THE PHYSICS OF GRAPHITE MODERATED REACTORS*
ByL. S.Kothari, Tata Institute of Fundamental Research, Bombay{
INTRODUCTION
Since 1942 when the first graphite moderated reagtor was built in Chicago
by Fermi and his collaboraters, reactors have attracted: considerable attention.
Apart from its use as a source. of high neutron flux, a reactor is the only means
known at present of producing controlled atomic energy. A great deal regard-
ing the physics and kineties of a reactor has been published, although the
chemical and metallurgical aspects of the problem are still treated asa secret.
In the present article—emphasizing mainly the physical aspects of the various
. prosesses involved—we give a brief account of the method by which the critical -
size of a reactor is calculated.] After a short discussion of neutron ecenomy,
reactor control and power, we describe as an example, the Oak ‘Ridge National
Laboratory ‘Graphite reactor. o : A o
All reactors are classified broadly into-three groups (z) fast, (¢ hintermediate
and (éit) thermal, according to the neutron energy which is responsible for the
majority of fissions in uranium. We shall consider here thermal reactors
only, because of their importance as power generators ‘and also because lot
more is known about them. In order to thermalize the fast neutroms that
ate produced during fission one generally uses as a “moderator’’ any ene of the
following : heavy water, graphite, light water or. berylium. Further one
may use natural uranium (993 per cent of U238 1-0-7 per cent of U235 J- traces
of U24) or uranium enriched in U® isotope, 'as “fuel’”’. The uranium
moderator assembly may be homogeneous or heterogeneous. To make our
problem more specific we will consider a .graphite moderated, heterogeneous
thermal reactor using natural uranium. It may be mentioned here that in
a homogeneoys mixture of -geaphite and natural uranium a -chain reaction
cannot be sustained without the help of an external source. o
* Let us consider, the neutron cycle in a lattice of graphite and uraniam -

(Fig. 1). : B ' .
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Fig. 1 Neutron Cycle in reactor. For infinite reacto: there is no leakage of
neutrons,

"% Based on a talk given by the author at the Defence Science Laboratory in Qot. 1954,
tPresent address : Atomic Energy Establishment, Apollo. Pier Road, Bombay 1.
1 For details of calculstion we should refer the reoder to Glasstone and Edlund (1952)
and Guggenhiem and Pryce (1953). For details regarding reactor construction see Murry (1964 )
and Stephenson (1954). An elementary treatment of the reactor thecry will be found in Soodak

and Campbell (1954). - 506
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* In order to a,V01d the complications mtroduced by the leakage of neutrons
~.from a finite reactor we first treat an infinite lattice. The capture of one
.thermal neutron in natural uranium will lead, on the average, to the production
--of say, n fast neutrons (of energy ~ 2 Mev). Some of these fast neutrons
may lead to fission in U8 (fission threshold of U2 in nearly 1-0. Mev),
8o that number of neutrons slowing down past the fission threshold of U%¢
~will be larger than v. . If we define ¢, the fast fission factor, as the number of -
© néutrons slowing down past the fission threshold of U238 per primary fission
' neutron, then the number of neutrons slowing down below 1:0 Mev per thermal,
- neutron absorbed in uranium would be we. :

Durmg further slowing down in the lattice some. neutrons may suffer
resonance capture in U?® (most important resonance of U 8 is at 6-7 ev),
and the number that escapes capture is'determined by the resonance escape
- probability, p. These neutrons are finally thermalizéd. Of the vep thermal
neutrons (most probable energy 0-025 ev) some are captured in uranium and
“the rest in other materials.” We define’ thermal utilization factor, f as

number of thermal neutrons captured in uranium
tot%l number of tirermal. neutrons captured in the lattice.

-
st RN

.. From the a.bove deﬁmtlon 1t Would- be clear that for an infinite lattice
-4.6., when there is no leakage of neutrons, the reproduction factor ko, , which

‘isdefinedas - pumber of thermal neutrons in the present gepération
© 7% " number of thermal neutrons in the preceeding generation

is given by k., =mep/. This is known as the four-factor- formula. An in- -
finite reactor would be critical, 7.e. a self-sustamed chain’ reactmn would be

maintained, if :
koo:l .. e . oo (1)

For a finite reactor the corsideration of the leakage of neutrons is verv
important. In this case the criticality condltlon is written as

k = Pkg, . @)

where P is the non-leakage probablhty, u.e., the proba.blhty that a neutron
does not leak out of the lattice, and k is the efiective réproduction factor.
As P will always be less than unity, for a finite reactor the reproduction factor
ko has to be greater than unity. In order to calculate the critical size of a
reactor one has to know the values of the four factorsinvolved in k., and also
the value of P. In passing we may note that for a homogeneous reactor
kg depends onlv upon the nuclear constants of the materials comprisir g the
‘reactor, while P in this case is determined by the size and shape of the lattice.

Determination of Reactor Constants-

We now consider how the various factors that comprise k., and P are
determined for a heterogeneous thermal resctor using natural uranium. As
- we shall see some quantities are obtained expenmentally Whereas others have
‘ to be calculated. I . L

(¢) m : the" a.verage number of neutrons produced by the . absorption of
a thermal neutron in uranium has to be determined experlmentally The
-namally excepted value is 7=1-308,
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(4) Fast fission fwctor We assume the reactor to be ?}lﬁdﬁcai with-

mﬂm rods arranged in a square lattice parallel to the axis of the eylinider, -

-
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Aislt - T moderated, natural uranium reactor,

“*For ‘the 'sake of ca.lcula,-tlons one replaces the square cell a.round ea.ch fxml
er by a ‘circular cell of equal ‘area, calling it the eqmva;lent cell (Flg 3)
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Let P be the _probability that a primary fission neutron makes a colhsmn
-+in the fuel rod in which it is created and we denote by of, o, 0i, and g, the
G hsswn, the mnon-fission capture, the inelastic scattering and the e“lastw
sca.ttenng cross—sectlons respectwely the total cross section 1s E

6 = 6t + 6o -} 6 + o6 RN o 3)
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—_Inside thezod, in thefirst.collision,

dive .

3 . 4 ' - vPor
““the number-of fission neutrons produesd . : o=
the number of elastic collisions .. N Vo= ce ,

the number of neutrons escaping from the rod without collision =1—P°
the numiber of neutrons slowed down below the U® fission - .threshold

in inelastic collision - - - e T .

where v is the average number of ‘fission neutrons produced ‘when ~¥e8
undergoes fission by capturing a thermal neutron.

- If P’ is the probability that second and higher generation fission
neutrons will make a collisionin the-red; then one-can readily show that

i 1.0'0 ‘o
. 1+[ ,(V—l)—;f— s °

1—P’ vo; + Go ) *
, 6 . .

P and P’ depend upon the dimensions of the rads and-can be -evalwated
For a rod of radius, a=1-15 cm, ¢=1-025.

(%) Resonance Hscape Probability., Let us now. consider how the reson-

ance escape probability, p, is determined. To understand the nature of this
factor we have to introduce a few new variables. -By q(£), called the slowing
. down. density, we-denotethe number of neutrens-slowing down past eneigy
E per sec., per unit volume, and by £ we-denote the average of the logarithm
of the ratio of final to initial-neutron-energy in any collision with a moderator
nucleus. Further, we use the -continucus slowing down theory of Fermi,
- which is a good approximation forheavy moderators-like graphite and beryl-
lium. . Aecording to this theory a neutron “is aysumed to:loose energy at. a
continuous rate. -The decrease in the logarithm of neutron-energy per unit -
time is given by the product of & the average logarithmic neutron energy. loss
in a moderating collision, and the number of collisions a neutror makes in unit

time,

. i)

d

—- log B = ¢ 1 . e (B)

" where Ay = }Tl—— , is the scattering mean free path of neutron-and visdts .
- - 108 : o : .
" velocity. Ny is the number of moderating nuelel per unit volume.

Now the average number of neutrons n(E)dE, in any energy - ‘inteﬁjal '
- dE about E, would be equal to the number of neutrons that cross the ‘energy
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interval dE per sec. multlphed by the average time for thh a neutron hngers
,m the mterva.l Thus .

N , n(E)dE =q(E)dt
orfrom (5)  $(E) = n(Bp = %’]‘3 T ()
o(E) being the flux of neutrons of energy E.

If we assume that the resonance absorption in uranium at energy B is-
small, so that it does not produce any appreciable change in the flux at energy
h then we have

—dq 6ac N, ¢E)VVdE .. o (D
Where}N is the number. of fuel atoms per unit Volume, a0 the absorption
cross section of uranium and V, and V, are the volumes in the cell taken up,
by uranium and gra.phlte respectlvely From (6) and (7)

6ao NV

= _Jm0 To¥od
- O‘gNV tE dE
. - q(B) 3 VNG dB’
By ==~ = o “'po-ao L
or p(E) ) exp * ﬁ( f VlNIGSIE B [ - (8

where Q is the source strength The above result is based upon the assumptlon
that the flux inside the fuel rod is constant, which is of course not correct.
A correction for the depression of flux inside the fuel rod has to be made semis.
. emperically.. For most cases of interest the numemca.l value of p is of the order
of 0-9.
(iv) Thermal Utilization Factor. In order toget ko, we have stﬂl to de- ‘

termine the thermal utilization factor f. From the deﬁmtmn it follows that .

1 number of* thermal neutrons captured in materials other than uranmm' 4
T number of thermal neutrons ca.ptured in uranium.

— V N Ca ¢1 7 o (

Vo N onde O

é. a.nd é, are the average thermal flux in uranium and graphite respectwe-

ly. A rough estimate of ¢>1 / «750 can be made by calculating the thermal
neutron ﬂux distribution in the cell using the cla.ss1ca.1 diffusion theory. In
. actual cases f is nearly equal to 0-9.

,

From the four factor formula (1) we can now get the value of ke The
maxium value of k,, that can be obtained for a graphite moderated natural
uranium reactorsis about 1-08.. In order to obtain a self sustained chain
reaction, the size of the reactor should be such, that for it, the non- -leakage
probability P is at least 1/k,

The non-leakage probablhty Pisa product of two fa.ctors one bemg the
probability of non-leakage of neutrons during slowing down and another
the probability of non-leakage of thermal neutrons while diffusing.” Tt will
be convenient and simpler to consider a homogeneous assembly for evaluating
P. We shall take account of the heterogenety of the lattice in the ﬁna.l result,
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(v) Let us first consider the ' non-leakage probability during the slowing
down of neutrons in the reactor. Assuming the continuous slowing down
theory of Fermi, we introduce (5) in the time dependent diffusion equation’
and solve it for q(E), the slowing down density. We find that the number

- of neutrons thermalized per sec. per unit volume at any point r is given by
| g (tm Ba)=kwo, Nog(meB%, .. .. .. (l0)
where L is the slowing down length and'B; a constant depending upon the
properties of the multiplying medium ¢ (r )is the thermal flux at point r.

~._ For an infinite lattice there is no leakage of neutrons and hence !

Qoo (1, Egn) = ¢ (r) Ny oay efp - et .o (11)
erefore the non-leakage probability is e—BL%, ~ For small values of
4, this reduces to 1/(1-+B2 L2, ). . : e
In the heterogeneous case, the slowing down length is increased on account
f the fact' that no slowing occurs in the uranium "rods. The slowing down
length for this case is obtained from the semi-emperical formula

12, — Nootar ’387——90Z)cm2

- vy ‘

- whereZ is some given function of the fuel rod radius.. In pure graphite
L% = 387 cm? whereas in a cell of radius 5=9-0 cm and uranium rod radius.
a==1-15 cm; it is L= 392 ocm?. L

(vi) In the homogeneous case, thermal neutron flux satisfies the equation

V2p+Bip—0 .. .. .. . (12)

In order that (12) may have a solution ‘in - cylindrical geometry, we must.
have 4 . .

| (2405 \? ™ \? e
B2 — (lﬁ___R ) —|-(—H—) s e .. .. (13)

which represents the lowest eigne value of B2 - Here R is the radius of the
cylinder and H is its height. The number of neutrons moving out of a unit

volume per sec is
—DV2p = DB*%

D being the diffusion coefficient. On the other hand, the number of
thermal neutron absorbed per- sec. per unit volume is No, ¢ (r), so that .
Neutrons absorbed : _ 1 - "

» Neutrons absorbed-thermal leakage = 14 B2L2 ‘
where I, — ( N]Z )é , isthe “ di ffusion length ” of thermal neutrons;, .
. 2 . o

Thus 1/(1 —l;BzLZ) is the probability that a thermal neutron -will’ not leak
out of the system. In the heterogeneous case,

T2 =" e 2
L 2500 Y, C, om

where C; is the fraction of thermal neutrons captured by graphite. L2 .in
pure graphite is 2500 cm?, whereas in a heterogeneous assembly it decreases
to L? = 254 cm? (a = 1'15 cm; b= 9-0.cm) " L
-y . The total non-leakage probability is
bt
P - l_I_B'aLee- 1_}_32 L2

1
1B I

=}
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where M2=L24L3. Combmmg (14) and (2), the condltlon for cmtmahﬁy of.,
k. —1 : : v
a fiiite reactor becomes _?';ME_ B? . v ee (15 ;

T we-consider a reactor in the form of a cylinder with height equal to the -
dlaxmeter, then using (13)-we can rewrite (15) as

o —1 (z 405) ( t  Haear ((E;‘.T:f) (16) N

]'n case the: reactor is in the. form of a cube, as is usually the case in’
practice—we assume that. -equation: (15): still holds. However, instead:
of B? being defined by. (13) it-is now glven by

=3 (__ VT o1y
where A:is-the: side of the cube. Combining (I7) and (15) we. liave
MR N
a=wvT (o ) N . (18)

Since ‘the various quantities onthe r.h.s. of equation (16) or (18) are already_ :
known: we can: determine the radius R or side A that will make the reactor.
just-criticat. The critical side (radius) of the reactor comes ont, to be of the.
order of 5-7 meters (3 meters), for optimum values of a and'b. Howeyer a
reagtorcan be. madecritical with:a-smaller core provided‘the leakage of neutrons
can-be reduced. . ‘This is-achieved: in practiee by surrounding the core with-
pure graphite: which acts:as: a reflector, reflesting baek a]most 90 per cent of!
the neutrons that enter it. A detailed study shows that the core side. or d‘lﬁ*
meter can safely be reduced by an amount.egual to twice thérdiffusion length
L,'of thermal neutrons in the reflector magerial by: using a reflector thickness
of -about $L. With a g aphite reactor all round, of about 75 cm. thlokness;
thacmtwal core side or diameter is re,duced by. almiost one meten

Neutron Economy

The values of p and f are too-smalFin the case of a homogeneous assembly |
of iraniumiand: gmphlte -to permit self sustained chain reaction in the assembly,
Only by taking uranium in the form-of rods and sutrounding them by graphlﬁe

" . can one obtain p and f sufficiently large to give k_ >1. 'Fo illustrate that,

even in the hebeno@noous case the margm within which the: vazious factors:
can be varied is very small, we give in bhe followmg table what is called the
neutron balance sheet.

TABLE ~

Neéntrons from U5 fission e e . .. . 2:5.
Fast fission neutrons from U8 ,, . T 0:06: "
) e e oo

- Total fission neutrons . 2:56
Neutrons to maintain chain reaction .e ‘e e - . 1-00
Néiitrons absorbed in:U2% to make Pu 2% ,, e v e 080 .
Neutrons.absorbed.in U2 to make U286 . .. .. e 0-20-
Neutrons absorbed-in Moderator .. e .. . .. 0-30
Nentrons absorbed in structural ma,tombls .e ae v e Cee T im0 0005
Neutrons escaping from core . TR T e e ey @209 1o

YO : e T Total neuiron expenditure .25

Excess noutrons e o2
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" Tt ig seen that excess neutrons are even less than 1 per cent of the fission -
néutrons, and hence strict neutron economy has to be observed in buﬂdmg a
reactor. The economy can be achieved on several scores. Firstly by using .
a8 structural masterials, metals like aluminium; magnesium, ‘zirconium, which "~
have a low absorption cross-section for thermal neutrons. Then the graphite

~ for the moderator should be of nuclear purity. Boron, which is the main im-
purity in graphite cannot be tolerated above 0-5 part_in a million. = The
coolant, which is used to cool the uranium rods in the réactor should: not
absorb neutrons heavily. Finally, the reactor should be built as an optimum
lattice, , .

Reactor Control

A reactor is always built larger than the oritical size. ' The rate at which
the neutron density builds up in such a réactor is given by '

R = a9
n==n,e e SR

where [ is the average life time of neutrons in the reactor, and n, is the initial
number of neutrons. In case we neglect the effect of a few delayed neutrons
that always accompany fission of U5, the life time of 4 neutron comes out
to be of the order of 0-001 sec. It follows from (19) that even for k-=1-
=001, the number of neutrons would increase by factor of 2x10* ‘every
sec. Stch a reactor would be impossible to control, Luckily the efféct of
delayed neutrons, which are only about 0-75 per cent of the total number of
fission neutrons, is to increase the average life time of neutrons to §=0-1 sec.
For the same exeess reactivity k—1= 0-01, the neutrons would now increase
only by a factor of 2+7 every 10 secs. It is thus the presence of these delayed
neutrons in fission tha,t makes a controlled chain reaction possible. -

In a reactor, the cha,m reactionis controlled by moving cadmium or boro,n )
steel rods in or out of it. . On account of very high thermal neutron 9bsorpt10n
cross-section of cadmium and boron, they can effectively control the reactivity
and hence the thermal flux. The chain reaction can be stopped by. pushing
in the rods sufficiently, so that more neutrons are absorbed per sec. than are
produ@ed Under such condltlons the flux soon goes down -almost’ to zero.

POWel:

The power level of a reactor is related in a s1mple Wa.y to the ma.mmum
thermal flux, by the formula : ,

6t N, Pmax V, X200 . 105 1- 6><10—-12 T
S o Xyx 175 -+ (20)

where we have a.ssumed that the flux in uranium rod is about 1/’2 that “in gra-
phite and that the average flux is about 1/1:6 of the maximum flux. From
the above relation it follows that

Power extracted in K.W.

ton of Uranium

power (K W ) =

¢m&i = 1 * 1 X 10]‘0 .o ' '0 - Z(‘21)

Usmg compressed gas to cool uranium rods one can extract up tor 1000 kwger ,‘
ton of uranium, giving a maximum thermal fluxina graphlte moderated redetgy -
as ~ 10 em—2 secL:
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The power level at which a reactor works determines the life of fuel rods.
For 1 Megawatt day of energy extracted, 1 gm of U235 is used up. Depletion -
of U and the increase of fission products like xenon 135 and samarium .
149, which have a large thermal neutron absorption cross-section decreases

the reactivity

of the reactor. Depending upon the excess reactivity

that is built in at the start, the above factors determine the time when the
fuel rods are to be replaced. ' :

Description of a Reactor

To get a better idea of the magnitudes of various quantities  involved
we shall briefly describe an actual reactor. As an example we take the Oak -
Ridge National Laboratory Graphite Reactor (ORNL Graphite Reactor or
X-pile) (Fig. 4) which first became critical o1 3rd November 1943. The

Fig. 4. Oak Ridge X-Pile

external dimensions of the reactor are 38’ %47 x35’. The moderator is a
24’ cube of graphite bui't out of blocks of size 4”x4”x50”. Some blocks -

have V-cuts in them, so that when assembled, form diamond shaped holes
ranning horizontally all the way ‘through tho moderator, - There are 1248
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. holes spaced with centres 8" apart. These are the fuel channels of the-
reactor. There are other holes both horizontal and vertical, left in the -
reactor to take out neutrons beams for experimentation. :

~ A “biological shield ”” of 7’ thick concrete is there to prevent neutrons and
y-radiation from escaping out. Between the shield and the moderator on
the two sides of the fuel channels, are air gaps which serve as inlet and outlet
for cooling air. Since the temperature of the outgoing air is not very high,
1t i of no use as far as power generation is concerned, and is discharged into
the atmosphere through'a high chimney after being filtered for radio-active
dust. ‘ T :

The uranium “stugs” are slightly over 1” in diameter and 4" long, each
piece weighing about 2} Ibs. The rod has an aluminium canning or
“sheath” of 35/1000" thickness, This'is essential to prevent highly radioactive
fission products from escaping and also to prevent the oxidation and corrosion
of uranium. :

There are five safety rods in the reactor. Three are-cadmium rods encased
in steel and are 8’ long. These are supposed to fall vertically under gravity
In an emergensy. Two other rods of boron steel can be pushed in horizontally
under hydraulic pressure in case of trouble. The reactor 1s controlled by two
boron steel rods that are driven electrically. - :

Total mass of graphite used is about 600 tons (price of machined graphite
for moderator ~ Rs. 10,000 per ton) and that of uranium is about 35 tons
(price ~ Rs. 350,000 per ton). ‘ .

Maximum thermal neutron flux is nearly 1+2 X 10! and the reactor works
- at a power level of A 3,800 k.w.

.Problems connected with a reactor

Mention of a few of the problems that face a reactor engineer may not
be out of place here. Canning of uranium rods presents one of the difficult
problems. The sheath which is usually’ of aluminium has to be sufficiently
thin so that the neutron economy is not too adversely affected. It should
also fit the uranium rod tightly so that heat from the rod can be efficiently
removed. Failure of a sheath even to the extent of a tiny hole ‘requires the
reactor to be shut ‘down and the rod replaced" immediately for fear of highly

radioactive fission products being carried out of the reactor.

Inside the reactor uranium, moderator and other structural materials
are under intense neutron bombardment for long periods of time. These
produce dislocations in the materjals and consequently their physical proper-
ties are changed. The nature of the changes is not at all well understood.

Cooling the fuel rods specially in power reactors is another of the
~ important problems. The coolant should have very low neutron absorption
- cross-section and at the same time it must have very good therrial
properties.: The-coakingspgoblem is aggravated by the faet that uranium has
very low thermal conductivity and besides the temperature at any point of the
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rod cannot. be. allowed to go above 630°C, as. little. above thls temperature :
there is a phase.transformation in uranium. -

Safe disposal of the highly ra.dloa.ctwe ﬁssuon products. presents another.
; problem. . '
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