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Existing data on di,mensional changes in gra-
phite haue been fitted to parabolic temperahrre'
sensiti,ue ct(r?)es. From these , the graphite life ,
radiation-induced s tre s s € s, and, permissible
geometries haae been calculated. It is concluded
Zxi,sting materials can be utitized in a molten-salt
reactor which has a core graphite life of abant

four years, without serious cost penalty.
Fission product xenon can be remoued by

sparging the fuet salt with helium bubbles and

remoaing them after enrichment. With rea,sonable
aalues of salt-to-btrbbte transfer coefficient and

graphite permeabitity , the Pernlty to breeding
ratio can be red,uced to l.. .0.5%.

INTRODUCTION

One of the attractive a^speets of the molten-salt
reactor coneept is that even the most stringent of
the present materials or process limitations per-
mit reactor designs having aeeeptable economic
performance. In this paper we conSider, aS

examples, the effects of finite graphite lifetime
and xenon poisoning on MSBR design. Finite
graphite lifetime implies periodic replacement of

the graphite; neutron economy requires the f€-
moval of the bulk of ttuxe from the core to keep

the xenon poison fraction below the target value
of LVo'

The major economic penalty associated with
graphite replacement would be the load factor
penalty associated with taking the reactor off -
stream. This cost can be Circumvented by aSSUf -
ing that the graphite will maintain its integrity for
at least the time interval between normal turbine
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maintenance requirements; i.€., the downtime f€-
quired for scheduled maintenance should coincide
with that for graphite replacement. Hence, to
avoid load-factor penalties associated with graph-
ite replacement, we have set as a minimum f €-
quirement that the graphite have a life of two
years; at the same time, a longer life would be

desirable and consistent with the power industry's
objective of increasing the time interval between
turbine maintenance operations. Thus, in the
reference design the reactor performance is con-
strained to yield a graphite lif e of about four
years, and this ,paper points out the basis for that
value.

The removal of 135Xe from the core also puts a
constraint on the graphite. The fuel salt must be

excluded from the graphite to prevent local over-
heating and also to decrease fission-product poi-
soning, and this, in turn, requires that the
graphite pore diameters not exceed one micron.
This, however, is not a limitation, for the xenon
removal will be shown below to require a gas

permeability of the order of 10-8 cm'/sec, and

sugh a value requires pore diameters of - 0.1 P.
Even though xenon is excluded from the graph-

ite, it needs to be removed from the salt stream
if the desired neutron economy is to be attained.
This removal is accomptished by iniecting helium
bubbtes into the flowing salt, which transfers the

xenon from the salt to the bubbles and effectively
removes xenon from the core region.

In the following sections we shall discuss in
some detail: the method of analysis of existing
data on radiation damage to permit prediction of
the graphite lifetime in MSBR cores; the applica-
tion of these damage rates and the radiation-
induced creep to calculate induced stresses in
the graphite; the considerations involved in the
distribution and removal of 135Xe and other noble
gases; and last, the method proposed for safely
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collecting and disposing of these gases. we con-
clude that graphite and the removal of xenon
present no questions of feasibility, but require
only minor extensions of existing technology.

GRAPHITE LIFETITUIE

It has been recognized for several years that
under prolonged radiation exposure, graphite be-
gins to swell extensively, even to the point of
cracking and breaking into fragments. However,
data at high fluences and within the operating
temperature ranges anticipated for molten-salt
breeder reactors were Iargely nonexistent.
Nevertheless, by using existing datq it was possi-
ble to estimate graphite behavior over the range
of MSBR conditions. For a large group bt
commercial graphites - including British Gilso-
graphi,te, Pile Grade A, and the American grades
AGOT and csF - it was found that the volume
distortion, u, could be related to the fluence, O,
by a parabolic curve,

u = Aa + Bez , (1)

where A and B ate functions of temperature only.
The fit of this equation to the experimental data is
excellent for the isotropic Gilso-graphite, but the
relation is approached only asymptoticatly for the
anisotropic graphites. we may write the fluence
a^s the product of flux and time, i.€., O = Qt. The
behavior of u is to decrease to a minimal value,
u*, and then increase, crossing the v = 0 axis at
a defined ti,me, r, given by

0- AEr+B(W)'

and

um = -L2.0 + 8.92 x 10-3 T Vo ,

where T is the temperature in oc, valid over the
range 400 to 800o. At 700oC, these yield Qr - 3.1 x
!022 with a goTo double-sided confidence limit of
*,0.2 x LO", and um = -5 .8Vo, with the limit t0 .2 .

Figure 1 shows the behavior of the linear distor-
tion as a function of fluence with temperature as
a parameter.

As pointed out in the introduction, it is nec€s-
sary that the graphite exclude both salt and xenon.
The first requires the graphite to have no pores
larger than ,-,L p in diameter; the second, as will
be seen below, r€euires the graphite to have a
permeability to xenon of the order of 10-8 emz/
sec. CIearIy, as the graphite expands and visible
cracking occurs (u ) +3%ol, these requirements
will have been lost. Laeking definitive datq we
have made the ad hoc assumption that the pore
size and permeability requirements will be main-
tained during irradiation until the time when the
original graphite volume is reattained, namely,
when t = r as defined above.

To estimate the lifetime of an MSBR core, we
musi take into aeeount the strong dependence of r

(21

Clearly, in terms of
rewritten as

um and r, Eq. (1) can be

For isotropic graphite, the linear dimensional
changes will be given approximately by one-third
the volume change. If the graphite is anisotropic,
the preferred c-axis direction will expand more
quickly, the other directions more slowly. This
will induce a more rapid deterioration of the
material in the preferred c-direction. As a
consequence, we require that the graphite be iso-
tropic, and can rewrite Eq. (zal in terms of the
linear distortior5 G,

and this relation will be used hereafter.
The best values for the parameters Qr and v*

were found to be

W = (9.36 - 8.93 x 10-3 f) x LOz'nvt (E >to keV)

-3 0r23
FLUENcE Ox rc-22 (E >50 kev)

Fig. 1. Graphite linear distortion as a function of
fluence at various temperatures.
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on temperafure, and the temperature of the core
graphite will depend on the fuel salt temperatures,
the heat transf er coeffieient between salt and
graphite, and the gamma, beta, and neutron heat

generation in the graphite. In all core designs

which have been analyzed, the power generation
(i.e., fission rate) has been found to vary closel.y

as sin (n z/t ) along the urial centerline, wher e z/t
is the fractional height, and / is the effective total
core height. Thus, the heat generation rate in the

graphite will varY as

q= eo + Qt sin(nz/l), (3)

where eo approximates the rate due to delayed
gamma, beta, and neutron heating, and Qt approxi-
mates the manimum prompt heating. R epresent-
ing the actual graphite core prisms as cylinders
with internal radius a and external radius b, we

can readily calculate the internal temperature
distribution assum ing q is not a function of radius '
The result i.sl

where To and Tb are the surface temperatures at
a and b, respectively, and K the graphite thermal
conductivity. Since the urial heat flow is negli-
gible, the heat, Q, that must cross the graphite
surfaces per unit area becomes

,\qAKqa=-T r 
M/a

AqbK
Qu =-T +W
and if h is the heat transfer coefficient between
the salt and graphite interface, then also

Qo =h(To Zo)

Qy=h(To Io) , (6)

where T o is the bulk salt temperature. The coef-
ficient h is calculated from the turbulent-flow
Dittus -Boe1ter equation'

h = 0.023 Re0'8 Pro'4

where

Re is the ReYnolds number

Pr is the Prandtl number

Ko is the salt thermal conductivity.

We are assuming the coolant channels at the outer
surfaces of the cylinder will have the same effec-
tive hydraulic radius as the interior channel of
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radius q,. Finally, since the heat capacity of the
salt is a weak function of temperature, io keeping
with the sinusoidal variation of power density
along the a>ris, the salt temperature, T o, becomes

r o =*lr, + r; (rr rr) cos T) (8)
aL

in which Ti and T7 are the entering and exiting
temperafures, respectively, of the salt.

Equations (3) through (8) completely determine
the temperatures in the graphite. As we sha1l see

below, the radiation-induced strain in the graphite
along the z-a)<is, i.€., A^ z/ z, is given by

y = # tGz)rdr '

where G (T) is the damage function of Eq' (2b)' A
similar expression applies to the radial strain. A
negligible error is introduced by qPproximating
the right-hand side by G(TI, where 7 ts the aver-
age temperature over the cross section; there-
fore,

+ = c(7) (e)

(4)

. {u(b' - "'l

. h@' - "'l (b)

V,

V,

Ta

Ta

Since T varies with z fi, each point along the
cylinder will have a different life, r (Tl, defined

6 d,z/ z = 0. The minimum value of these r (Tl
thus defines the time at which the cylindrical
prism should be replaced based on our criterion.

The properties of the fuel salt and graphite
which are required in the above equations are
given in Table f. The gfaphite is assumed to be

similar to the British Gilso-graphi'te, although
there are other coke sources than Gilsonite which
lead to isotroPic materials.

Calculations have been made on two core con-
figUrations. Case No. CC-58 is the reference
design discussed elsewhere 3 in this series of

TABLE I

Materials Properties used in Graphite Lifetime and

Stress Calculations

Ko
2a'

(7)

r81

Fuel Salt

Specific heat, Wsec /(S "C\ I 1-36

Viscosity, cp ' \v 
| (?.99 x 10-2) exp(4342/T "K't

Graphite

Thermal conductivitY, W/{cm "C)
Thermal e:rpansion, ("C)-r
Youngts modulus, Psi
Poissonts ratio
Creep constant, k

3?.63 exp(-0.?f "K)
i.izx to-" + 1.0 x 1oe(r "c)
1.9 x 106

0.27
(5.3-1.45x10-2z^+L.4

x 1o-5Tt; x 1o-'?

k in psi-t n/(cm' sec)
T in "C.
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papers. This design optimizes the fuel conser-
vation coefficienta with the peak power density
constrained to a value of 63 W/emt to prolong
graphite life. Case No. CC -24 is the identical
core scaled to a smaller geometry (half the
volume of No. CC-58) anO with the constraint on
graphite lifetime raised, In both cases the fuel
conservation coefficient is 1b.1 [MW(th)/kg]2. The
damaging flux in case No. cc -24 is also more
typical of the case when the core is optimized
with no constraints. The pertinent core param-
etersa are given in Table II.

TABLE II
Relevant core characteristics for calcutation of

Graphite Lifetime and Stresses

since the salt-to-graphite ratios in the core
are determined by nuclear requirements, and the
salt flow by cooling requirements, the only vari-
able left at this point is the absolute value of the
internal radius a, which scales the size of the
graphite prisms. Figure 2 shows the lifetime of
the central graphite prism as it is affected by the
radius a; there i.s an obvious decrease in core life
as the radius a increases and the internal graphite
temperatures climb. we note that the ratio of
fltrxes in the two cases is 1.01 i at a = 0.9 cffi, the
corresponding reciprocal ratio of lifeti.mes is
L.74, the additional gain in lifetime at the lower
flwr being due to decreasing graphite tempera-
hlres.

The latter case has been studied in more detail
since it corresponds to the current reference
design concept. For this design the equivalent
radii are

a = 0.762 cm

b =5.39 cm.
The associated temperature distributions for the
central core prisms are given in Fig. g, and the
local lifetimes r(n as a function ot z/l in Fig. 4.
The life of .the prism, i.€.; the minimal r(Tl,
occurs at z/l = 0.55 and has a value of 4.1 y""",
at 80Vo plant factor. The entire prism will chattg"
length as given by the integral of the right-hand
side of Eq. (9) over the length of the prism; this
is shown a,s a function of time in Fig. b. The
radial distortion for various times is shown in
Fig. 6, and gives the prism a double hourglass
shape toward the end of life.
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Fig. 2. Core lifetime as a function of graphite
dimensions for cores with peak damage
of 3.2 and 5.15 x 1014 nv @ > 50 keV),
cases the ratio of the radti, b/a, is 6.67.
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Temperatures associated with the central gra-
phite prism as a function of vertical position
for the reference core design.

Case No. Case No.
cc-24 cc-58

Peak flux (E > 50 keV) , n/(enf sec)
Satt flow per unit area, g/(cm' sec)
Heat generation, detayed, W/cmg
Heat generation, promS, W/ems
Salt inlet temperature, oC

Sal.t outlet temperature, oC
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Fig. 4. Local lifetime r(T) as a function of vertical
position for the central graphite prism of the

reference core design.

The cost of replacing graphite will include both

material procurement and labor. We have esti-
mated these costs based on an industry supplying
the order of ten or more reactors. The total

operating cost associated with gr.aphite replace-
ment would amount to ''.'0.2 mi}I/k$h for a two-
year 1ife, or 0.10 mill/kwh for a four-year life.

icapttal investment would also be required for the

replacement equipment and is included in the

capital cost estimates of Bettis and Robertson.3)

Thus, the cost penalty associated with graphite

replacement is not a crippling one' although it is
large enough to merit considerable effort on

graphite imProvement.
Assumittg pyrolytic impregnation, as discussed

by McCoy et a1.,5 successfully excludes xenon

from the graphite, three significant material
requirements need to be met: the graphite must

be isotropic, have entrance pore diameters
< 1 F, and have a radiation stability at least as

good 
-as 

the Gilso-graphite. AlI of these require-
ments can be met with existing graphite tech-
nology, although all have not been met in a single
gpapnite of the dimensions required. unquestion-
aury, there will be production difficulties in
initially producing such a graphite, but the prob-
lems will be in process eontrol rather than in
basic technology.

1234
TIME AT 80% PLANT FACT0R (yeor)

Axial distortion of the central graphite prism
as a function of time for the reference design.

INTERNAL STRESSES IN THE GRAPHITE

In the preceding section we have tacitly &s-

sumed that the thermal and radiation-induced
stresses developed during the lifetime of the
graphite are not limiting. We turn now to validate
this assumption. We again consider the central
prism as in the preceding section, and have for
the eonstitutive equations'

where

e ; = strain in the i'th direction

o; = stress

E = Young's modulus

p = Poisson's ratio

h = secondary creep constant

A = damaging flttx

dots = time derivatives

g = dc/dt = damage rate function defined from
Eq. (2b).

In cylindrical coordinates, f = (r, 0rzl. rn the

absence of externally apptied stresses and be-
cause of the vanishing of Q at the' ends of the

core prism, the z component of strain will not be

a function of r and 0 (pEl" strain). We shall
assume k is a function of 7, but will not Let k or

O vary with r and 0. Then Eq. (10) can be inte-

lrated in closed form. The resulting dimensional
changes in the Prism are

ei = + lo; - tt(6i+ 6e)l + uAV, - i,ro,+ "-,] 
,i,,;

(11)
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Fig. 6. Radial distortion of the central graphite prism
as a function of vertical height for the refer-
ence design. Times are calculated at gaqo plant
factor.

where d is the average value of G over the cylin-
drical cross section. Hence the prism behaves
locally as though it were at the average radiation
distortion d.

The tensile stresses are murimum at the out-
side surface of the cylinder, and are given by

o, (b) = o, os (b) = o, (b)

and

oz=

with

oz "+ i6(ago - pAs,) + h"sJ .

It can also be shown that g =g(7) with an error
not exceeding ZVo for the parameter values of
interest.

The thermal stresses have the same interr€-
Iationships as the radiation stresses, and are
given by

s, o(b) = 0, o oo@) = o" o(b')

(13 )

(14)

and

ozo = I lT r(r)) e-e,1 p Lr

-3 we may substitute this result into Eq. (Lzl to give
the murimum stress o, (b) throughout the entire
life of the central prism.

For the reference design concept, the maxi-
mum stresses also occur at the point z /t = 0. bb
and are shown in Fig. 1. The stresses reach a
murimum at the end of life and amount to only
490 psi. since the isotropic graphite which is
presumably to be used in the reference design
would have a tensile strength in the range 4000 to
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we may consider the initial stress o"o to be the
thermal stresses introduced a.s the reactor is
brought to power, and these anneal out expon€D-
tially with time because of the radiation-induced
creep. we are interested only in large times t,
and if we set

Ag = gi - g(b)

and remember g is a linear function of time
dG

O=odt

then

and Eq. (Lzl

184

Ag = Ag'o + Agrt
thus takes the asymptotic form

-60

Fig. 7 .
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Axial or tangential surface stres s at z/t = 0.5b
as a function of time.
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