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Addendum I: Some Engineering Detalls of Proposed Plle

In order to make this réport on the physical data of
the new pile more easily understood we give here a short
general description of the machine. For more details we
refor the reader to Lion-20) in which the general,enginéeru
ing features of the pile are described. .

The pile proper will be a light water moderated and

- cooled pile with beryllium reflector. The active part will

consist of closely paékod vertically stacked plate assemblies.
The individual platee; are made of an alclad Al-enriched U
alloy. They are spaced in the assemblieé so thaﬁ watcr can
flow between the plates., thus serving both as moderator and
coolant. The whole pile, active part, beryllium reflector
and control rod arrangement will be set at the bottom of a
tall (~ 30 feet high) tower which is always filled with
flowing water. The water which flowsjatAthe rate of I0,000_
BoPelMo» enters the tower at the top and passes through the
pile and reflector. |
The details of the various parts will be as follows.
The plates of the asssmblies are about 1 mm thick, 8 cm wide,
60 cm Jong. They will contain about 14 mg. of U2°%/emS. The
separation of the plates for the cooling stream will be 2 mm.
The plates will be fabricated into "multiplate assemblies";
each assembly will cbnsist of about 20 parallel active piatés
held together by side walls of Al into which each plate is

- - e = - - I




will 1b

bfazed. The overall dimensions of the active part of an
assembly will be about 8 x 6 x 60 cm, and each assembly
will contain about 100 grams of fissionable material.

About thirty of these assemblies, stacked vertically
slde~by~-side into a prism about 40 cm x 40 cm x 60 cm will
ordinarilj constitute the active part of ﬁho rile, Around
this active portion there will be the Be reflector extending
outward about 40 cm from the edge of the active material,

In order to achieve maximum flexibiliﬁy it will probably be
composed of'tWO sections. The part next to the pille, whose
cross-section £ills out a rectangle of dimension 80cm x 80 cm.,
will be built out of long (approximate dimensions

6cm_x 8 cm x 100 cm) Be columns stacked together much like

the assemblies themselves, This part of the reflector 1is.
readlly removable and 1is interchangéable, column by column,
with active assemblies. Its purpose is to make it possible

to change the pattern of active lattices ratherxdrastiéally
without ma jor reconstruction of the pile. The remaining

part of the Be reflector, which extends out until it completes
a circle of 120 cm diameter, will consist of large Be blbcks
keyed together and provided with small through holes through
which cooling water can flow.

Control rods will go vertically through the active
latﬁice and wiil be actuated from below, As described in
the main text, they_wiil consist of a length of Be. above
this a length of Th, (or possibly Li) and above this a
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length of Cd. During operation the Be or Th will be in
- the pile; the Cd tops of the rods supply an added control
margin which will be used for safety. In addition to
these rods, vwhich will be used mostly for shimming or for
safety, there will be one or two small rods in the reflector
vhich can be used for control. We estimate that a control
marzin of 1% in these rods should be sufficlent.
Outside the active lattice, and in the block part of
the Be reflector, there wili be a row of Th rods which will
constitute a 23 factory. Beyond the Be_roflector, in a
fairly thick layer (-~ 75 cm) of graphite, there will be
additional holes for production of cl4 and other isotopes.
The plle and reflector are to be surrounded by a thick
‘concrete shield. Th§ shield and reflector will be piercedf
by a large number 6f experimental holes distributed around
the pile. ilost of these holes will be used for beam experi-
ments. PFor long irradiations it is planned to use mostly
the removable Be reflector columms. In addition to the |
experimental holes there will be a horizontal graphite'thermal
column jutting out from one side of the macbine. ‘
Although the active pile is insignificant in size
(~40 x 40 x 60 em), the whole pile will not be small., It
will probably look, from the outside, like a large concrete

octagonal'prism. about 30 feet tall and about 25 feet acroas.




Physical Data on New High Flux Pile

v

General »

Since the appearance of report llon P-108 in which a
heavy watervmodorated~expefimantal pile was described.
the physics division, and the laboratory generally has
turned its attentlon to a light water moderated machine.
In this section we examine the reasons for thi:z chauge.,
-aﬁd in so'doing we restate the general philosophy un-iorlying
the construction of a high flux thermal neutron pile.

Thes general aims of a high flux experimental pile were
stated in llon P-~108 to be

1) Attainment of & very high flux, of the order of
several x 1014, for general experimental purposes. Ths
figure ~/101% was arrived at because this is about the flux
level at which an economical thermal byreedsr would operate.
' 2) Production of sizeables quantities of t235 and other
isotopes. In addition:. three other requiremsnts for a

general purpose high flux plle can now bé stated. ‘hese are
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3) The machine should be veory flexible; that J=,. it
anculd be possible s:sily o change the disposltlon of the
fissionable material in a manner dictated by %the neaeds of the
particular experiment that is to bes performed. ‘

.4) The maschine should be so simpie that it mlpat serve
a3 a prototjpe for othor research centers dssirous of bullding
an experimantal chain reactnr, This point 15 considered

'~zf%e but not essential,

5) The spectrum of epi;thermal neutrons should be as
snergetic as possible. A

We now ingquire to what extent the present propusal

. achieves the added advantages., #3, 4 and S.

3) Flexibility: The pile, &s is described Iin the roanst
on engineering. will consist of a number of "miltiplate® AL
assembliss, eéch plate containing about 14 mg/cmz of fission~
able materisl. The assemblies are mounted together at the
~bottom of a deep well; cooling is afforded by water which
entérs at the top of the well and leaves at tho botton,

TLe eséential flexibility of thls arrangenent arisss
from the fact thaﬁ thers are no individual water feecd lines %o
the sepurals vasernhliiag, It is therefore‘possib;e to resarrange
ths assemblies in many different ways without being restricted

by the necessity for vroviding a new disposition of water Teed

lines for each arrangement.
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An additional featurs of flexibility is achisved in

the present design by making all pile aelemsnts easily re-

movable. For example, a higher fast flux could be cbtained

by replacing part of the Be in the reflector by Al. This

could be done.without too much trouble in the new'machiﬁcg

4) Simplicity: We believe that the elimination of the

individual water feed svstems and the substitution of a solid Be re-
flector for a liquid heavy water moderator makes this pils

mich simpler than the one considered previcusly. With an Al

 instead of Be reflector, the pile would use no rare materials

aslde from the 25. The reason Wwe do not usse an Al reflsctor
in the current version is iucfcli: first an Al reflected’
pile vould require higher critical mass and consequently

would neceossitate a higher pover to achieve a given flux;

.and second, lsotope production is less efficient with an Al

reflector than with a Be reflector.

5) Spectrum of Epi-thermal Neutrons: Distribution of

thermal neutron fluxes . '‘'his is one of the nost 1mportant

reasons for eliminating the heavy water moderator Iin the

- present version of ths pile. The flux. (n ) ,s of neutrons

which have suffered no collisions is related to q. the number

of meutrons produced per sSec per c.c. and to Zin’ the macros-




' neutron energy,

4

copic cross-section for reduction of the neutron energy.,

Vs

by the relation

(nv) e
o
in . .
. A _ ,
This is a correct equation if the plile is large compared
to a mean free path. The quantity q is proportional to the
power per unit volume of pills.: Hence the flux of visgin
neutrons, which is the flux of most use in radiation experi-

ments, 1is determinedkby how much poﬁer can bs extracied from

a glven volume of pile. The 0ld version of the nile had a

volums aboﬁt 8 times greater tban the new one, wvhile the rowsi
output 1s sbout the ;ame. as 1s the aGerage }Zin for fission
neutron—so The very high energj neutron flux in the new vcrsion
1s therefore approximately 8 timas as.high ‘as the very hign
energy flux'iq the heavy water version. '

This very fast neutron flux is now quite comparable
with the flux of the proposad Argonne all metal "fast"
pile. This follows from the fact that the "inelastic®
cross;éection of U for fiasion péutroﬂs'is not vory diffe-
rent from the;"inolastic" cross-gsection of our mixfure of
light'watcr énd alﬁminum since the»hydrogeh'scattering.
vhich 1is @ainly responsible for degreding the eﬁergy of

fission neutrons in our pile, is very small at fission

.
'Y .

As far as thermal neutrons are concerned, a Llhurmal

pile of the type §iécusged here has evident advantagss over a

) ?D A . | ‘ ) ' .
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fast neutron pile. Vie bglieve our thermal nsutron f'lux
can be as high as 4 x 1014‘cm"’zsec"1 in the-region of an
active assembly. This figure is determined by the maximum
heat transfer which can be achieved.and itAcorresponds to
a power somewhat abéve 30 x 10%kw, depending on the degres
of flatness of the neutron density distribution across tas
pile.

The thermal neutron distribution in the present mschine
is lowest at the center and highést in the reflector Jjust
outside the active region. Just how large the rise is depenas
on the disposition of control rods. If all the rods are out,
the distribution is nearly flat inside the active region, and
rises to perhaps 1.3 times its interior value a few centimeters -
out. With all control rods in (at the center of'the pile)
the ratio of density at the edge to average may be as high as 3.

The circumstance that the region of maximum thermal
neutron flux occurs at the ocutside of the piles is doubiy |
advantageous. First, the maximum is st a place, ths reflector,
which 1s naturally convenient for experimentation. An sarly
objection to a water moderated pile was that it is too small
for experimental work to be done effactively on 1t. But with

the best experimental region being- in the refleétoil of a size

comparable to the overall size of the hegvy water machiﬁe.

this objection has very much less force. \le estimate

that the overall experimental facilities of the proposed

9D
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machine will be less than those in the heavy walter machine
by perhaps 50%.-whereas the volume of the active region 1s
only 1/8 the volume of the o0ld device. \

The second advantage of the high neutron density in
the reflector is that it makes it possible to achleve a
flux which 1s higher than that which would bs determined by
the heat transfer bcttleneck, if the highest flux accured
near active material. The maximum slow flur. anywhers in such
a pile would be 4 x 10-1%, However, with thé maxipana flax
occuring outside the pile vhere there is no mctive material,
a flux larger than 4 x 102¢ is attainable in the region ol
moét value for experimontés /
p— In the following we give comparisons ol ths ﬁluxes‘in

the heavy water, the light water, and the Argonne fast pillas:

e Al ot S8 5 ol oAk oW Nk & A Eaar

Jeavy Water Light Water Argorne Fust Piis

Pover 30x10% kw  30x10% kw 10° Jow
Active Volums 500 11 100 11 5 11
Power/Volums . As37.5 kw/11 300 kw/1i 200 kw/11
EZin ~s1/5 em~l . 1/5 em Yt A~1/8 emt
"Virgin® n -~ ~0,15x101% 1.2 x 10M? a1, 3x1014
Epi-thermal n-~ ~3,5x101% 5 x 108 a2 x 104
Max. Slow nv ~4 x 1014 .2 x 101 |

10D



II. Critical Data

In this section we record the results of calculations
on'thé orit;cal mass of the ﬁroposed pile. The results can-
not be considered particularly reliable for two rgﬁéons:

1) The age in the mixture of H20 and Al which consti-
tutes the plle was calculated on tha assumption'that the naigh
energy scattering in Al 1is sphoricélly symnetric. The
experimental data s%:ow the Al scattering to Se non-spharical.
but giié no indication whether it 1is predominantly forward
or predominantly backward. In the absenca.of such knowledge,
we have made the assumption of sphorlical symmetry.

A similar uncertainty exists in the calculated values of
fhe age in Be. Thus the reflector saving may.be over or under-
egtinated, dependiing on whethcf the assymuetry of the Be
scattering is predominantly backward or forward.

2) Besides these systematic uncertainties in the quoted
critical masses there are uncertainties which arise from
expserimsntal holes in the reflectbr° The calculations-appiy
to 1dealized cylinders or prisms with solid reflector?. In
practice the experimental holes wili cause én increase in the
oritical mass which we are not yet in a position to estimate
reliably. .

.The uncertainties (1) and (2) will be largely eliminated
when critical experiments vhich are now getting under way are

completed. -

e ——me—



8

The oriticai mass calculations were performed by mesans
of a two-group theory. The constants usod.wero
Pile
Volume of Al to Volume of HpO = 0.75
35.7 g/11 o U35

A - - ‘o ] - 64 2.
rag” 3°73 oms )\slw 0.793 cm, T cw

L2 =3, 64om2
Side Reflectoar »

\ \

Volume of H,0 tDVolume of Be = 0.02

- 1.8 cm, \ - 1.92 cm. L =89 cm?, L= 20cm

s Afasn: slow

‘we 1ist below calculated éritioal dimensiops for threa

dispositions of fisslonable material characterized by k values |

0 of 1..A606. 1.432, and 1.373 respectively. When the pille is
cold and unpoisoned, the k value is 1.666; thé lower vaiuos
‘ corréspond to v;ta_i'iéus ‘a_mounts of poison _in__the' pile. In each
case the top and bottom are supposed reflected with an
mrinitoly large Hp0-Al mixtt:;ro naving the same Al %o IR0 volums
’ , ~ratio as the pile, and the sides are reflected with an infinite-
I . 1y large mass of Be + 2% Hy0.
| |  Critical Data for cllindera
: ) k- 1.606 1.432 1.373
[ - radius’  .12.78 om . 17.85 om . 21.12 om
height - 53.4 om 52.6 cn 52.2 cm
.Reflector saving . o
--radius " . 16.69 om 39,17 om 20.17 onm
' Roﬂeotor sav ‘ o
. Q/ - height _16.6 om - 17.4 om - 1?.8 on
iass of U235 0.98 kg 1.88 kg 2.61 kg.
'/:}g
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The pile must de built considerably larger than 1is needed
“to be critical in the cold, clean state. Before summarizing
in detail the.reactivity losses which are entailed by Xe,
depletion of 25, and temoerature rise, we ehall explain our
conventions for expressing reactivity loss,

Ir a critical pile with reflector is perturbed so that it
is no longer critical, it will rise or fall with a period T.
' - This is related to the quantity JE—-££-—-by the inhou“ rormula,
which, in the usual notation is. '

_ _Sﬂ = L z : ’ ' (1)
- 8 e e
On the other ’ erf can be fclated to Qﬁl‘- ’ %- o

—2_ Ds | O"' - and - Dr 1n the core of the plle by the formula

gkg'ftgﬁ Js ‘w gDs Ja'f.‘ SDI'
k k+ws s,+Ds Dg +wa.f w Dp -

(2)

where 0%, Dg, 0 ¢ and Dy are absorption c,oefi‘ic»ien't,s and
d,iffusmn constants for slow and fast neutrox_xs, respcctively,
and the W's are statistical weight rJaetOr/s. xvh;ch 1nvolve the
neutron density endl the adjoint density in a vooinolicated

manner.

If all other quantities except are constant, then .

from (2) S :“ 1s juct equal to-ékl. For a thermal absorber :

'in the proposed pile, such as Xe ,or 25, this is nraotically the

'l'.

|
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'_cnée. sinoce Lz-is so small, Another way of saylng this is
that w in (2) 1s very small.

In the case of temperature variation, the najor effect

(
okgpre

on - comes through a change in age. The 6i:rf due to

tomperaturo'change oan'always be regarded as equivalent to

che same change 1in éﬁl » all other quantitiea.beidg held
Kef s %K
Kk LY

us to relate a given rééctivity change to an increase in

constant.

The 1dentity of and of the core enables

"critical mass in the following manner:

[ have computed a sequenco of critical masses for difre-'

rent k values. all othsr quantitles being constant. Henee we

know how much 5;"-(or , “Ai') means in terms of added critical.

\ A S

«qass. For examplo. 1r a temperatare change caused a change in

J'~f;1' of 12.4% (this of course 1s very much greater than the-

‘actual chhnge.fbut is used as an example), then according to

thé.table the oxtra_criticallmnss_noeded to override this change

oS :
m "—'_;'" !Iould bel 1.8 kg - 398 kg - 0092 kso

i
oV

i) Xenon and Sm Poisoning

At full power (2 x 1014 flux) the x°135 causes & k
 loss of -ir = 3.9%. After shutdown the Xe bullds up and goes
through a maximum at 10 hours; at this maximum it absorbs 65%

as many neutrons as the V235, Evidently it would be impractical
~ to build so much excess roactivity into the pile that it could

' Iiii)
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override the Xe at all times after shutdown. However. there

should be sufficient extra reactivity so that every accldental

scran coes not keep the pile shut dovm for'several days. 1t

"is felt ﬁhat if the pile can override 1/2 hour of oocumulatod

Xe it will have sufficient operational flexibility. After 1/2
Lour the Xe absorption is about double its steady stats value.
Bssides the Xe, the sm'49 also couses a reactivity lc=s. This
amounts to about ~—L-- 0.94% at equilibrium, and it rises. very
much more slouly than the Xe, to & maximgin —‘% = 3,3% at long
times after shut down. |

Ve sumnarizo the Xe + Sm poisoning in the rbllouing tabla:

Xe + Sm Poisoning T hours after shutdown, Flux - 2 x 1014

r

‘?f(houré ‘%é‘for X0155 * Sm}49 | éﬁg_.for‘Sm;49
0 | s.868 0.97%

3 et

1 13.6%

10 43.5% | 1.2%

20 - '35,.8%

48 9.2% | 2.4

If 9,67 extra —%éL 1s available for the pils, the machine
can be started up within % hour or after about 2 days, following

a long period of operation at 2 x 1014 flux,

|
15D
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It is clear from this discussion that the shutting down
and starting up of this piie cannot be done oh~the informal
" basis which is satisfactory for the present graphite piles.

2) Depletion .

Ve ostimate that the loss in éé—’ per day due to
deple tion is 0.33%; this figure apﬁlies to the'pile running
&t 10,000 kw/kg of 25, or a flux of 2 x 101%, we contenplate '
'a running cyéle of about 10 days. which meana that 3.2% in ‘f{
mist be available for this pu;'pose° '
| 3) Témperaturo |

~ An accurate calculation of the temperature coefficlent
is hot avallable yet. Soms preliminary estinmates, based on a
homogeneous Al-H;0 mixture indicate that an increase of.iOOC
in the Hy0 and Al temperature will decrease the rsactivity by
an amount which is the same as 1f—%£fwere reduced by about 0.3%

and T, 1° were kept constant.

'

4) Other reactivity losses

Expérimantal set-ups around and in the pile will

reduce the reactivity of the machine. It is hard to estimate

d
b

how much this will amount to - we gusss than an,adéitional
-Q}l:—of 5% should handle this. ‘

Total Roaétivigxiof Plle:
The total extra reactivity allswed in the’ pile is

summarized as follows:

(see page 13)

L
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Xe + Sm - 9.6%
Depletion - L 3.3%
Temperature 0.5%

Others . &%
- = b

Total —— 18.4%
R N k .

'According to our estimates., a 2.6 kg plle with no holes
1nvfha reflector has a k of 1,373; this gives, compared with
. ¢ 1.606 - 1.373
the cold, clean k = 1,606, a 2E_ = 1578 = 174 which

k ‘
is fairly close to the extra amount required. Howsver, because

of the prgsence'of the reflsctor holes, and the fact that Be
displaces soms U235 when the control rods are out, we consider
3 kg'to be a better ostimate for the mass required to snsure

an excess iig;.,ot about 18%. Under ordinary conditions the
pile will bl‘ operated with a 3 kg loading. .

It is recognized that the critical cﬁlculationé are

rather unreliable. Fortunately. beoauso of the great flexi-
bility of the machino. it is not particularly important that
ths oritical ammmts be known with great accuracy at this atage.
The design'is Soing 6arriod forward on the basia'that S kg 1is

" the standard loading, and that 4.5 kg. can be put into the pile

without major chango. In any ‘event, critical experimants
, vhioh are just getting underwny will eliminate vhatever un-
-,cortainties romnin 1n our knowledgo of the oritical oass.

N /70
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NHeutron .Distributiona _

" The slow neutron distpibutions display & characturistic
rise in tho‘reflecgor. The reason for this is that the necutron
lifetime 1is fery much ‘longer in the reflector than in the pille.,
whille their rate of production there is only slightly.smhller“
Gonsoqﬁontly.slow neutrons build up t§ a higher density just
outside the pile than inside. | |
- The magnitude of the rise in the réfiector depends on ‘
| both the size and shape of the pile. In a largé (low k) plle
\the neutron dénéity rallsIappreciably'rrdm the center of the
pilo to the edge, and the riso in the refleotor hardly compen-
sates. In a amaller Pile the rise is more important. Again a
pile shaped 11ke a slab has a higher reflector rise than one
shaped like 8 cylinder.

~ In general, it is best to have the highest flux in the
reflector where sxperimants can be done. A high reflector
to canter neutron density ratio rakes for naximum experimental
‘usefulness with minimum expenditure of fuel. This situgtion<
will be achieved eve. in the low k pile if during operation
control rods are in place at the center of the pile. The rods
cause a depression in the central neutron density and thus
improve the reflector to csnter denslty ratio. |

The ta;t neﬁtron. 1.0, eplatarn?, annsity followa
rather closely the Bessel funation curve. The center to edge
ratio is about 1.6 in a pile containing 2.6 kg of U235.

D4 e e ot o . . A e S - b
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ﬁongitudihally tho neutron denétty 18 well apprqximatod
by a cosine curve with an extrapolation distance of about |
8.5 em on top and bottom. Thus a pile vhich is 60 om‘high
has Q center to top (or bottom) ratio of |cos (‘ﬂ‘x 30)} 2,92,
..The maximum to average ratio is about 1.3. .

In the rollowing'table we give the maximum in reflector
to edge and the maximum in reflector to center slow neutron
denatty ratios for the piles computed previously.

Maximum in Reflector to Edge and to
Center Slow Neutron Density Ratios

k ‘ 1.606 ' 1.432 - 1.373
 Crit. Mass 0,98 kg 1.88 kg | 2,61 kg

Max. to Edge - o o . |

Dansity 1.27 - . 1,07 S 1.00

mo tO DQn- . .

sity Center 1.18 - 1.10 063

Dilstance of -

iax. from

Pile Edge 3.2 cm 3.2 om O cm

It may be remarkod.that in an infinite slab pile.
k = 1,606, the maximum to center ratio is 1.57, the maximum
tp odge ratio is 1.28. These values are higher than any
found for cylindrioal piles and serve to illustrate the point
that the rise in the reflector is largest for a plans.

It shbuld be réemphASized that the density distributions
in tha pile will be greatly modiried by ﬁhe prssence of a
eantrol rod. In general, when the rods are in place near tho

A' centor. the edge to center ratio is better than when they are

. ou.to

19D - |
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III. Control
1) Disposition of Concrol Elements

The control elements should be made of Th so that
noutrons which would otherwise be wasted will produce 23. It -

is necessary to avold empty holes in the pile when the controls

are out; this can be done by constructing the rods out ol two

pleces, a top Th piece and a bottom Be plece. \(then the Th 1s
removed, the Be takes its pyhce in the piie. The controli

: marglh provided by a single rod is, in this way, increasod

considerably over what it woﬁld be -if its removal left an empty
hole in the pile.

Some preliminary results are available on the thickness |
of a Th sheet which, when stretched across the mid-plane of a

rectangular piles .of size 40x40xCO cm,will keep 1t fiat. eritical,

%

'Vle £ind that a vertical Th shset, 1.5 cm in half thickness .

Cyr o om
O el

which divides the pile in halfowilllgive a control margi:. e
of about 14%. Tho sheet can probably be replaced by a paraliel
lins of slab%s or rods of rather larger dimansion}provi@éd |
the total amount of ‘Th in the rods is the same as the amcunt in
the sheet. The rods or_slabs cannot be too lgrga in dianwtéra
because rcir the Be rod bottoms there is a local rise in
neutron density; this causes hot spots in the neighboring
sssombiies. In thevaIIOwing table we give the value of n(Be),
the neutron denéiiy'neXt to the Be rod divided by n(co) ., the

& . ,
This figure has not yet besn checked completsly.,

20D
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Addendum II: Local Heating near Be Control Elements

Further calculations on the local'hcét rise near the
Be'cbntrol elemepts.show that, 1f the dead layer of water
between the Be and the active assemblies is taken into
accouht. then the rise will be considerably more serious
than indidated in the body of the report. Thus a 4 mm
layer of water between Be and activo lattice raises the
maximum to minimum heat load in the assemblies from 1.15 to
1.36; a 8 mm layer raises it to 1,58. A roughly equal rise.
(from 1.065 to 1.25) was noted for a 4 mm H50 layer around
a 2 cm Be rod. The conclusion to be‘dfawn from these compu- .
tations is that the presence of a dead HpO lajer around the
Be will cause serious local heating where, in the absence

of such a layer, the heating is not serious.

21D
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neutron density far from the rod, for rods of various
diameters. This ratlio is a measure of th: local heating
caused by the prasence of the Be. '

Radius of Be ‘ﬁ‘i‘g“
‘ou4é cm ‘ | ‘ 1,009‘
0.95 cm S 1,024
1.9 ¢cm | 1,061
2.85'cm - 1.100
3.81 cm | - T 1.141
4.76 cm | - ©1.180

It is seen that even a rod of radius 4 cn does not cause
very seriocus excess heatins. If the radius of the rods 1s 4em.
thp.number of rods needed to put as much Th in {he-pile. and
therefqre givo as mich ‘ontrol as a Th sheet of thiokneés Scm
18 about 5. |

2) FPile Pericd, Gteneration Time '

The plle generation time is considérably lcnger than
the 1ifetims of & neutron in the core 1tsslf. This .s bscause
soms neutrons have beer reflected from the 3a; the lifetime
-‘againgt capture in the ils being very long. these nsut:nns
lengthen the average lifetims of all the neutrons in ﬁns pils .
| The generation tims depends on the amount of meta. loaded
1nt9_the plle. The larger the amount of metil, the les: 1ﬁpar-
tant 18 the refleotof énd the smaller is the degree to viaich the
ganoration tips 1s len;thened. (ie give in tiie following table

the generation times for variocus sized piles:
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kg. of U k _.Gonorat;on time
" 0.98  1.606 . 2.36 x 10~% sec
1.88 1.432 1.5 x 107
4

2.61 1.373 1.26 x 10

The fact that the generatiog time depends so strong.fLy
~on the size of the loading will make it nedessary to check
the transient bshavior of the pile whehever a new loading
‘pattern 1s ngpﬁod. : o

 'Xs Instability

In a thsrﬁal‘nautron machine operatiﬁg at such high flux
’fas>ﬁ5 expect, the Xel>® causes an sssential instabiliiy in the
pile operation. The Xa is produced from fﬁo‘decay of 6.7

}houf I; its rate of production is therefore insensitive to
flucfuatibns in the power'density, while its consumgption follows
fhose fluctuations instantaneously. A small reduction’ ir power
will tberefore\rosuif in a build-up of Xe which in turn will

' tend further to reduce the powers this manifests itself as an
instability, . | |

' The instability caused by the Xe is balanced, to soms
eitont. by the inherent temperature stability of thoe pile.

" Whether the overall effect is stable or unstable depends upon
the flux (since the Xs instability increases with-thelpower
level). At Clintoh. the overall effect is a tencency toward
stability; at Hanford the overall sffect is a slight tendency
toward instability; in the heavy water heterogeneous piie the

overall effect was unstable ﬁith a period of about 8 minutes.
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In the present pile the Xe instability at 4 x 10" flix

will be rather more marked (shortor period) than in the

heavy vater pile because the temperature coefficient 1s .ower.
The presence of a fairly short Xe lnstability makes it

advisable t9 provide the pile with automatic controls.

" Bubbles ‘

’A- One striking advantage of this pile over the old heavy
>__watér one 1is thaﬁ‘there will be éssentiéily no power fluctua-
tions from bubbles. The reason for this is that the noderating
vater is in the pile too short a time to allow deccmposition

'gasas to reach their saturation pressure,

24D
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IV. Heat Transfer and Heat Removal

Heat Transfer Data: A hest transfer of 30 cﬁl/cm?/

{ sec is consldered feasible in the present pile. If the plats
separation is 2 mm, and the watcer flow velocity is 10i/ sec »
the heat transfer coefficlient is 1 cal/cm?/sec/bC; this
corresponds to a maximum £ilm drop of 30°C, if 30 cal/zm2/s6s
are transferred, _

The essémbly plates will contain about 14 mgmfom’ of USSS,
Hence if 30 cal/cm?/sec are ﬁaken from each side of ths plateQ
the cofreéponding slow meutron flux is 4 x 10%%., This may be
regarded as the maximum flux attainable; this value willl be
reached only occaslonally because it corresponds to an overall

power of about 60,000 kw.,

‘Heating in Reflector:

Outside ths active part of the pile heat is procduced
primarily from absorption of ¥-rays. Lost ol these come from
the plle 1tself, but some arise from neutron capturs in Be
and in graphite,

An additional source of heat is fisslon of the 23 wilch
is built up in the Th surrounding the pile. This heat will be
discussed more fully in;the section on 23 pro&uction,

The heat load in the Be and graphite reflectors for a
30 x 10° kw cutput is summarized in the following table.

Holes in Be

(see pagas 21)

]
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A. Heating in Be and Graphite lleglecting Experimental

Holes in Be
| , How Distributed jeat Flux
Source Heat Flux into Be 1n Median Plane into Graphite
Pile §'s ' 475 kW 2.3F, (,07x)cal/cm®/ses 11 ke
Fast Neutrons . 15 kW | |
Be Captures - 236 kv uniform-.04 cal/cm3/sec 30 kv
Th Captures 161 kW 033 Po(.04K)cal/cmd/sen 16 ki
X = distance from Be-Th
887 kW : interface

B. Additional Heating in Graphite due to Holes

(A = cross sectional area of hols)
(x = distance of C surface from pile surface)

liaximum Heoat groductlon InnC -

Source Total Heat looking directly at pile surface
A A
Pile Y-rays L0217 3 kW 0,353 cal/em’/sec .

The worst heat load outside the pile occurs in the mid-~
plane of the Be at the interface between Be and plle. We
eatimate this maxiﬁum to be about 2.3 cal/em®/sec. If the Be
ig in the shape of a slab, cooled on both front and back faces,
the'temperaﬁure rise in the center is

2
gx
AT « T3y = 2.9x2

where q 1s the heat production, x is the half-thicknass of

the slab, k is the conductivity. We have assumed the Be retains
its normal heat conductivity, 0.4 cal dog‘lom“léeo”ln A
temperature rise of 750C is certainly safe - this allows the
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slabs to bes 10 om in total thickness. However, this figure
. appiieq to a 30,000 kw pile; if the pile is run at 60,000 kw
(as it may be, for short times) the allowéble thickness of
uncooled Be 13 reduced by a factor V2.

_Heating of Foreign llaterials Inside Plle

Forelign materials, such as control rods or experiments

which are placed in the center of the pile will be hoated
- even more strongly than the Be at the'plle-rerlector inter-
face. The X;ray'enorgyzproductiop at the center of the pile
running at 30 x 10° xw is about 5.85 cal/cm>/sec; this is
4"_8180 ‘the ¥ -heat absorbed in the pile. Since the pile has an
average density of about 1,7 gm/c.c. we estimate that the heat
' production in a foreign body placed at the center of the pile
will be about 3.4 éal/gm/sec. Thus in Be, density 1.85, the

heat load is 6.3 cal/c.c./sec, while in Th, density 11, the
heat load is 38 cal/c.c./sec. At 60,000 kw, these heat loads
would be 12.6 and 76 cal/c.c./sec, respectively. If the
control rods are shaped like thin slabs, of half thiclkness x.
~ then thq temperature rise at 60,000 kw would be

AT = 16x° 1in Be

AT = 380x° in Th. :

It is true that thes Th rod reduces the flux in its
vicinity and therefore these figures &ere probablly overestimates.,
However, at the point where the Th and Be parts of the control
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rod meet, the neutron density is not raduced very much;
hare the Th will be heated at a rate close to the enosrmous
value of 76 cal/c.c /sec, Also, the above figures ilncluds
only 1&-heqt1ng; the 23 fission increases them by perhaps
35% (see below).

‘ " In anj case, the heat production in the Th is so high thst
it-probably wiil be advisabio to provide internal cooling of |
the rods.
" In addition to the high temperature rise in the Th, the
heat transfer from the surface will also\rsquire carsful

. consideration. If the Th is in the shape of a rod of radius
r, then at 60 N the heat transfer required is

T2 x 76
2T e

= 38p cal/cmg'seqo

Evidently it will be necessary %o provide'internai; as well
as externallcooling for the rods on this account also.

The amount of water used to cool the gontrol rods, and
the size of the rod mustibe ad justed ao that the cooling is
adeéuate. ye¢t the local ncutron density rise caused by the
presence of extra water‘is nof excessive.

* Shielding

To estimate the gross shielding requiremants we have
compared the neutron and J-ray fluxes incident on the inner
~face of the graphite reflector in the high flux Pile with the
corresponding fluxbs incident on the graphite reflector in the

ma



Hanfo’rd: and Clinton piies. F'rofn o 'knowledg,e of the peri‘c»m—"
- ance of the X and W shields. we are atle to estimate the
" additional shielding that we need.

Batio of fluxes (30,000 kw) incident on graphits. in
proposed pile and IIanI‘ord and Clinton.

_ . Hanfo.:d Clirton
Ratfo of ¥ -fluxes ~ . 8,2 . 151
Extra shield needesd for §'s 8.6 cm Fe %0 cm conecrste
' Ratio of neutron fluxes 2.85 - 34
' Extra shiéld nesded fér 5,6 om mesonite ‘4,0v cm concrete

~ neutrons

An add’itionél Hanford sandwich added to the prssent
Ha’nford shield‘w.ould be adequate, or sn addit:i,onall?"o cm of
concrote addéd to the _preeant Clinton'ahiei.d‘would‘ [¢-] adbquate, _
m_ 70 em of concrete can be reduced to 40 cm, the lzngth need-
sd for neutrons, if a 10' ém thermal shield of iron is placed
behind the graphite. ‘

At the top of the pile the_‘re wil). be & tell colum of
water. ,‘ If this alone is used as o shield, we asf:i‘mé to that a
hgight of 21.foet_ above the pile Q:oulc’i be a_\.,déqu.a.te‘ 2% 50,000 kw.
This estimte 1s based on an a?’séo:r*p‘l;ic:n mean free path Tor ‘6‘;-".:‘
© in Hy0 of 33 om, which is rather long; however, it does nof
- ‘include the _ei‘f/ect of multiple seathering of $'s.

iD-
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VI. 23 Production, Haating in Th due to 23 Fission.

o Signifioant quantities of 23 will be manufactursd both

in the Th control rods and in the Th rods surrounding the pile.,

The production in the control rods was calculatsd for a

Acontrol shaet of ™, 1.5 e¢m in half thickmess. Such a sheet,

which may be considered an idealization of an actual array of

control rods, would control a-iilﬁﬁL- - 144, It was tound
that for every 25 atoms destroyed}insido the pile, .081 atoms

~ of 23 are mads in the control sheet. At 30, OOO kv, 55‘gmé-
of 25 are destroyed per day, hence we can expect 2.8 gms of

§\ 23 to be made each day in the control system. .

There will be a row of Th rods about 20 cnm out from ﬂne -

-~

activo pile surface. 'If these rods are 2 cm radius, 80 cm long.,

and ir they‘are'spaced 10 em apart, then we estimate they will

- capture 33% of all the neutrons escaping sideways. When the

pile is clean, .55 neutrons escape per neutron absorbed; of
these 0.37 escape sideways. where the~Th rods are located.
Hence per neutron absorbed .33 x .37 = .123 neutrons are cap-
tured per neﬁtron absorbed in the pile, or 0,16 atoms of 23 are
made outsido per 25 destroyed. At 30,000 kw, thera will be 5.6

- gm of 23 manufactured per day in tne exéernal row of Th -~ this is

to be cémpared with the 2.8 gms/day manufactured inside. The

_total 23 production at 30,000 kv 1s 8.4 g /day. corresponding

to an ovarall conversion ratio of 244,

From the computed absorption of neutrons in the Th rods,

and the assumed Th cross-section, we estimate the average nv

i’
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over the Th to be_about 3 x 1013,
Hoating in Th due to 23 Fission

Inside the pile the heating of tlriefl'h.due to- fission
of 235 which has been. built up is appreciable even’co"m“pared
vith the §-ray heating. We have estimated that 8% as many
neutrons ano labéorbed in the control system as are absorbed
‘in the 25 of the pile. If all of these neutx;ons created .
fission. then, at 60,000 kw, the total heat produotion in the
control sheet would be

08 x 60,000 = 4800 kw.

Howiever, fho 23 conceni:ration' should never go higher than
an amount v'upich wpuld absord 110 as many neutrons as are
| absorbed in the\Th; The heat load in this case, due to 23 _
fission, is 480 kw. On the other hand.-nt 60 M the §-heat
‘in the Th is 5.2 cal/gm/sec. The Th control sheet has dimen-
sions 40 x 60 x 3; hence the total K-hoat produced therein is
' - '40x60x3x5. 2x11x4.2x10™3 = 1730 kw.
At the center the f-r,ay is 1.3 times the average; the figsion
heat however is more nearly 1032 times higher (since the con-
ce'nfra,tion of 23, as well an the neutron dénsity, goes like -
the flux). Hence at the worst point ths 23 fission contributes
a heat load which 1is 354 of the ¢ -ray heating.

This heat load is probably what ‘1imits the 23 concentration
in the Th controls. If we set the maximum additional hest load
due to 23 rission at %of the ‘6 -ray  load, then, as we have
noted, this sets a 1imit 9_1‘ about ‘]:.L_O to 23 absorption/Th

-
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absorption. 'This corresponds to a maximum concentration of

25 in the Th of 0,1%. If the Th controls(in the piis) veigh
80 kg (40x60x3 cm sheet), then this allows a build-up of 80
gms of 23 before changing the control sheet. The‘number of
grams built up in the Th controls and in the blanket, assuming,
a steady operation at 30,000 kw, 1s given in the following

table:

| Build-up of 23 in Th Controls and Blanket, 3x10% kw Power

Time in Days Grams of 23 in Control Grams in Blanket
0 ‘ ; o - 0
20 | 10 | .20
40 . 3 | 72
60 | 80 . 160

100 | 109 | ‘218' .

The table shows that the control sheets will have to bo
changed about ovory 60 days, if haating due to 23 fission is’
the factor which determines the frequency of changs. '

The heat load from neutron capture in the Th rods outside
the Pile‘can be estimated easily from the fact that 5.6 gms
of Th per day corresponds to a power production of 168 kw.
Altbggthgr.'thero are_about 26 Th rods; henéo the heat produc-
tion in them 18 6.5 kw per rod. The rods are 80 oni” long, and -
their radius is 2 om; The average heat flux through their

~ surface is therefore 1.5 cal/om’/sec. If the 23 is allowed to
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build up to the pbint; 'whe_re —]-_13 of the captures produce
fission, the heat produced by 23 fission alone gives an
additional average heat flux of about 4.5 cal/cmg/sec.
‘The total average heat flux uride_r" these circumstances 1is
about 6 cal/om®/sec, At the center of the rod 1t will be
" roughly about 1,32 higher or in the neighborhood of 10

2

cal/cm®/sec.
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