properties must be studied carefully.

Sound methods of quality control must be develobed to ensure the
soundness of all material to be used in an MSBR core. Techniques devel-
oped to ensure the integrity and effectiveness of coatings and of metal
and/or graphite joints must have a high degree of reliability. There
must also be deveélopment of nondestructive testing techniques and property
interrelationshiﬁs to reduce the amount of destructive testing required to

ensure total integrity of the fabricated parts.
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7.5 Irradiation Program

Initially the irradiation program will be directed to provide critical
information assisting both the fundamental and developmental progrems.
Eventually the program will be devoted to evaluating candidate materials
and to generating necessary engineering data. These studies require
graphite irradiation exposures to a level where failure occurs or which
exceeds the lifetime requirements of an MSBR. This necessitates that
irradiation be done in reactors having high flux levels. Preliminary
experiments in target rod positions in the core of the HFIR have already
been performed and demonstrate the ability to maintain an irradiation
temperature between 690 and 730°C over prolonged periods. This facility
has the capability of accumulating a maximum of 4 x 1022 neutrons/cm?

(E > 50 kev) per year; even with recycling losses, the exposures will be
about 3.5 x 1022 neutrons/cm® (E > 50 kev) per year. |

The main disadvé;£ages of the HFIR irradiation facility is the small
size which limits the experiments to a 1/2-in.-OD tube, Therefore, it
will be necessary to consider the use of other irradiation facilities for
studies requiring larger samples. These studies will be designed to
determine the combined effects of stress and irradiation on the properties
of graphite and to investigate the possibility of size effect on dimen-
sional stability. '

Jon-bombardment testing is also planned as a means of screening
graphite samples. This treatment would be used either as an adjunct or
as a substitute for high-flux neutron irradiations of graphite. It is
proposed that the feasibility of ion-bombardment testing be examined
thoroughly to determine whether such studies can feed back information
to both fundamental and developmental studies.

7.6 Conclusions

Irradiation results for different grades of graphite have shown that
gross volume changes are a function of crystallite arrangement as well as
size of the individual crystallites. Also, in graphites containing binder
materials, it appears that the binder region has little capacity to
accommodate or control particle strain and thus fractures because of

buildup of mechanical stresses. This indicates that graphites with
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improved radiation resistance might be obtained by developing graphites
having little or no binder content. Further, improved radiation resistance
appears to.be associated with isotropic graphites made up of large crystal-
lites. Consequently, a research and development program aimed at producing
improved graphite would emphasize development of graphite having large
crystallite sizes and little or no binder content. Such a program would
involve physical, chemical, mechanical, fabrication, and irradiation
studies, and could lead possibly to graphites with permissible fast neutron
exposures of 5 to 10 x 1022 neutrons/cm2 (E > 50 kev).
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APPENDIX

Graphite Exposure Measurements and Theif Relationships

to Exposures in an MSER

A. M. Perry

Irradiations of near-isotropic graphites have been carried out‘in
the Dounreay Fast Reactor (DFR), providing informatioh on dimensional |
changes as a function of fast neutron dose in the‘temperature range and
at the high neutron doses of interest in the MSER. The DFR irradiations
are reported in terms of an Equivalent Pluto Dose (EPD), which investi-
gators in the United Kingdom employ as a standard dose unit in order to
express results of experiments carried out in several different facilities
in directly comparable terms. In order to apply the results of the DFR
irradiations to the MSBR, we must establish.a connection between the
Equivalent Pluto Dose and the irradiation conditions to be expected in
the MSBR.

Rather than computing an Equivalent Pluto Dose (EPD) for the MSER,
which would require detailed information on the reference spectrum in
Pluto, it is convenient to establish a correlation between neutron-
induced damage and the integrated neutron flux above some standard refer-
ence energy. Such a correlation is extremely useful if it can be shown
that there exists an energy Ey such that the ratio of observed damage rate
to the flux above energy E, is essentially the same for all reactor spectra
in vwhich graphite damage is measured or needs to be known. Mathematically

this can be written as,

a
f@(E)D(E)dE
R(E,) = 0 = (A.1)
f(b(E)dE
EO

where D(E) is a "damage cross section" giving the relative graphite damage
per unit fast neutron flux as a function of neutron energy, ®(E) is the

fast £lux per unit of energy, E is neutron energy, and R(Ey) is relative
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damage to the graphite. Figure A.l shows the value of D(E) as a function
of energy, based on the carbon scaftering cross section, the energy dis-
tribution of primary-carbon-recoil atoms following a neutron collision,
and on the number of cafboh atoms displaced from their normal lattice
positions by a primary carbon recoil atom as a function of the recoil-
atom energy. This last function has been calculated by Thompson and
Wright, and predictions based upon it have compared well with experimentél
observations.!

Figure A.2 shows neutron spectra produced by a fission source in
four widely different neutron moderating materials, these materials being
H-0, D20, C, and a mixture of equal volumes of sodium and uranium
(enriched to 20% in the 235y isotope). The last composition is intended
to be representative of a fast reactor core. In Fig. A.3 the function
R(Ep) is shown as a function of E, for each of these four spectra.
Since all four curves across within a 4% band at 50 kev, it appears that
the desired correlation exists.

In order to utilize Eq. (A.1) we need the neutron flux exposure above
50 kev corresponding to the EPD in DFR. The total neutron dose in DFR
exceeds the EPD by a factor of 2.16. Thié is just the reciprocal of the
factor that was used to infer the EPD from the total dose in the first
place.a In addition, it is estimated that approximately 9&% of the
neutron flux in DFR is above 50 kev; while this fraction is not accurately
known to us at present, the uncertainty involved is believed to be small.
Thus, the exposure in the DFR to neutrons above 50 kev is (2.16)(0.94) x
(EPD) = 2.0 x (EPD). That is, the EPD scale on the demage curves obtained
from Harwell is converted to dose (based on E > 50 kev) by multiplying
by 2.

Results of graphite damage experiments in the GETR have been repdrted

in terms of the dose above 180 kev. The spectrum in these experiments was

M. W. Thompson and S. B. Wright, J. Nucl. Matls. 16, 146 (1965).

25, J. Perks and J. H. W, Simmons, "Dimensional Changes and Radi-
ation Creep of Graphite at Very High Neutron Doses,” Carbon 4, 85 (1966).
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such that the dose (E > 50 kev) is 1.18 x dose (E > 180 kev).® Thus,
results of the several experiments can be placed on the same dose scale,

for which equal dose should imply equal damage (other factors also being

~ equal) even for widely different spectra such as those in the DFR and in

the GETR. .

Based on the above analysis, the permissible dose (E > 50 kev) for
the MSBR spectrum is equal to twice the Equivalent Pluto Dose. Thus,
an EPD of 1;5 x 1022 nvt in DFR, associated with what appears to be
permissible graphite dimensional changes, corresponds to a permissible
MSBR dose (E > 50 kev) of 3 x 1022, The flux above 50 kev at any point
in an MSBR core is very nearly proportional to the power density per unit
of core volume in the vicinity of that point. For an MSBR with a central
power density of 100 w/cc, the associated flux above 50 kev is about
4.5 x 1014 neutrons/cmensec, which would produce a dose (E > 50 kev) of
sbout 1.1 x 102 in one year at 80% plant loasd factor. Thus, if the
permissible dose (E > 50 kev) is 3 x 1022, and if the maximum power
density is lOva/cms; then replacement of at least a portion of the
graphite would be required at approximately 2.7-year intervals. Alter-
natively, if the average "core" power density is 80 w/cc and the power
peaking factor is 2, the time between graphite replacements would be
about 1.7 years.

Sprivate communication from H. Yoshikawa, Pacific Northwest
Laboratory, 1967.
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