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PRELIMINARY DESIGN PROPOSAL 

DANIELS EXPERIMENTAL POWER PILE 

I. ABSTRACT 

The work on the Experimental Power Pile has proceeded along the follow-
ing lines: (1) an examination of the problems of produ, useful power from 
the energy of nuclear fission; (2) a preparation of essential specifications 
for a power pile to accomplish this purpose; (3) development of the design 
schedule for the pile; (4) an analysis of the teclmical problems incident to 
this choice~ and (5) detailed solutions of specific problems. 

In selecting the design schedule the follo'wing dec ions were made:, 

A. The pile will be a high temperature power unit des and 
built especially to study experimentally the engineering features of a 
nuclear power'plant. 

B. The will be run initially at 4000 IDY bf heat and will be 
designed to operate at power levels up to a maximum of 40~000 mv of heat if 
operating experience proves this possible. 

The results of the work are summed up in a brief description of the 
pile as it is now proposed. The central portion of the pile will be the 
cylindrical reactor 6 feet in diameter and 5',~ feet high. Most of the re
actor will be composed of beryllium oxide moderator bricks, hexagonal prisms 
which are 3 inohes across flats, have a 2 inch'axial hole, and are 4~ inches 
long. The axial holes' in the moderator bricks, when they are assembled, 
will form 517 channels, 504 of which will be filled with fuel rods to a 
height of 5.55 feet. will be 6 safety rods and 7 control rods in 
the remaining 13 channels. Six of the seven control rods will be placed 
on a 15 inch radius around the center of the reactor and the seventh at 
the center. 

Fuel rods initially will be made of 2% UOz enriched to 50% iIi U235 
and of 98% BeG, other types of fuel rod materials are under development. 
All fuel rods will be hollow cylinders, Ii inch'O. D. by I inch I. D., by 

inches long. Fuel 'Hill be used to 10% depletion before reprocessing. 

Both moderator and fuel rod materials and desi~n are being investi
gated. The reactor will contain about 15 kg of U23S and 10-3/4 tons of 
Be@. 

Helium gas as a coolant, will flow through the annular spaces between 
fuel rods and moderator brickg~ and will be distributed by orifices among 
channels according to heat production. It will be circulated through the 
pile 8rnd through two external steamboilers which have a total steam capa.ity 
<af 110,,000 Ib/hr. by 4 blowers requiring 150 I{fv driving power each. 
For the maximum antiCipated heat output the pressure of the helium will be 
10 atmospheres and. the ma;ximum mass flow rate 34 Ib/sec. Equipmentwill 
be in duplicate so that the system may be run at half power in case of 
partial failure. 

Power accessories have been designed for an output of 40,000 IDY of 
heat of which 10,000 roN is to be obtained as electrical energy. 
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Coolant \vill enter the reactor at 500v F and leave at 1400oF. The 
highest temperature within the reaotor will be l7500 F and the average reactor. 
temperature will be l2000 F (650°C). 

Surrounding the reactor there will be an 18 inch thick reflector 
composed in part of beryllium oxide bricks and in part of graphite bricks. 
The channels of the reflector will be useg partl~ for helium coolant flow 
and partly for thorium rods for conversion to U2 3. Facilities for exposing 
experimental samples will be provided. 

Outside of the· r3flector there will be a 1/4" thick liner, of steel l 

than an 8 inch heat insulating layer and a pressure shell of Ii inch steel 
plate, 11 feet in diameter by 21 feet high. The reactor will be supported 
within the pressure sheli by a 5 inch thick steel diaphragm 12 feet in 
diameter. 

A fuel loading and ~loading mechanism has been proposed and will be 
located in the pressure shell below the reactor. 

A radiation shield will surround the pressur3 shell. It will have the 
follo~ing cpnstruction; 2 inch air space, iron shell 10 inches thick, 2 inch 
air space and 10 feet of concrete or 4i fe8t of iron and 1fusonite 
layers~ 

The pile structure will 'be supported on a concrete foundation. 

Schedules for procurement of r~.terials and for increase of pile 
power from 0 to 4000 illY and later up to a possible ~aximum of 40,000 ~v 
have been worked out. 

The necessary experiments which must precede the construction of 
the pile have been planned and some of these are presently proceeding • 
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II. INTRODUCTION 

Studies of high-temperature, power pile were beg~n by Dr. Farrington 
Daniels in 1944. The feasibility of the proposed pile was established 
shortly thereafter by theroetical calculations made by Dr. Daniels and 
his associates. Investi@~tions of anticipated problems weree then carried 
out a t the Metallurgical Labora tory in Chicago until early in 1946, when 
a committee, acting for General Nichols, reviewed the work which had been 
done and issued a directive to the Monsanto Chemical Company, operator of 
the Clinton Laboratories, to assume responsibility fo:b the design and con
struction of the lee It VlT8.S also decided that because of the scoperand 
importance of the project, technical men should be borrowed from cooperat
ing indus tries and tha t these men should ac tua lly develop and design. the 
pile. Knowledge of piles would thus be spread to industrial companies of 
the United States. 

The group was formed about the middle of 1946 and has since carried 
the major part of the responsibility for the'pile with the active coopera~· 
tion of the Argonne National La1Joratory. 

The subj ect report s umrnarizes the s tct tus of the power 
as . of November I, 1946. 

Ie project 

The purpose of the present Experimental Powe r Pile program is the 
design, construction and test of an experimental uni t which vvill operate· 
at elevated temperatures and convert the heat of fission into useful 
mechanical and electrical energy. It is important to demonstrate peace
ful applications 9f atomic energy ~s soon as possible, and it has been ' 
decided to build this pile with careful attention to engineering details 
so that it'can be operated safely, with ample tolerances, even-men pushed 
to hi energy outputs. Informa tion is sought concerning the .probable 
behavior of a power, pile under practical operating conditions. Provi
sions vrill be made for testing samples of construction materials proposed 
for future high temperature piles under the expected opera condi tions 
of high flux and high temperature. 

This pile is to be built as an ring experiment to contribute. 
to our general knowledge along the lines indicated in the following para
graphs: 

1. High Temperature. Although it has long been recognized 
tha t if piles are to qe run for useful power they must be opera ted at 

temperatures; no piles, as yet, have been operated above approxi
mately 200 0 C.. The reactivity of the pile falls off rapidly at high 
temperature~·~coefficient. It is important to actually oper~te a pile 
at temperatures well above 5000C in order to determine how serious these 
difficulties are and how they may be overcome. 
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2. Conversion of Thorium to U233 • It is important to start 
experiments on the conversion of thorium to U233 and to use this iso
tope of uranium in a pile so as to test practical~y its nuclear con
stants. Accumulation of a stock of U233 should be started as soon as 
possible for testing the breeder power pile. 

3. Beryllium. Beryllium and its compounds have favorable 
properties as moderators and it is now time that a pile should be 
built to study these possibillties. 

4. Elimination of Canning. All piles considered thus far 
have used an impervious metal coating to confine the highly radioactive 
fission' products and prevent con,tamination ,of the coolant. The aluminum 
jackets, which have been used, prevent operations at high temperatures,. 
Other metals can possibly be, used at somewhat higher temperatures, but 
it is desirable, to test a pile at much higher temperatures under condi
tions such that neither the temperature nor the neutron absorption can 
be llinited by the presence of a metal. The sacrifice which must be 
made in order to eliminate canning is the radioactive contamination of 
the cooling medium - but this challenge must be met sometime. In the 
present pile it is proposed to circulate the cooling gas in a closed 
system with machinery which can operate without repairs and which can 
be replaced by remote control. 

4It1 5. High Gas ?ressures. For efficient cooling, the circula-
tion of gas at high pressures is attractive but there are increased 
leakage hazards and difficulties of operating the controls and loading 
mechanisms. A pile should be built to explore the solution of these 
difficul tie s. 

• 

6. Neutron Flux Bxpcriments. Future progress in the de,velop_ 
ment of high temperature power piles requires a knowledge of the effect 
of intense neutron radiation on construction materials at ,high tempera
ture and over- long periods of time. The proposed pile will be provid'ed 
with some experimental thimbles where samples can be exposed at tempera-
tures up to 1400oF. to a neutron fl ux, it is hoped, up to ten times 

that now available at Hanford, No other pile now operating, or under 
consideratio~is equipped to make such tests. This feature of the pile 
will be of great value for facilitating and expediting the design and 
construction of large and dependable high temperature power piles. 

7. Tests of Lxtreme Conditions.. It will be possible ,to 
push the pile to extr.eme energy levels and temperatures for experi
mental' purposes, because no close tolerances are involved in the de
sign and because only materials with high melting temperatures will 
be used in the construction. Hence,no serious'consequence is to be 
feared in case the temperature should rise unexpectedly by several 
hundred degrees • 
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The concept of the design, originally, was 'for a hea t output of 
4,000KW, with the hope that thi,s could be increased. Study shows that 
the pile i tseilif may be pushed to ou]tput of as much as 40,000 KW. The 
additional design requirements and difficulties are relatively minor and 
'it is considered wise to design the integrated unit so that the limit 
of heat output will be the pile itself rather than any accessory equip
ment. 

8. Operating Expe~iencel Finally, it is nece~sary to design, 
construct and operate a high temperature muclear power unit sa that.the 
inter-relation of all factors concerned with the production of power 
from nuclear fission may be realized and the problem solved • 
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III. GENERAL SPECIFICATIONS 

The primary purpose of a high temperature power pile is to produce 
useful mechanical energy from the energy which is evolved in nuclear 
fission as heat. It must produce heat at a high enough temperature to 
make possible good thermal efficienty of heat engines which are eventu
ally opera ted by this hea t. 

If a pi Ie is to be a prototype of an indus tria 1 power s ourc e, i t 
should be capable, of producing large amounts of electrical or mechanical 
energy for long periods of time withou~ involuntary interruptions. Periodic 
voluhtary shutdowns may be necessary, but, these should be capable of being 
scheduled and should not occur too frequently. ' 

It should be possible to control the pile easily during normal opera
tion, fuel loading and unloading, startups and shutdowns. 

, +ht))'t,'vVl1 ' 
A power pile should convert "throripUTfl'" or other Ira terial into fission-

able materia 1 a tara te a pproxima. ting the ra te of des true ti on of U235 in 
the pile. This is necessary to conserve the available supplies of uranium. 

It is very important tha.t this, or any power pile, should be safe. It 
should contain a minimum number of potential hazards both to itself and 
to 'opera ting persom1el:~ F'or example, uncontrolled reaction resul ting in 
rupture or' explosion, even if destructive, only in the immediate neighbor
hood of the pile, would create a difficult disposal problem, in addition 
to the loss of life and property which it would entail. 

The overall dimensions and weight of the pile should be as small as 
possible. The absolute lower lr-mit on the ,size of the reactor willi'be 
determin.ed ~ l?ither by the amountti; of hea t which may be removed per uni t volume 
or by the volume which is critical for the nuclear chain reaction, which
ever is larger. The direensions of all other parts of the prrNer pile are 
derivable from the choice of rea.ctor size and its donsequences. 

The rna terials which will be us~d in the pile, when they are other than 
ordinary engineering materaial, are described in the sections on specific 
components of the pile which follow • 
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Definitions of Lerms 

A power pi Ie is a system in which the energy of the nuclear fission 
process may be rEtleased and converted into energy useful fmr produc
ing mechani cal work. 

The names of important components of a powor pile which Clre 
not specific,111y defined elsewhere in these specificcttions arE: 
given the following definitions for the purpose of these specifi
cations: 

Fuel -The fissionable isotope within· which the nuclear onergy is 
re leased as heu. toner gy, 

Fuel Matrix - The ~terial in which th(-i fiflsionable iso~op0 is 
distributed. It con·ta.ins non-fissiono.ble isotopes tl.nd moder:lting 
material. . 

FUEl 1 Uni ts - The uni ts i nto~:{hi ch the rue 1 ma, trix is di vid6d in 
~. 3 ___ L_ faci li tate fo.brication, handling ,;.nd usa. 

Re£\.~tor - That portion of che pi 10 in which the mt),in nucle8.r 
reactton takes place • 

Modorating Mat(~ria1s - Th~ substances used in a pi Ie ''Nhose prirrlilry 
function is to decrease the energy of Z16utrons which traverse them. 

Reflector - The portion of the pi Ie immedia t0ly surrounding the 
reactor. Its primary function is to return to the rElt.lctor thoso 
neutrons, which might hJ.ve othElrwise been lost. The reflector is 
composed a.lmost entirely of moderating material. 

Coolant - The medium by which hent is transfGrred from the reactor 
to the external circuit. 

Thermal Insulation' - A layer of rratori.al of low heat conductivity 
which is pl.;;\.ced outside of tho reflector and ins ide of' the pressurG 
shell or containor. The primary .functions of the thermal insuh:.tion 
are to decrease heat losses from the reactor ~nd reflector and to 
di!ninish the cunount of hoat flmrvin!~ into the: prossuro sholl. 

Pre ssure She 11 - The meta 1 sho 11 or cont~. in€1r whi eh con ;rtins tho 
~tor, reflector, coolant, and thermal insuLJ..t:ion. Its functions 
are to wi thsttllnd pressure diff'erGncC:ls betwoElll the inside: and outside 
of the shE;ll, to keep cooL-;,nt und fiSSion products in,and tho i:ttmos-phere out. . 

Shield - The wall of material outside of' the pressuro shell and oth0r 
components of the pOWf.0r pile within which radiation is generated. Its 
prima.ry function is to:ibsorb radiati on escaping from the pile to u 
level which will not 8ndanger personnel in thG Vicinity. 
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Definitions of Terms - Conti~ued 

Contndll Equipment - The oquipm.c:ntvvhich i"s usC'd to start tho pi Ie, 
stop it, and-ad,just operi.:J.ting vilri3.b V~ s. It ffi:ly be !'lunua 1 or auto
matic or both ,!Ia.nd it may usc prim:u~y eloments which a~e sh:J.r'od wi'd.;h 
indi ca. ting and re cording i nstru.YJl0nt s • 

Instrumentation - 1'he instruments which gi VEl visual indication of 
oporatin,g vuriabl0s of the. pi 1-8. They rfliiy hlso providG rGcords. 

Chomic~l Processing - The chemical treatment of thE: components of 
the pi Ie including .those processes which are required after the 
pi Ie h,;ts ini tia.lly been put into opere:.tion, but not those' required 
beforo operation. These prOCGSs'3S which are discussed include 
fuel processing and cool~nt putification. 

Conversion - Tho transformation of thoL~ium into ure..nium 233 by 
neutron·. bombardment. l'~hc.:n th0 numb8r of :;;.toms of ur,lnium 233 
prolluced is grentGr th2.n th0 number of atoms of fuel i'issioned, 
tho process is called brs0ding. 
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A. Fuel 

The fuel shall be fissionable material. The fuel matrix may also 
contain non-fissionable 'isotopes in a conaemtration ~s determined by 
'its effect on pile size and by the availability of highly enricaed 
material. The fissionable material and inactive isopopes must be dis
tributed in a support of moderating material in order to provide suf
ficient surface'to remove the heat which is generated a Imost entirely 
in the fissionable material. The mixture of fissionable isotopes, non
fissionable isotopes and moderating material shall have the following 
characteristics: . 

1. It shall be sufficiently free of substances which absor~ 
neutrons but do not produce them, that pile reactivity shall 
not be decreased materially thereby. 

2. In choosing fissionable rna terie-land its degree of enrich
ment, available information as to supply and economy shall be 
taken into account. 

3. Fuel can be in any of four forms.; (1) self supporting solid, 
(2) granular 'or powdered soliq, (3) liquid, or (4) gaseous. 
If the fuel is of the first type, it shall be possible to 
fabricate the material into individual units ,of required shape 
and specified tolerances and surface finishetS. If the fuel 
is of one of the other three types it must be enclosed in a 

'container.i It must be possible to fabriaate this container 
i'n the required shapes and to the specified tolerances. . 

4. The dimensions of the fuel units, if unite are used, shall 
not change by more than a specified quanti ty on exposure;':co 
tempera ture and ,radia't~0n or by cor-roston, ~rosion or solid 
,re~ction vJ'ith adjoinillg SUbstances. The alioW'able-.amount' of 
such change snaIl be determined.by its effect on the structure 
and react1vity of the pile. If liquid fuel is used, it shall 
not corrode, erode or react wi th any substances wi'th:which it 
is in contact under the conditions of temperature, pressure 
and radiation which exist at that point, nor shall it und~rgo 
decomposi ti on under these condi tions. 

5. The fuel units, if uni ts are used, sha.ll be and remain of suf
ficient strength to wi ths tand wi thout failures I stresses due to 
loads which may be imposed 'upon them at maximMm opera ting 
tempera tures and radia tioD levels. 

6. The fuel material shall withstand any continuous or transient 
thennal stresses which may be set up within it, as shall can
ning ma ter ia 1 if us ed. 

7. 'The fuel naterial shall have maximum thermal conductivity 
,consis tent wi th other requirements, and the conductivity 
shall not decrease to an unacceptable value bet'v'V'een the time 
a t which the rue 1 is placed in the pile and the time a t which 
it is 'removed. 
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8. The surfaces of tho fuel units, if units are usa 
not powder or chip ullder opera.ting conditions. 

shall 

9. 

10. 

'jilian the pile is in ope :cation obje ction~'.blc fis sian 
products will be fOl~Gd in tho fuel mixture. In addition 
to ;),ct.ing as poisons wi thin tho fuel materiL1I ~ they are 
radioactivo and if allowed to esc8.p·J to oth01" :V:lrts oL' 
the pile assembly v·!O:).ld lTlD,ke oper[.'.tL:m and llano'.) 
difficult; This is considered tolerable, but if' osco..po 
of fission products to othar parts of the pile is to bo 
avoidGd, thc; fual unit must tel encased either by a glazod .. 
non-porous surface ·or' by!:\. non-porous can. The al 
,)f tho glazed portion" or of the can,must confonn 'ifith tho 
requ.iroments of items 1, 2, 3, 4, 5, 6,7,8. 

After thG pile has been in oper\ation for some time, it 
becomes inefficient because the fuel has been depIcted 
and neutron-~bsorbing products have: beon formed, or the. 
physical prop:1rties of the al of the fUGl unit m3.Y 
have been so Gltered by the radiation or fission rec 
as to make the fuel unit unfit for further usc. The; fuel 
~terial must tben b0 romoved for reprocessint; •. It should 
be so constituted th~lt i'issionable mflt:;-;rials may be 
efficiently sGparated 8.Ild recovered from toxic and radio
active products. 

If solid material is chosen, it; shall be fabricated into units '!;Ihoso 
geometric shape is dictated in part the f6l1 cons ide rations; 

1. The shall be of'a shape that can bofubricatcd. 

2. The shapeoi' the unit shall be such as to maximizo 
mochariical stron;;th,,' minimize therrna.l grad:tGJ:rts, and 
minimizo powde ring and chipping. 

3. ThE:; shape should provid~ maximum ne::-t transfer area 
consistont -'Nith minimum therma.l gradients, reasonablo 
coolant pressure drop a.."t1d adequate mechanical strength. 

4. Units shall bo of such 8i ze and sha.pe that they ma.y be 
di stributed throughout the moderator :::md thitt they may 
be conveniently and sa.fely insertod and remo:ved fror.l 
desirod roc ~ltions in tho pile. 

5. Each unit must c011tain considerably less than that quantity 
of fission~ble mat0ri~1 which can, under any concoivable 
circumstancGs" become critical. 

6 • Units must be of size [',nd shape ~vhich are appropriate to 
the fuel handling and fuel storrJ.f;e equipment of tho pilo. 

B. Fuel Handling 

For convenience in discussion, the roquirements for fl.l01 handling 
will be dividod into two classes; the first vdll include n d~scription 
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of the manner in which the fuel must be handled .. and the s(;co11.d, roquire-
ments 'V'{hich must bo mot the fuel handl'ing Tho geni)ral 
rna.'1nc r of fue 1 handl sha.ll be u.s follows I 

1. The fuel units shall be introducod into tho rea.ctor 
gas lo'cks suitablo for the pressure cnd crtrnosph(;re within 
the pile. 

2. jhilo thro'\lg;h the locks and beforo ins~rtion in tho 
rea.ctor, the fuel units shall be froed of undesirablo 

gases. 

3. The openings in the reactor contcdr18r through which thG fuel 
units are introduced shall be as s:!l::111 as possible to 
mi'n,.imizG th~=; difficulty of S0~ll agc..inst leaks. 

4. Tho fuel units shall be inserted, mt~,iI1tained within, nnd 
removed from the pi1G in such ,9,. ln2.nner and on such a 
schedulo as to giv.3 maxim'Ll!l1 unifor.:n fuel utilization and 
,to ze the rate of chu.ngo of pile rcactivitYfI 

5. fuel units sh3.1l be positively hold in position in tho 
reactor during other than or unloading times. 

6. Fuel units sh,).11 at :~\.ll times be h~lndled 
to, reduce the possibility of nGchanical 

such a m~nnar as 
to [.'.. minimum. 

7 e' Tho fuel units shull be introducod into the 1"0 actor in such 
a manner as to keep thermal shocl~ to a SSt'fo vRlue. 

8. fuel shall bo handlEJd in such a TI1J,nnGr as to insuro thc.t' 
a critica.l mass of fuel shall not bo formed .9.t !lny time. 
outside of the roact6.r. 

The fue 1 h2!ldling mechcJ1ism shull conform with tho follow'in~;: 

1, It shall b8 simple, and reliable. This is pt:lrticular1y 
. ., truo of any parts '.vtdch arc ':Jxposod to r:1.difltion .:.nd hoat 

and which, C',tnnot rOQdily be r~.Jp::irGd in place or removod 
for maintenLmcG. 

2. .Any pa.rts of tho mechanism 'which 0.1"0 subject to we~r to a 
dogree sufficiont to prevent propGr oporo..tion should be 
replacG2blo without d~nger to p0rsonnol. 

3. Provision should be made to prevGnt or cO!:lpons:},ts for rnis-
align'TIent of of the m6ch.'~lnism rel~\.ti vo to each athol" I 
or to the reactor, due to temperature variations or othor 
causes, transient or PQrmcnent. 

4. The mechanism shall be cape-blc of automa.tic 2nd mo..nueul 
operation acoording to 3ny dosired schedule. 

5. It is d'3sirr~,ble tho.t operntion of the meCh:111is'!!l should not 
require shutdov:J'n of the, plia. 
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7. 

8. 

9. 

10. 
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The mochanism shall occupy lUlnlmum volume and offer 
minimum res ists,nce to coolant flow. 

The mechanism should be capable of inserting fuol into 
or removing fuel from any position in e.ny single channEl 1. 

It should.t.by itsolf or i)lTith the aid of auxiliary attacrJlTlonts" 
be capable of re C,d1:1y~,' removing D.ny obstruction in Q fuel 
channel of the reactor. 

Positive means shall be providod to prevent the insertion of 
fuel units into control rod channels. 

rrhe mechanism sh[~ll be capable of completing a loadin[: or 
unloading operation in the shortest time 'Nhich' is consistont 
vlith the maximum permissible rate of change of ree;ctivity. 

11. If, during 0. fueling operatiori, it is necoss::':.ry to romove and 
replace f.ue 1 units,' reflector plugs, orifices" or other 
such items, provision shall be made for doing this, for 
storing the items, and for replacing 'them. 

12. It shall be possible to remove deplo'ted fuol units .from 
the reactor, pass them through a gas lock or locks of 
minimum size in the reactor container wall and into the 
ch3mical treatment plant, 

c. Mode rator 

In E'<. powor which operates with thermal neutrons, a moderc~tor is 
required to reduce the kinetic energy of the fission neutrons to thermal 
10vols where they can be more readily absor,bed by fissionable materials 
and there1?y continue the chain reaction. The ma.t8ria.l used in a moderator 
must haye tho follovlinl! charf{cteristics: ' 

1. Low' atomic vved.ght. 

2. Overall absorption cross secti-on for neutrons -vlfhich is 
extremoly low compared with its scatterinG cross soction. 

3. I-1if~;h density, if minimum reactor' size is dosirod. 

4. Freedom from irnpurities to the extent thClt increase in 
absorption due to these Lrnpurities is ~t3 small tiS possiblo". 
consistent with the best manufacturing techniques. 

5. Sources of suppl;y' adequate to fulfill the quantity require
ments of tho::) pile at the time of' fabrication • 

6. Reasonable cost. 
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7. Such physical and chemical properties" in addition to those 
specifically described elsowhorG in this section, tha:~ 

units fabricated from the ma.terial shall remain chemically" 
dim.::msionally, t.tnd nlGcha..YJ.ically stublG undor the conditions 
of' pressurG, temperature", radiation, and cooL:~nt' flo-vv 
and in contact with ... tho substances to vmich it may be 
oxposed. 

8. The moderator material shall not undergo phase changes 
under the conditions of temr::;er:lture and ra.dir:ttion to which 
it vrlll be exposed. 

9. The T:1oder~tor ,material shall not h~::tvo [.tIl appr(acio.blo vr.rpor 
pressure in the range of oporating temparatures pressures. 

10. The moderator material shall be co..pClblG of being fc.bricatod 
vvithin the spocii'icdtolerancos, in the Sh;lPCS requirod c:.nd 
with tho 'surface finishes roquirod. 

11. Chomical and physical properties of tho moderator natori9.1 
shall be conducive to caso of fo..brication and of cheraical 
processing, and reproc8s 

12. The hoat conductivity of the r.lod';;}rt."..tor m;:;.teric.l sht~.ll be 
sufficiently high for such he&t transfor [;~s mt~y be required • 

The moderSltor !lni ts shall b'3 fabric;::..tod in accordance with the follow
ing roquirements: 

1. The form of the units shall facilitate assembly and L'.lSO 
structural~t~bility. 

2. T110 forms shall, when as serJ.bled, pe'nui t insertion of plugs" 
fuel rods", control rods" conversion m~J.teria1., instru!lwntation 
and other auxiliary equipment. 

3. The form of the units should offer maxL~uo heat trruisfer urea 
to the coolant, !lnd shall bo adequato to remOVG the heat 
gen0rated at maximUm povver production of the pile. 

4. The units shall have a surface roughness dotermined by a 
b::11ance betwoen the follovling consider~tions: 

a. Surfaco finish obtainable in fabrication. 

b. Minimum friction vvith respect to C0013.Ilt flow. 

c. .ri1tlXuaum surfQ.cc for hetlt transfer ~nd hc~rt I'Ctdiation. 

d. Minimurn friction to moving pa'rts II 

5. The technique used in fabrication shall provide optimum 
crystal orientation as detormined by nucla 0.1" considerations. 

6. Unit dimension changes when the pile is put in operation E.nd 
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after & sp'3cified time of pile opor9.tiol1 shall bo such th.~t 
pile op(;;r;~ttion '!lil1 not be hindored by mis-a1igrt:1cnts" 
shifting or oxp~nsion. 

7. The unit sh~ll bo so fabricated that the surface presonts 
maximum resisttlnce to erosion, corrosion, chippinG" ~l1d 
powdering. 

8. The) unit shall be of such design as to withstand the strains 
inc idcnt to high temp~rature and pre s sure s.. r.lrld sudd(;n 
changes in these. 

9." Fabrication technique sh;.111 be sueh as to result in units of 
high density. 

D. Coolant 

.t1. continuous flow of flu.id must bo sUfplicd to absorb tho hQ~~t which 
is generated within th0 reactor and trunsf0r the heat to an oxtnrnQl 
point where it is utilized. Tho properties required of the fluid may be 
divided into two classes; ordinary physicnl properties, and thoso req\.drod 
because of the prOS(3nCO of intense radi[ttion. For tho first, class" .the 
fluid must htlVO the following cha..r.~:wteristics: 

1. It should be a fluid within the operating; limits of 
temporaturo a.;';d pressure. 

2. It !!lust not undergo decoraposition ;:~t these i.:empcraturos 
ru1d pressures nor CQn it be corrosive to the matorials 
which contain it. I)r0fcro.bly it should not be toxic. 

3. The flu id shall not change in phase whilo it is Vln thin 
the pile. 

4. A high specific heat and a high heat tr':lnsfer film 
coefficiont are desirable. 

5. It is desirable that the' fluid have high denSity and 
low viscosity in the operating range of temperature and 
pressure in order to minimize pumping power roquirenonts. 

For the second class,of properties, tho fluid must have tho 
following characteristics: 

1 ,', . ' 

2. 

A low neutrons.bsorption cross-section • 

Its chemical ~cnd physical properties must not be 
altered adversely by high neutron, gamm::.t, alpha 
or beta ray bomb~rdmont • 

3. Th13 coolant must not contain enough impurities to act as 



• 

• 

• 

appreciable noutron absorbers in the pile. If it' 
ncquires such impurities in pussing through the 
pile I the cool::.mt must be of such !l nc,turc that 
the impurities are easily romoved ~t some point 
in the circu12ting systom. 

4. The coolant with good modarD.tine; qU'3.1itios is 
to be dosired. 

E. Reflector 
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.1:" c9nsiderable reduction in the cost of constructing and operating 
a pile can be achieved by the use of a reflecting blankot of moderating 
material. The effect of such a blanket is to reduce the size of reactor 
required to produce chain reQction, to roduce tho loss of neutrons by 
escape outward and to produco a more unifonll power production distribution 
throughout the reactor. The reflector may £:lso be used to provide 
convenient locations for the exposure of conversion material. 

The general requi:rements'" for the m!-)tori:ll of which the refloctor 
is to be constructed are the SRl."TlO as thoSQ for the nodere.ting rn~torial. 
The section of tho refloctor which ilTh'Tlodiatcly adjoins the moderutor 
should be composed of the sama r:lc,terial ~f':: thE; moderator because it is 
necessary to permit adjustment of the moderator-roflt;)ctor boundary 
according to operating needs. Since. the reflector will not be subjected 
to as severo conditions of temperature and radiation as the moderator, 
economic c onsiderutions should play a greater role in the choico of 
tho outer sections of the ref10ctor. 

',lith the oxception of cho.uges described in tho preceding par~;lGraph, 
the reflector material £md units shall conform to the requirements for 
moderuting materials and units • 
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~. Pile Control 

The purpose of pile control is to reach and to maintain a desired 
pile power level and to rapidly reduce the pile power level to zero 
before damage results' in case of pile failure or failure of auxiliary 
equipment. The pile power level is p~oportional to pile neutron 
density. It is this neutron density that is directly controlled by the 
pile control rods. Factors affecting the pile neutron density are: 

1,. Voluntary changes in neutron density due to desired 
changes in power level. 

2. Small' involuntary changes in neutron density due to 
change in temperature, formation of neutron poisons, 
reduc-cion of fuel ~nrichment due to depletion and 
poison unintentionally illtroducedo 

3. Involuntar"J changes in neutron density of such magnitude 
that they require immediate reductions of neutron flux 
to zero. 

The control rods may be divided into two classes according to 
function: safety and regulating~ These functions are as follows; 
the regulating rods are to perform the control functions described 
under items 1 and 2 above, and the safety rod;~ functions as described 
under item 3 above. Within the limits of rate of change of reactivity 
necessary to perform the assigned function, ea.ch rod may be used for 
either of the functions. A description of the rate of change of reactiv
ity required by the functions of the rods are roughly as follows: 

1. For safety rods - fast insertion. 

2. For regulating and safety rods - slow insertion and slow 
removai when used for regulating rods, and fast insertion 
when used as safety rods. 

The tota.l poisoning effect of all the rods performing a given function 
shall be as follows: 

1., The safety rods shall be capable of oausing sufficient decrease 
in neutron density to shut dovm the pile before undue damage 
is caused even when the povrer.level'is increasing at the 
maximum probable rate and the maximum conceivable number 
of control rods fail to operate due to unforeseen 
circumstances. 

2. Tne regulating rods shall bo capable of causing sufficient 
decrease in neutron density to completely prevBnt the 
pile from being re.acti VI;) when the fuel is undepleted" 
tho temperature is a minimum" poisoning effects are 'at 
a minimum and the number of fuel units in the pile is a 
maximum. 
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The pile theoretically can be controlled by means of a single 
large cE;lntral control rod but several smaller rods symrootri,~ally plaeeq., 
with respect to the center are more practicable and offer great advant
ages from the safety standpoint. The effect of these rods individually 
on the rea.ctivity is a function of the ma.terial and size of the rods, 
the size of the holo in the moderator, and the rod position in the, pilo. 
The total effect is not equal to the sum of the' individual effects 
beca.use of shadowing' effects. For all operating conditions the change 
in the distortion of the neutron flux should be kept to a minimum. 
This can be accomplished by locating control rods symmetrically around 
the pile center and inst3rting equa.l amounts of poison with each rod. 
The physical considerations such as mechanical difficulties favor a 
small number as does the fact that control rods use space in the moderator 
that would othe~~ise be used for fuel. The extra, safety 'factor provided 
by a larger number of rods togother with the distribution of distortion 
of neutron flux favor a larger number.. The number chosen~ should b(~ a 
balance between these ~flO opposing facto~s. The factors in choosing 
control rod material are: 

1. The absorption cross section for thermal neutrons should 
be high at all temperaturss which the pile may reach and 
without serious variation due to temperature. 

2. The physical characteristics must be ade~uate in the 
following respocts: 

a. The material must withstand t0mpuratures in 
0XCOSS of those which will cause destruction 
of some other vital part of the pile. 

b. Tho matorial must have good mechanical proporties, 
includinb strength, ease of fabrication and 
re s istance to fatigue and creep under all pile 
conditions. 

c. It must be chemically stable undar all pile 
conditions. 

3. It must withstand neutron bombardment. 

4. The nuclear absorption should not produce a material 
which escapes and is a poison, is corrosive, or reduces 
the heat transfer. 

5. The material must become as littlo radioactive as possible 
to facilitate handling and shielding whon out of 'tho pile. 

6. The tnaterial should be such, if possible, that absorption 
of neutrons produces a useful material rather than usoloss 
ones. For example thorium would be a desirable control 
rod material from this point of view'" 
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The location of control rods should be dctonnined 
cons ide rations; 

the following 
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1. It should be such as to cause minimum undesired distortion 
of neutron flux. 

2. It should be symmetrical with respect to the pile cauter. 

3. Spacing .should be such as to give oFtimum charactoristics 
with re'spect to interaction betweon rods and to le0.kase 
between rods. 

4. The control rods.t ope rating mechanisIl'l:s.. and other appurtenances 
shall be accessible for :cemovoil.l and ma.intenance. 

G. Rate of Change of React~~~t~ 

The change in reactivity is a function of the ch9.ngc of the 6\..l1lount 
and concentration of the fuel, temperature of the ~ poisons in the 
pile, and position of the control rods irJ. the pila. 

,'J11ila the pile is baing brought from zero po,ver level to em 
operating power level an auxili3.ry source of' noutrons should be introduced. 
This will permit tho opel'" >,tor to measure the neutron flux by means of 
a counter even before the pile has become reactive. Consequently the 
control rods cnn be stopped vihile the excess reactivity is still voty 
SIDQll~ follo~nnG which thepilo can be brought up to full powGr in 
ru1ydesired period. . 

In addition" thE; rate of increase of reactivity caused by with
drawing tho 'control ~ods must bo limited. This limit is detormined by 
tho ability of the operator or the :::mtomn.tic control devices to dotect 
the neutron flux level :::'i.ud roinsert the control rods before tho neutr.on 
flux reaches a danr~erous valuo. Tho rate of il1creftse of reQctivity 
should not bo so gres..t 11S to cause tho pile period to be so 3IDnllthut 
tho safety rods can not shut tho pi10 down in tho ovent the operator · 
or automatic control devices fail to opora.te 4 Ina.smuch as :the rate of 
change of re D.cti vi ty is a function of the pos i tion of thiJ control rods, 
the maximum allown.bla outward rate;J of motion of the control rods shall 
be calculated f6r-the position of the control rods at which tho r8te of 
change is a' mCl.xi!num. 'rhe,rofora" for all othor posi tians of tho control 
rods the rate of increase of reactivity ~vill be below this maximum value.> 

In d0termining the time required for the sUfety rods to shut the 
pile down it shall be assumed that they fall "nth the acceleration of 
gra-vity and thf!.t only the minimum num'ber of rods fo..ll that Qre 
necessary ~o prevent the pile from start;ing. For exanple, if thero a.re 
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nino so.foty rods and six of the se are sufficient to prev>3nt tho pilo 
fr'om b.scoming r08.ctive, then it shall be assumod thn.t only six of the 
safety rods fall. 
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The'regulntinG rods shall be capQble of Sufficiently rapid insQrtion 
to provent the powe,r level from rising when the fuel loc\ding mochu.nls;-1 
is insorting; fuel into tho roactor at triG raa.xirnuIf), ratG or ".'1h0n the 
temporature is decre:',sini; at the maximum ro.tG. Tho control of the rods 
shedl be cdequ::lto to prOv0nt unduo power levol oscillo.tion under the 
abovo conditions. 

The follovdng is a list of events w!1ich ':dll require automatic 
shutdovm. of the pile by the control mechanism. 

1. N0utron flux ovorload 

2.. Li."!li t on flux buildup rate .(pile period) 

3. Blower failure - short circuit" bearing fo.iluro" breakage 
of vanes (vibration pick-up detector) 

4. Temperature overload 

a. Coolant (heli~~ and stoa~); inlet to pilo, 
outlet from pile. 

b. Pile hot spots 

5. Prossuro drop-out and overlo[td limit 

~. Helium coolant 

b. Sto QIIl cool ant 

6 •. Fowor Failure.. 

7. Load drop out (sudden) 

,8. Voltago drop off 

9. Hydrogen" - Oxygen, Ni trog0n,ltVater content of cool~"1.t. 

10. Excessive vibration. 

11. Failure of vital c.ontrol component for 'which c;.utomutic 
transfer to sp·~re unit is not provided. 

H. Thermul Insulation: 

A laY0r of thermal insulation Qxternal to the roflector but internal 
to the pile pressuro shell shall be provided. Tho theml,-".l insulation 
has two purposes: 
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1. To minimize hoat losses 

2. To protect the pressure shell from oxcessive temperatures. 

Th~ thermal insulation shall have the follovving ch(~r~cteri stic s: 

1. It shall have u low heat conductivity coefficiont. 

2. It shall retain adequato -mechanical strength and thormal 
properties vllhen subjected to radiation c.t the lovols 
encountered immediately external to the reflector. 

3. It shall bo rcsj~t~~t to powdering and cr~~bling undor the 
influence of age~ coolunt flow, tempe rature, pre ssure or 
change s in tempo rature or pre ssure such us may occur in 
use, if solid. 

I. Container and Pile SUPP9rt 

The reactor, rcflGctor:l ~3.nd thermal lnsl..d!1tion of the pilo should 
be enclosed in a container. This conta"inor 1T1USt ba cas ti~sht and serves 
as;:' a:me nns for confining; fission products and coolant, and for excluding 
undosirable subst8.nces from the pile. It may also servo 9.S mounting 
base f'or certain pile auxilia.ries and must be equippod vdth gus tight 
locks for entrance into tho pile. It should withstand required pressuros~ 
c.bove or bo low atmospheric conditions. IJleans should bo providod for. 
rC!11nving from the container walls, the hoat which is gen6r:lted by the 
absorption of radiation, and that which is transmitted through tho 
thermal' insulation. The material ~·{hich is used in f2bric2tion" of the 
contO-iner must withstand the tomperature, rn.dic..tion level Qnd corrosive 
action of ma.terials with which it may be in contact. The contain~r :n.n.y 
be requirod to support the reactor, reflector and thermal insulc:tion or 
it may not. In (;;ithor event a structurally adoquate support is required, 
whic'h shall roml1in adequate to carry its load -Nhen exposed to hi2;h 
radiation 10vels. The support must not interfere vd th provisions for 
fuel 0ntrance, fuel ht.\ndling equipment, cool~tnt entrance and metering, 
instrumentation c.nd othe r auxiliary G quipmo:nt. 

J. Shielding 

~i,ben the pile is in operation~ the totl:\l radiation level in the 
vicinity of the outer surface of the I.lctive pile is f"bout l/~ of thnt 
within the pilo. 'This mnount of radiation -:llhich is found outside the 
active pile is ~till many orders of mugnitude larger than that which 
c~n be tolerated by operating personnel. It is nocessQry, therefore, 
to surround the pile with a shield whoso function is to reduce the 
radiation level below the amount which presents a hazard to tho oper:;yting 
personnel. The established tolerance level is 0.1 Rocntgen per day, 
usunlly assumed to be 8 hours • 

The ra.diation which must bo :;.bsorbed has three- important -components: 

1'. Gamma-radiation. This is most, efficiently absorbed by 
materie.l of hi~;h atomic wqight und high density. 
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2. Fast neutrons. These (lre not easily absorbed in any 
ma.terio.ls and must, therefore. be converted. into thormf.ll 
neutrons ~Nhich are e as ily abs orbed by many mate rial s. 
The necessary reduction in energy is accomplished by 
causing the fast neutrons to pass through modGr:.::.ting 
materi!:.ll. 

3. Thormal noutrons. The se com.o from tvlO maL1 soureos 
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(1) from tho activo pile by lookn.g(3 through the rc::flGctor, 
thcrma.l insuL:'ttion and cont8.iner and (2) from tho fast 
neutrons montionod. in sub-paragrG.ph 2 above 'Nhich h::\"'10 
boon roduced to thermal energies • l'hcr-m.?.l neutrons may 
boo easily absorbed by relatively thin s composod in 
part or ent~rely of cadmium, boron, or certD.in athol' 
elements. 

It is itllportr:lnt to note th["t in most mr.~t';lrials fj;ffilUnD.-rays aro 
formed when thermal nout·rons arc ~:~bsorbDd :.1.nd creato aT! additional 
radiation problem.'· 

The total shield shall be dosigned so as to roduco tho radi~tion 
level outside the shield to less than 3. spocii'i.)d tolcronco limit. 
Thickness and ":.;eight of shiold shall bo kept to a. mi:cimum • 

The follo'Ning considerations vdll affect tho distribution of 
materials in the shisld: 

1. Each ma.terial has in addition to its prim::;.ry function of 
absorbing. a. giv3n typo of r0.dia.tion somG offect in 
roducinr~ the intensity of oth~r types of radiation. 

2. Ra.diation ofono kind may be gonerated When another kind 
is absorbed. o 

3. The requirement of m~n~~um thickness may bo fulfilled by 
shields in which the various mo.t8rials· are distributed 
hom·:)geneously throu[~hout the entire volume or by CI. 

laminar structure in which thGro may be r.loro thL'J1 one 
layer of 0. gi von muterial c.nd tho Ie-yo rs may be arr;:mged 
in fmy ord0r. 

In ~ddi tion to its primary function of rcduc inG tho radiation 
level with mo.xiInum economy of thickness fmCl weight, tho shiold must 
conform with the following requiremonts: 

1. The materiuls for uny portion shull be chosen, if possible, 
to. act. as officient absorbers for somo component of the ' 
radiation • 

2. The mo.terials usod shE'"ll not cheJl[~e in physical properties 
to a. significant 6xtent on continuous exposure to the 
radiation levels to which they will be exposed. ' 
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3. 'rho shield shall completely enclose, ex~ept for necessary 
apertures" all portions of the pile and its associated 
oquipment which would otherwise cause the ro.diation lcyel 
in the immedia.te surroundings to be high~)r th6.n hum::m 
tolerHnce. 

4. Apertures in the shiold must bo proyidod for in-croduction 
of instruments, fUGl and auxilio.ry oquipment. Those 
apertures shall be so constructed as not to cause a 
higher radiation level in the vicinity outside of tho 
aperture than! is found outsido of tho unbroken shield. 

5. Coolinr; shall be provided vI{horo nt,}cossary to ror:1oye tho 
hoat gcnerat~)d vnthin the shielding and moo..ns must be 
provided for disposing of any radioD.ctivity generated 
within the cooling fluid. 

6. If gas.es are generlted by any of' tho shielding materials 
undor exposure to radiation" means shu.ll be providod for 
venting thorn and,if rGtdiof.'"ctive or toxic, for disposing 
of them. 
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7. Bacause a. large volume and weight of materials are. requil:"'ed 
for the shield" considerations of oconomy 8.J.'1d supply are 
import3Jlt. 

K. External Power Generation System and .Auxiliaries 

A system r~ust be provided for produc useful power from tho 
heat which the coolant absorbs in the pile. Such a system will be 
composed of ducting or pipe, valves" blowers or pumps, heat exchcngcrs 
or turbines and appropriate Q1J,xilirtry equipmont .-:::.nd controls. Heat 
excheJlgers are required if it n,ppears thEtt the coolant can not be used 
d:irectly as working fluid in a turbine. In this c moans must be 
provided for convertinG the heat contained within t'he secondary fluid 
of tho heat exchanger into electrical energy. Theso means will consist 
of ducts, vo.l v;:) s, motor" generator and auxiliary and control 0 quipt"lont 
and sin90 they will conforrl to standa.rd engineorinG practicB, will not bo 
described' in the present specifications. The word "systemlf will in tho 
fo-llowing, be used to refer to the equipment betweon the cool,'!l1t exit 
ducts from the pile proper und the seconq.ary fluid ezit ducts from tho 
first he t~t exchanger. The system must pro-vidE} tho following: 

1. Means for purnpi116 the coolant n.t the design prossure and 
against the design pressure drop at the r&to which is 
re.quired to removo sufficient heat so that the upper 
temperature lir.lit of any portion of tho pile is not 
exceedod when the pile is being operatod at the maximum 
power lovel • 
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2.. Ever! effort must bo made to so design and construct 
the system that its reliability is a maxll:1.um. 
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3. The system must be designed for continuous operation 
without failure at the existing c.onditions of tompera.ture, 
pressur0, flow and radiation. 

4. Alternate or standby equipment must be' provided for all 
components of the system -#hoso failuro would siGnificantly 
afi'Gct the ope ration of tho system or of the rilo :lnd ft 
must be possible to connoct the al terrw.to equ. in 
case of failure. 

5. Sufficient cmd complGte ly offocti va val vinE; should be 
provided, insofar as possible, to isolato ::my dosirod 
portion or portions of thG system n.nd to diroct tho flow 
of coolant along 0.1 tornate flow pc~ths. 

6. ..t:&.utomntic and manual s fout'lr!] s mustoe to 
insurG against excessive proG~.:;uro riso, tOixCCrc.turo rise 
or rise in radiation lavel. 

7. The system should for operation at continuously 
variable pow'or leva Is fro::n zoro to full lo;::.d vdthout 
excessive tomperaturo s within the piloo 

8. .The pumping povror requirements must be rec..sonl3.ble !),S 

compared to the final InGchcmic;:~l or clectrict\l outP:lt. 

9. Provision must bo made for chargillg the. pile and 
circula.tion system ";vi th coolant 6£ spocified purity 
both initially and e£ter the pile has been 
and appropri<:::.te coolant fc.cilities must 
pro-,;;·ided. 

10. It shall be possible to rcnove hanaful fluid or solid 
impurities from. tho coolnnt either continuously or 
intermi ttently as often as is ro 

11. Loal:::age of any harmful substances into tho sysb:mt must 
be prevented and ITle[;\...l1S should be providod for the disposal 
of lenkage out of tho systom so that it does not present 
a health hazard. 

12. ans must' be provided for l'''eplonishin;:; c001L1.!lt lost by 
diffusion or leakago. 

13. for dacontamination of tho syston or portions of tho 
which havo bean contmnin~t0d should bo providod 

where possiblo • 
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14. Provision should be made for proper coolant flow distribution 
through the pile so that maximum heat may be extracted with 
minimum o~erall pressu~e drop and within the maximum temperature. 

15. Appropriate controls, instruments and recording instruments 
must be provided. 

L. Instrumentation 

The successful operation of the power producing system consisting of 
the pile raactor, coolant system, heat exch~ger and associated 'equip- . 
ment depends to an unusual degree upon the correct operation of each com
,ponent because of the closely interacting functions of many' of the com
ponents. It is therefore necessary to provide instruments for indication 
of operating temperatures, flows" pressures, neutron densities and radiation 
levels so that manual or automatic adjustments may be made to hold the 
operating conditions constant or to regulate these conditions. 

Instruments which are used for indication may also be used to obtain 
records. It is desirable that the primary elements used to operate the 
indicators should also supply information for use in control circuits in 
order to minimize space and installation difficulties which will be en
countered in some portions of the pile. 

The primary elements of all instruments shall be continuously able 
to perform their functions when exposed to the radiation levels vn!ich will 
be encountered at their respective locations in the system. 

Duplicate primary elements should be installed at such, points in. the 
pile at which failure of a single element would seriously affect pile opera
tion. 

The minimum of instrumentation and the location of' elements for in
struments is described as follows: 

1. Temperat~ITe elements shall be located at many points throughout 
the moderator, reflector, in each fuel channel, in, each breeder 
channel, at the coolant entrance and exit tbthe pile and at the 
entrances to and exits of the heat exchanger, at appropri~te points 
in the thermal insulation, pile pressure shield, in tho control rods, 
and at all entrances and~its of cooling fluids, 

2. Pressure elements shall b0 located at points where they are exposed 
to entrance and exit coolant pressures, within entrance and exit ducts 
for heat exchangers, within boilers, and in general at several 'points 
within any part of the pile which contains fluid, static or flowing. 

3. Flow elements shall be located a t entrance or exit and possibly at 
other specified points within all systems which contain flowing fluids. 

4. Radiation elements sensitive to neutrons shall be located at v~rious 
points throughout the reactor to serve as power level indicators. 
Radiation elements sensitive to total radiation level shall be pro
vided. 
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M. Chemistry 

various points throughout the reactor to serve as 
power level indicators. Radiation olements,scnsitive 
to total radiation level, shr,ll, be providod a.t specified 
points outs,ide of the shielding vkwre radiation hazards 
to rsonnel exist. 
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Continuous operation of a power pile requires two types of 'chomical 
processinG; (1) the purification and recovery of fissionable isotopes 
from used fuel material and (2) ·the purification of coolant, if in pile 
operation the coolant becomes contaminated with impurities which are 
radioactive or harmful to components of the pile. 

The general requirements for the chemica.l processing of fuel are as 
follows: 

1. The process must be extremely efficiont with respect to loss 
of fissionable material because the material is extremely 
expensivo •. 

2. For the same reason, hold~up of recoverable fuol must be 
kept to the l6'!J'lOst possible value aboi/i6·· una:voidable hold
up required by (Icooiing-off" periods • 

3. It shall not be possib10 under any conceivuble circumstance 
or combination of circumstances for a sufficient amount of 
fissionable material to be collected within a small enough 
volume to become critical, with or without the pres8nce of 
moderating material such as may occur in processing 
chemicals. 

4. The process must separ~te fission products from the unused 
fission~ble matGrial sufficiently completely to enable 
the recovered fuel to be refabricuted into fuol material. 

5. Means of disposing of fission products must be prov~dGd. 

6. The process shall not be hazardous to operating personnel. 

During nonnal operation of the pile, tho coolant may be cont~minated 
in the following ways: 

1. By gaseous, radioactive fission products 

2. By solid radioactive fission products. 

3. By powder from materials of which the pile is constructed. 
~ 

4. By gases which are unavoidably introduced vmcn components 
of the pile are removed 0r replaced. 



• 

• 

. ~ 

-31-

It is de s irable, to romove radioactive contaminants from tho C oolf-lIlt 
so the.t the portions of the cooling systcra outside of tho' pile may remain 
accessible for maintenance and replacement. Solid particles and dust 
should be removed to prevent their interference with blower oper!.1tion. 
It is nocessary to removo some gases, such a.s oxygen, nitroi;en end 
water vapor because they attack material within the pressuro shell. 

The requirements for the coolant purification system are therefore. 
as follows: 

~~ . 

1. Means should be provided for continuously removing gasoous 
fission products from the coolant a.s soon as possibl'3 after 
the coolant leaves the pile reactor. Provision should be 
made for safe handling and disposal of the products. 

2. Filters or precipitators, which have as high effiCiency as 
is consistent with allowable pressure drop shall be provided 
to continuously remove solid p~rticles from the coolant 
stream as soon as possible aftor the coolant loaves the pile 
reactor. Provision must be made for handling &rld disposing 
of the material vmich has been removed. 

3. Provision shall be made for continuous Chor.lical treatment 
of the coolant before it ~nt0rs tho pile reactor to rem.ove 
the gases which react with pile components • 

4. Sufficient processin~ equipment to purify a cotlpleto chargo 
of coolant. for the pile shall be provided in additiiJn to the 
continuous processing equipment described above. 



z 0 H
 

CQ 
CQ 
t:::> 
0 

U
) 

to
 

rTl 
~
 

H
 

t-l 
0 

~
 

H
 

8 
p... 

0 
C1 

<X! 
l> 

0
-:.' 

p::: 
Iii 

~
-.. 

H
 

... ~
 

~
 

Z
 

z 
6 

0 
0 

A. 
H

·
 

H
 

tlJ
 

1:-1 
Iii 

~"q 
P-t 

0 
A

 
H

 
p::: 
0 to

 
~
 

c::l 

• 
• 

• 



IV-A PILE FHYSICS CONSIDERATIONS 

-32-

J 
\t" 
\, 

"..')t.l ~1? . 

• Work on the Daniels experimental pile started at the Argonne 

• 

t., 

National Laboratory. A considerable number of reports and memoranda 
dealing with estimates of power pile component sizes and quantities 
have originated there. These reports set forth methods which have 
guided the calculations leading to the design presented in this report. 
The oaloula tio,ns in the Argonne reports and memoranda were not entirely 
appli cable to the DanielsfPower pile design because I 

1. Many of,the constants used have since been more accurately 
determined through continually improved techniques employed in obtain-
ing experimental measurements. ' 

2. Configurations and tentative designs proposed for which 'com-
parative figures were required, differed irom those of the present 
design.~ , 

The 'calculations of these reports were considered as illustrative 
examples of the applica ti on of the methods outl,ined, and the resul ts of 
the calculations were used as guides to improve -the design. The follow
ing portion of this report surorrarizes, revises and extends information 
presented in the Argonne National Laboratory reports. The reports 
considered are lis ted in Appendix I, Page 129 along with the general 
notes as to their contents. 

1. Shape and Size of Reactor 

The shape and volume of a power pile are the result of a com
promise amo1'.lg many factors, the more important of 'which are: oost 
of fuel and other materials, temperature; heat transfer limitations, 
ease of mechanical construction, space and weight. 

a. Shape 

The geometrical shape of a power pile should be chosen such 
that each portion,carries as nearly as possible an equal share 

,"\ T Of';; i 

in the gene ra tion and removal of power. A spherical cons truction 
for a pile offers the greatest equality of power distribution 
and economy of rna terials for obtaining hea t energy from nuclear 
power. ,However, the necessity for control features, fuel rencw-
tlJ. and hea t extraction destroy the symmetry and reduce the 
theoretical advantages of a spherical pile olVhen cons truction 
difficul ties and the cooling problem are also considered, the 
theoretical advantages are outweighed by practical considerations.* 

From the viewpoint of mechanical construction, symmetry 
rela ti onships, anc coolant problems, a rectangular geometry 
such as a cube would be desirable. But in this construction, 
the corners, eight in number, are uneconomical and inefficient 
in theirouse of material, particularly the uranium fuel. These 
corners a re so far from the center of the reactor tha. t the neutron 
density is small and hence'the power generation is small in these 
corners as con,pared to the center of the reactor. 

* Phys'ics considera ti ons of the spherical geometry are found in reports 
MUC-WC-MLG-7 and MUC~~-318. 
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A compromise between :the economy of ma.terials and ease of 
construction results in the seleotton of a right cylinder for 
the shape of this pile. In this way the corners of the cube 
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are elimimated and each portion of the reactor is nore effici
ently utilized for power production. rrhe ba.se of the right 
cylinder affords good mechanical support for the pile structure. 
The pressure shell can also'be made in oylindrical form, and 
for the same thickness of material will be much stronger than 
for the rectangular shape. l1'urthe !"more, the cooling ducts are 
straight, and throttling requirements for the distribution of 
cooling can be simple. The construction of the pile from ele
mentary blocks such as hollow hexagonal prisms is more readily 
accomplished than when a sphere is used. 

An additional consideration of the shape which provides 
economy of mat r3rials is the ra.tio of' the height to the radi~s 
of the r'ight cylinder. For a bare cylindrical pile having a 
fixed ra.tio of t"uel weight to moderator 1.voight the In:inimum 
volume of ma.terial required is reached when the height is 1.85 
times the radius. Thus economy in cost and ~ight of materials 
is <> btained from shape ,cons iderations. 

Reactor Size 

The size of the reactor is determined by a compromise be
tween amount of fuel and heat transfer copsiderations. The 
proportion of fuel to moderator by weight" and the tempera
ture of the mixture determine thE.! roul ti:plying factor of the 
chain reaction. 'rhe Size' of the reactor influences the leakage 
of neutrons from the pile. The bal ance betvleen the Ie akage 
and the excess production of ne'dltrons by the chain reaction 
determines whether the systc3m can maintain itself. Ifhus, for 
each fuel concentration end temperature J a critical volume or 
critic~l radius of tho reactor is determined. For a given 
temperature, the variation of critical radius, weight of fuel, 
and weight of moderator with fuel concentration is shovm on 
Figuros 1" 2 endS for a bare reactor. It 'will be notud that 
the weigl?-t of fu~l requir-od passos through a miniraum at a givon 
concentration. If economy in the amount of the fuel is of pri
mary importance, the size of the pilu, and weig;ht of fuel and 
modera to.r arl3 thus dotermined. It"'iguros 1 and ,2 compare tV{O 

moderators each haYing 20% voids, one of these is beryllium 
oxide of density 2.9 and the athol" is gra.phite with a density 
of 1.64. J:t~igures 1 and 3 compare a beryllium oxide moderated 
pile operating at two temperatures. It can be seen that the 
higher temperature oporation requires a larger pile, and more 
fuel and moderator. 

It is thus seon that fina.l determination of pila size is 
a compromise bot',veen thormodynamic effie ieney .. which r3quiro s 
a h~gh operating temper:tture" J.nd economy. in the amount of in
itia~- fuel,which requires a low ope~ating temperature. 
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A lesser factor affecting rea.ctor size and fuel quanti ty 
is the presence of voids. These are necessary as passages for 
the coolant, and thus cannot be made too small, or excessive 
drops will occur and the pumping power for the coolant is in
creased. The presence of voids, how~ver, dec'reases the effective 
density of the moderator and increases the size of the pile. The 
critical radius of the pile is inversely proportional to the 
density; the critical volume is inversely proportional to the 
cube of the density; and the critical weight of fuel and modera
tor inversely proportional to the square of the densi ty. The 
presence of twenty percent void volume in the reactor increases 
the weight of fuel required by about forty percent. 1"ilerefore, 
the size of the voids i~ a compromise between 'the amount of fuel 
and large coolant pumping power requirements of high power out-. 
puts. 

Further physics calculations on· the critical size of the 
BeO pile may be found in other reports. * 

2. Reflector Considerations 

The reflector serves ~vo useful purposes. First, it saves on 
fuel and moderator and second, it produces more uniform power produc
tion throughout the reactor. 

The saving in fuel and moderator is obtained from the reduction 
in the critical siz.e of the reactor. The re;flector must be made of 
a moderating material, though not necessarily the same material as. 
that in the reactor.' The absence of fuel in the reflector makes 
possible a minimum of cooling since the ma.terial is not exposed to 
the heat of fission. Thus, most of the cooling holes may be filled 
and voids a~e almost eliminated from the radial reflector. However, 
voids must be maintained inthe'topand bottom reflectors to permit 
the flow of the coolant to and from the reactor. Wi th these condi tions 
imposed, the choice of material and thickness of the reflector is a 
compromise between the cost of the material and the volUme of the 
reflector as compared to the savings effected in the cos.t and size 
of the reactor. 

Figure 4 shows the effect of the reflector thickness on the 
weight of fuel and t he total weight of modera ting ma terial required 
with aBeO moderator and reflector having 20% voids throughout. These 
curves are plotted against the radius of the reactor so that the 
optimum volume of the pile may be determined. For increas thick-
ness of reflector the size of the reactor b,:;comes smaller, and a 
saving of fuel results, but the overall size of the pile ~nd the 
totab i(rJ.t of modorcitor incrc:~se. A point is finally roached where 
the saving in cost of the fuel is no grea ter than the addi tional 
cost of the reflector. This is the optimum design on a cost basis. 
The excessivG volume of the pile which might result may dictate use 
of a sma ller reflector with a larger quantity of fuel. 

Considerable improvement in savings of fuel and overall volume 
may be obtained by eliminating the voids in the reflector. figure 5 

* MUC-K'vif-5-a, r~UC-K"N-60, MUC':-KN-6l, .MUC-RGS;"AVM-5 ~-ANt-RGS=2, and.· ANL-RGS .... S. 
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shows a family of curves for a. BeO moderator ·ViTi th 20% voids but wi th 
a BeO reflector having no voids. The same trend in fuel and s.ize 
is here also apparent; for clarity this is plotted on FiEure 6 for 
the optimum design, tha t, is for the minimum. fuel inves tmant. 

Because of its lesser cost a graphite reflector, though la.rger 
in volume, may produce an over~ll reduction in the cost of materials. 
Fi9ure 7 represents a similar family of reflector thickness curves 
for a BeO moderator.of 20% voids, but with a graphite reflector 
ha ving no voids. It should be noted tha t a consider'able incrG~se in 
thickness of the graphite over the BeO reflector is necessary to obtain 
the same fuel saving. Because of this, the volume of the overall pile 
is ter. However, a.fter a.certain value of the fuel saving is 
reached the tots. 1 cos t of the gra phi te reflector, being many times 
thicker, may exceed the cost of the much smaller BeO reflector. 

In connection wi th the BeO reflector design, it may not al~d.ys 
be advantageous to utilize the optimtlm design for the reactor because 
the resul tine; smaller vol ume increases the problem of hea t transfer. 
The tempera turo gradients may become so great as to cause portions 
of the le to reach excessive tomperatures. Thus, a compromise 
beuveen optimum theoretical considerations and practical pile con
di tions ffisty be neces~-try. The reflector also causes a more uniform 
power production throughout the reactor' by flatteni11g the neutron 
density distributiono 

From a considera tion of the above, a sui table des is a BeO 
moderated reactor having 11 diameter of 6 feet, a reflector of 18 
inch thicknE3s.s, and an average pi tempera ture of 6500 C. 

The f~ctors discussed above plus many other factors must be taken 
into considE:~ration in making 11 final decision as to the exact size 
and composition of the pile and reflector. Further study is required 
on this point. It has boen tentatively decided that the BeO moderated 
reactor viill have f1 diameter of 6 feet. A reflector will be provided 
18 inches thick. For economy of BeO it is planned tha t the 6 inches 
of reflector nearest the reactor will be made of BeO and the outer 
12 inches of graphite. 

3. Conversion 

of the ~eutrons which enter the reflector from the reactor 
never return. The net neutrons lost are called leakage and be 
ei ther a bsorbed by the reflector or pass th.rough the reflector into 
the shield. An efficient use of thl:"; leakage neutrons is to produce 
more fuel. This may be accomplished Py inserting thorium rods in 
the reflector so that the leakage causes capture and conve:ts thorium 
to uranium 233 which is a fissionD.ble fuel. 

For the pile previously considered, the conversion ratic is .8* 
vvhich means that for every ten neutrons absorbed by the fuel U235 
eight neutrons leak from th~ reactor. If the thorium were placed .::is 
as a cylindrical. sheet sLlrrounding the ,entire reflector, all neutrons 

\ 
* See Reports I\:,lUC-HGS-AVM-5, ·MUC--K~·i-58. 
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which lea.k from the reflector would pass through the thorium:.' 
This would be a. very poor design because a large pClrtion of neutrons 

. }Qakinf! f'vom the reactor would have been absorbed by the reflector 
and would hot~~ba[;avai1.o.ble for conversion of the thorium. Further
more, the thori'lm sheet would have such a large diameter that thick
ness suffi cient to stop the largerporti.:)n of the neutrons would 
require s. considerable volume vf c.. very valuable element. 

There are two o.dvan!;ages in pla.cing the thorium vd.thin the 
, body of the reflector. First, tho diameter' of the thorium sheet 
would be smaller. Second, the thi ckness of the sheet w;)uld be 
less for the same number 0f neutrons 9.bsorbed as in the oxternul 
case •. The reas on for thi s di fference is tho. t the refle ctor ~n the 
outside of the thorium reflects a p::;rtion of the neutr\".lns leaking 
through the thorium back into the thorium. Both considerations 
reduce the required volume of this valuable conversion !l';.'1tcrial. 

A sacrifice is mn.de in moving the thc.riu:a clase.r to the reactor 
because tho (mter p·)rtion of the reflector is partially shielded from 
the reactor. This decreases tho effe'ct of the reflector upon the 
saving of fuel in the pile, e.s n1onti8ncd in previuus secti,;)ns. Thus 
a compromise betweon the conversion, volume of thorium, and increase 
in fuel must be made. No theoretic9.l co.lculatic·hs relative to this 
point have yet been made but a.re planned. 

4. Fue I Cuan ti ty 

The total weight of fuel in the p~le is well in excess of the 
critical am:)unt ~)f 5.2 kilograms, (See figure 6) required for a 
6 ft. diameter, 5. 6ft. hi gh BoO moderated pi Ie, surrounded by an 
18 inch reflector with no vcids, and operating at an avera.ge tem-
pera-ture. ·::f 650°C. Two 'factors must be c:msiderod in determining 
the amount of this excess, namely, (1) Allowance fer depletion and 
(2) Compensation for pois6ning. 

As power is taken from tho pile, the fuel is consumed, reducing 
the quantity of fue 1 remaining in the unit. Suffi cient fue I must 
initially be present in the pi Ie to permit this depletio~ during 
operation, without allo'.rving the 9.r.1Junt of fissionable element to 
fall bel;)w the minimum required to -support'the ohain reaction. The 
extendl of thiS. depleti,,)n allovfa.nce depends upon the refueling inter
val employed p,nd the average level ,)1" power operation. A ,typical 
value is 1.5 kg. f')r 40,000 kw for 30 days, o.s sh':.;wn in the table 
of S0 ctionV-A, Part 1, Page 89 • 

The podisoning of the pile results from the l"issi()n products, 
whioh absorb neutrons without producing a commensur:lto amount of 
energy. Theae products are of two types J stable and radioactive. 
The stable ttpoison" products a.c6umulate thr·)ughout the life of the 
pil(~ and theoretically necessitate a constant thuugh gradual in
crease in the quuntity of U235,in the pile ~s its agQ increas~s • 
Ini tinIly, thi s is a minor fo.ctar, but its imp')rtance groW's vd th the 
use of the pile, The unstable P':)iSOllS, on the other hand, rE:o'ch 
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equilibrium in a matter of ·a few ht1urs; the equilibrium is attained 
when their rate of dec~y plus the rate of destruction by neutr·:1n apsorp-
,ti on equals the rate of formation as fi ss ion products. The j,najar 

'unstab le poison is Xen,Jn of rr.ass 135 oocuring in the decIl1 chain fr':''!ffi 
Iodine (1135 is formed in about 5.8% of the Yissi'Jns, :and decays with 
a half-life l)f 6 h'::lurs). The resulting c·jnc0ntrati on .)1' Xe 135 w~th 
its extremel2' large cross section necessitatf:s th(=) additi.~.;n of ubJut 
0.5 kg. of U 35 in order to offset the poisoning effect. This a:n·:·unt 
C'frllaterial has been adjusted to t:.:'~ke care 0f stable pC'Iscm a~ we:ll. 

The figure of 5.2 kg. of fue 1 is based upon BoO c'mtaining 1/2 
part per milli'Jn of boron and negligible am~)unts of other neutron 
absorbing materials. Alth::ugh BeO of thi s purity has been produced, 
difficulty may be exp(;rienced in obtaining the large quaritities cff' 
BeO requi red with this puri ty. It is c0l1sid~3gd wise .. therefore "to 
tentatively allow an additional 0.8 kg. of U for impuritios in 
BeO equivalent to two parts per milliJn of boron. 

Study 01" the reducti(:m in !.')f'fecti VOnt3SS of the reflector by 
locating thDrium in it has not yet been completed. It is estimated 
approximately that an additi·Jna1 e.5 kg. of U235 should be a.llowed 
for this effect. 

Further design study ~~y also show the desirability of d01iber
ately adding neutron absorbers in the pile for leveling 'power pro
duction and adding additional thorium f:')r incr'easing conversion, 
both increasing the amGunt of depletion. An additional amollnt of 
fue 1 of 6.5 kg. of U235 should be allt)wed for this. 

SUITh"TIarizing the t1.mDunt of U235 to be a 110wed for the initial 
pile charge: 

Min. Hot Cri ti ca 1 , 
Min. Depletion 11.1lowance 
Fission Product Poisons 
Moderator Impur~ties 
Conversion in Reflectur 
Allowanco for design changes 

Total 

~~ Power Generation Dist~ibution 

5.2 kg. 
1.5 kg. 
O~5 kg. 
9.8 kg-
0~5:kg. 
6~5 kg. 

15.0 kg. 

Power generation in the pile requires the presence of fissim
able material in D. region of neutron flux densi ty. 'rhu~ the first 
requirement is t:) estublish.,th(-! flux denSity distribution. Figure 8 a 
compares the flux density distribution along the diameter of the pile 
for a 6 ft. diameter Bee reaotor with and without an 18 inch BeO 
reflector having ne voids. The ratio of peak to average value of 
the bare reo.ctor,ij is 2.31 whi Ie the ratio of peak to average of the 
reflector. oovered reactor is 1.59. Thus the addi tion of the reflector 
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fla.ttens cOID.sidcrn.bly the distribution of flux across the· dia.meter 
of the pilo. Neglecting tho effect of temperature varia.tion the 
flux density along the axis oft;he pile is shown on Figure 8b. The 
ratio of peak to a.verage flux donsl ty of tho bare rea.ct·-;r is 2.16 
whi Ie the ratio of peak to average of the roact~r with the 18 inch 
ReO reflector of 20% voids at top and bottDffi of pile is 1.62. The 
lmprovemeht provided by the reflector is apparent. 

power production from nuclear fission is proPQrtional to the 
product of the neutron densi ty and the concentruti on of the f'ue 1. 
In the reflector, where thore is no fue~ no power is produced by 
fission unless breeding is considered. (Soc Se'ction VI.) In the 
reactor the rue 1 concentratiiJn is uniform so the powe r distribution 
in the pile is proportional to the flux density in the reactor. 
This is shown on Figuros8a and Sb. 

A small amount of hoating isproducod in the reflector from 
high radiation of gam"OO. rays produced in the react·')r causing (1"'.".) 
reactions and from thE:1 absorption of s~)me of the reactor neutrons 
by the :reflector. Insufficient .informati ,)n prevents a di rect cal
culation of these quantities ut presont. 

6~. Control RodConsiderati (Jns. 

A pile is in an equilibrium state of power generation when 
production of neutrons equalsthe absorption and' the leakage of 
neutrons. The purpose of the control rods is to equalize the pr0-
duetion an~ the losses. 

• _. n • II 
The loss of neutrons can be Increased by Int~Qduc~ng pOlson 

(neutron absorbing materials). into any region of the pi Ie in wh~ch 
neutrons exist. The absorption will be proportional to the neutron 
density and surface area of the control rod if the thickness of the 
rod is great enough to stop all neutrons. The thickness depends 
upon the density and absorption characteristics of the mnterial. 
The absorption. of a gi van construction of control rod is· greatest 
if plac~d in a region of high flux denisty. From Figure 8a the 
center of the pile is the most effectivo position for a control rod. 

, However, the po~son reduces tho flux density in the neighboring 
vioinity and tho absorption is not as gre:4t as might be expocted. 
Thus if 0. pile were tu be c·:;ntrolled entirely by absorption of the 
neutrons, the poison sh)uld be distributed over a. major portion of 
the reaotor. A multi tudo of sma.ll control rods w:.>u Id require a 
cumbers!)me control mechanism which is a di.stinct disadvanitaga. 

FortunetelV • the disturbanc~ of the flux densitv by ~ central e.1 ,1 .7 " 

control rod causes an increased leclcagG l)f the neutrons into th0 
reflector. This increased leakage may b,'; mads.} many times greater, 
than the absorption. la. design based thereon hQS the increasod 
simplicity of lesser numbers of control I'ods and of increased con
version. l~ain the most effective position of tho control rods 
exists toward +'11e cent.("!~ of' the- r..:; ~ctor for the flux donsi ty is 
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greatest there and any distortion has a greater effect. The 
effectiveness. of the control rod is dependent upon its suffacc; :te. 
the larger the' radius, -the greate~~ the circumferenco, und the 
graator thE; control. Since a large control rod would rob tho 
entire center of the reactor of fuel channels and hence incr~nse 
the size of the pile, an array of small rods ~rrnngod in ~ ring 
about the center of the reactor maybe substituted which will 
provido approximately the same circumferential area and the same 
control as' a single large rod~ The advantag§' obtained is that 
the central region inside tho ring may be fillod wi thf~.l.Gl and 0.. 

smull pile size maintained. Tho control rods forming th0 ring 
neod not be tangent but may be separated a distance many rod dia
meters apart. This vvill help isolate' the rods from e~ach other I 
minimizing the int(3raction of one rod upon anothGr. Hmvevor, vdth 
this spacing, the diameter of the rods influenae their control 
upon the powe r. 

The range of control is dotennined by tho leakago of neutrons 
that 1rill bring the pilo below tho critical multiplication of 
neutrons at the ambient temperature of tho pile f3TIvironmont (room 
temperature) ~ The required loalco.t:;o at room ternpor.?ture may bo 
ca.lculated from th0 size of the pile cmd the ratio of fUGl to mo
derator by weight 0 The control rod array must distort th'3 neutron 

-48 ... 

flux in such a degr~~ as to exceed this 10 if the pile reaction 

,J.' 

is to bo stoppod. These ca,lcul::.t ions have been m:::..de. * ii. S3ven 
control rod ·;.r.lrro..y ~ six rods in a 15' inch radius ring ar.l.d one rod 
ut the centsr of the, ring, made up of 2~ inch diameter rods of 
high absorption material provides sufficient loss of noutrons to 
bring the pile bolow critical at a tomp:3r::-..turo Qf 20oC. Further 
control rqd calculations are necessary. 

* See MUC-.OOS-il.\i'M-5 
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~e production of useful power from a chain reacting pile is 
contingent upon successful operation of the pile at a sufficiently high 
temperature ~o provide efficient operation of one of the cammon forms of 
heat engine. A gas temperature of' 140oOf. is high enough to make 
possible the production of steam suitable for a turbine. Operation at a 
gas temperature, from the pile,of l400~. will require the use of pile 
materials with suitable high temperature properties, and a high 
temperature heat transfer medium capable of withstanding exposure to 
radiation. 

Availability of fissionable materials and the desire to emplyy~a 
practical minimum quantity of fuel decree that the nfuel" for the pile 
should be uranium enriched in the U235 isotope to a concentration well· 
above that in natural uranium. What chemica.l form the uranium must take, 
hmvever, hinges upon its stability at higq temperatures, and resistnnGe 
to attack by the heat transfer medium selected. Metallic uranium is 
potentially usable as a fuel, but the accumulction of fission products 
during operation would lead to physical deteriorhtion. Of the various 
compo't..lJ:':\ds possible, only the dioxide and carbid,e are stable and non~ 
volatile under these conditions,and of th~se the dioxide is more reQdily 
prepared ond processed. Hence,the fuel used in this pile will be uranium 
dioxide, containing approximately 50% of the U235 isotope • 

The weight of uranium used in the pile is such a small percentage of 
the reactor weight (approximately 0,3.%) that in order to remove the heat 
generated itniust be dispersed over considerable volume. For eDse in 
handling this finely dispersed uranium, it ,must be mixed with a matrix 
material which should have moderating properties. The matrix material 
must provide a high thermal conductivity in order to conduct to the 
surface the heat generated throughout the mixture. The surface must, be 
large enough to assure ample heat transfer. Accordingly the fuel is 
mixed with'BeO and formed into hollow cylindrical tubes in short length::. 
This configuration permits charging and discharging of the fuel while 
leaving the bulk of the pile untouched. The concentration of the fuel 
in a relatively small portion of the moderator reduces to a minimmn the 
mass of material that must b~ reprocessed when separating the urnnium 
from the fission products. 

The moderator, which reduces neutron energies to thermal levels for 
more ready absorption in the U23~ must combine law atomic weight, low 
,neutron absorption and reasonably high density with stability under 
intens~ radiation and high temperutures,. These requirements are met, at 
least ~n part,by graphite and beryllium oxide, and while the former' is 
by ~ar the cheaper of the two (about $.28 per pound for graphite, cs 
aga~nst ~3.50 to $4.00 per pound for berylliwd oxide) the latter actunlly 
~esults ~n a lower expenditure for a pile,since the quantity of uranium-235 
J.s.reduced from about 15 kg with graphite to about 8.5 kg with beryllium 
oXl.de. Further, beryllium oxide is inert to a lmost 'all .coolants (except 
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steam at high temperature) whereas graphite can be used only with inert 
or reducing coolants. 

The beryllium oxide is fabricated into hollow hexagonal bricks. 
which are assembled into a roughly cylindrical unit 6 feet in diameter 
and &~ feet high. The bricks are stacked end on end, thus providing 
a series of vertical channels into which the fuel tubes are inserted 
with space provided for coolant passage between the tubes and bricks. 

The choice of helium as the coolant was based upon its stability 
under irradiation, its low neutron absorption, chemical inertness and 
high heat conductivity. Although the initial cost is high'in cOr!parison 
with nitrogen and carbon dioxide, which could also be used, its low 
molecular weight produces a saving in pumping costs that, in part'at 
leastn offsets this disadvantage. Economy of pumping power at 40,000 
rov heat output dictates the use of a pressuri4ed system. Accordingly 
the system is operated at 10 atmospheres pressure, thus reducing heat 
exchanger dimensions as well as pumping power. The discussion of 
factors influencing this decision is fully set forth in section IV-C 
page 62 entitled lIeoolant and Coolant System." 

The effect of pile size on the quantity of U235 required is discussed 
under the heading of "Pile Physics Considerations" page 32. It is 
fortunate that in the neighborhood of the minimum amount of ~235 the 
qua!3-ti ty is not sens i tive to cha.nges in pile size" and that this minimum 
range occurs near the size at which the gas flow problem assumes reason-· 
able proportions. Thus, the selection of 504 channels permits a reason
able pressure drop tl~oughthe pile without increasing significantly, 
above the absolute minimum, the quantity of U235 required. 

Surrounding the reactor will be a reflecting blanket of moderator 
bricks. Its chief function is to ·conserve neutrons by returning to the 
pile most of those neutrons that would otherwise be lost,. It a.lso 
provides a location for the thorium oxide used for converting to U23~, 
one of the desired func,tions of the pile. Yfuile beryllium oxide bricks 
must be used for the inner-portion of the reflector to permit adjust
ment of the outer dimensions of the active. portion found necessary in 
operation" the outer portion may be safely and economically assembled 
with graphite bricks. 

With operation at pressures of 10 atmospheres an enclosing shell of 
steel must be used. In order to avoid the co'st and uncertainities 
involved in employing high temperature alloys~'thermal insulation must 
be provided betvleen t~e reacting pile and the pressure sh~ll. Sufficient 
insulation is provided to maintain a maximum temperature of the shell 
in the neighborhood of 500~. 

During operation of the pile, radiation at the surface of the shell 
is intense. To permit operation, shielding must be employed. which will 
absorb this radiation consisting of fast and therma.l neutron~ and ganrrna 
rays~ In view of the ~act that the effectiveness is largely a matter of 
mass, the entire pile must be surrounded in a thick layer of absorbing 
material. 
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1. Fuel 

Although the subject of fuel is diso.ussed in detail in section V 
of this report" a brief review of the subject. is appropniate at this 
point. The actual fuel of the chain reacting pile must be one of the fis
sionable elements at the heavy end of the atomic table. Of those ele
ments known to fission with release of large amounts of energy (U23~ 
U~35m , Pu239 ) only U235 is today available in sufficient quantity. ' 

The amound!; of fissionable ele.ment aotually used is so small that 
it is mixed with a moderating type of material to obtain sufficient 
dispersion for removal of heat. Since the fuel is intermixed with the 
matrix, heat is generated throughout'the unit, thus imposing the require
ments of (a) ability to conduct the heat from the central portion of the 
fuel rod to the outside and (b) ability to transfer the. heat to the helium. 
The tempera.turE' gradient necessary for item (a) introduces thermal stress 
in the uhitwhich must not cause fracture and failure. Item (b) imposes 
the requ1rement of a large surface-to-volume ratio. 

Thus, the ~terial selected must co~bine a high thermal conducti8ity 
with high tensile strength at operating temperatures in the region of 
1700oF. The' problem of obtaining these qualities is of such magnitude 
that it has been made the subject of an intensive ~nvestigatlon which is 
reported in section V-A-l, Page 79 • 

2. Modera tor 

The Iowa tomic weight rna teria 1 vwhich mus t be used for madera tors , 
may be elements or compougds, provided that in the compound form the 
density of nuclei is not adversely affected. Vfuen the requirements of 
low neutron absorption and high density are condidered, the field is 
narrowe'd to such possibilities as graphite, beryllium and its oxide, 
light and heavy water, fluorca.rbons and hydrocarbons. However, of these 
pqtential moderators, all but the first three are subject to vaporization 
or decomposition at the operating temperatures encountered, and are there
fore unsuitable. 

, 
Of the remaining three, pure beryllium metal has an appreciable vapor 

pressure at these operating temperatures. In addition, the refining 
process for obtaining the pure element raises the cost to several times 
the cost of an equivalent weight of beryllium oxide., Thus,. the choice is 
probably narrowed at this time to but two materials for a moderator, 
namely, graphite and beryllium oxide. 

The decision to use BeO for the moderating material was based largely 
on the fact that the amount of fissionable element required for a criti
cal pile with this material is approximately half of that required when 
using graphite as a moderator. With suitable reflectors containing thoria 
rods, the critical quantity of U235 for a BeO pile is of the order of 8 
or 9 kilograms whereas for a graphite-moderated pile this rises to around 
15 kilograms. With BeO powder costing four dollars ($4.00) a pound and 
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fabrication by the hot press firing mtthod costing npproximo.tely $10.00 
a pound, the cost of the BeO moderator. will approximate $500,,000. Even 
neglecting the cost of a gr~phito moderator, the s~ving due to reduced 
quantity of U235 will more than offset the investment in BeO. Beyond 
tho monet0ry value of the uro.nium thus saved, there is the abstract value 
of tho uranium thus freed for other experimental work in the brond pile 
development program. 

It must not be inferred from the above that this is the only.factor 
supporting this decision, nor, on the other hand that grnphite is unsuit
~ble for use in a high temperature pile. Indeed, from the st8ndpoint of 
aV2ilabilitYI graphite is highly desirable. It is more reaoily nvnilnble 
thnn BoO and with a campara :Jle purity." There exists a broad background 
of T!lanuf~cturing expGriencG" * and its .l1U:lchinability and fabricD.ting 
characteristics surpass those of BeO. In tho ·region of intense radiation 
existing in tho re£1cting portion of tho pile, hovm:ver, the grc.phite is 
subject to physical deterioration due to tho impact of fast neutrons 
on the carbon nuclei removing atoms from tho crystal lattice structure. 
While this effect is of minor importnnce nt.the outer regions of the 
reactor cnd in the reflector, it is of such magnitude at the center that 
the use of a graphite moderator in n pile designed for permanent instal
lation of the modorator ne.eds further investigo.tion Qnd resenrch, to 
study the effect of high temperature in oountoraotiil'g these effects 0 

BeO, on the other h~nd, is outstanding in its resistance to neutron 
bombardment. Exposure of s:~.mples in the Hcnford piles at rndia.tion 
levels equnl to those encountered in this pile nt 4000 IDV produced no 
significnnt change in dimensions over ~ period of 63 days. (Exposure 
tests of 120 days duration hnd been completed at the time of writing 
this report, but finnl meosurements h~d not yet been taken). The 
modulus of elasticity was affeoted to e. minor o~tent, dropping about 
1% during the 63 days. Crushing strength showed no significant chQngo~ 
,Thorml conductivity wos tho most seriously affected, suffering a 33%" 
reduction in the course of 63 days exposure. This effect is, h~aover, 
of nO'serious consequenoe, since the hent generation in tho moderntor 
is a negligible quantity_ 

It is interesting to note nt this' point that while BeO is n 
refractory materi~l it has e thermal conductivity comparable with thQt 
of cast iron. In contrast, common refractory materiQls have conducti-
vities of the order of 1/30 of that of BeO. . 

Ftlbricetion of required forms fr'om BeO can be ':\ccomplished intvro 
different wavs. The method fr:lvored to date has 'been the,t lmovm as 
"hot-pressing", and consists of applying several tons per squo.re inch 
pressure on the powdered BoO while constr~ined in a graphite die, at the 
same timo heating the die eleotrically to n tomperature of about 1900oC. 
The resulting product has a density ranging between 2.8 and 2.9 g/cm3 
or approxim~tely 95% of the theoretical density of 3.02. Parts 
fabricated by this 'method hove n high degree of uniformity, but the 

. "-

*. It is apprQpriO::hert~:-p61nt'·ou~. that: thoro 1S· a cq.nsIderD151c 6xpor,l.snce 
in the fabrioation of BeO r~fractories, though'familiarity with this 
tact has boen,,', until ··rooentlYi"·:.morb or':- loss rostr.-ict6d .to- certain phases 
~r tho ~h'erniof\l :indu8try'~ . '<-
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fnbric~tion cost is high, being in tho neighbo~hood of $10 per pound • 
Such a cost is inherent in the process since it requires 2 or 3 hours 
for hoating to~sintering tempernture and cooling to the point where 
the brick m~y be removed. Brenk~ge of dies contributes to the expense • 

. Only one comp~ny (the Norton Abrasive Co., ) is equipped to produce 
parts by this method, and even at the f1111 cnp~city of their present 
equipment, the time 'required for fabrication of the moderator units for 
tho pile is one of the m~jor items in the scheduling, being in the 
neighborhood of two years if all the reflector is made of BeO. 

To accelerate the program, negotiations have been underway' for 
some time with the A-C Spark Plug Company who are applying the 
ceramic-firing method to the fabrieation of bricks. In this mothod, 
tho BeO powder is formed .into the desired shape while cold, allowa.nce 
being m~defor the 30 to 40% shrinkage occuring during the firing 
process. Firing' is done in batches of 30 to 35 bricks .at D. tcmpernturo 
of l800oC. 

While this process is far~';more rn.pid th~n tl1.e brick-by-brick hot 
pr,ossmethod, the product is not yet u~ to expectations. It is possible 
to attain a density of 2.6 to 2.7 glom. by this method which is 
sufficient"for satisfactory operation in a pilo. The uniformity of the 
product is, however, not yet satisfactory. Firing at such high 
temporntures softens the pmvder 'to the Gxtent that D. noticoable taper 
exists in tho vertical direction, due to lack of sufficient strength to 
support fully its ovvn weight. Furthor, the vnriction botviToen b2tches 
of raw powdorproduces wide vnrintions.in the shrinkage oxperienced i~ 
firing. To overcome this it is necess::.':ry to run severnl tests to 
determine the shrinkage of each batch before the dies cnn be fabricated. 
On a lnrgo qunntity it would therefore bo necess2ry to Qccumul~to the 
entire stock of pow"der before tests could be run and the dies cut. 
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It must not be concluded that. this method should be o.btindoned. The 
lOYiT cost of fabrication (nbout ~$2 per pound) e.nd the potentinl production 
capacity with this method mnke it dosi~able to pursue the problem 
furthor 4. It should be remembered tho.t this .is a new approach to the 

. problem. ~nd that time is necessary to overcome the difficulties. 

Both methods nre limited by the length-to-dinmeter ratio that can 
be produced: In the hot press method the limitation is imposed by the 
inability to produce uniform dGnsity throughout the length of the piece. 
In the ceramic fired method, the settling of the brick during firing 
produces the limitation. The satisfactory height in the latter cnse 
is about one hnlf of that in the former case. 

3. Refle ctor 

Since the desired properties in G reflector materiG.l nre almost 
. identical ~ith those of a moderator, tpe process of elimination applied 
to potontialmoderoting materiels may again be employed, arriving at a 
consideration of the same 'tWo materials, grcphite ~nd boryllium oxide • 
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In the reflector, h~f0ver$ the requirements may be sommvhat relnxcd 
due to the fact that opernting conditions are not so severe QS those 
obtaining in the rencting portion. ,The neutron flux density is loss 
th~n that in the rcoctor, both in number of neutrons end in the average 
energy of those neutrons. Thus, vn1ilo physical doteriorQtion of 
grnphite under neutron bomb~rdment in the re~ctbr was one of the 
major reasons for eliminoting it as Q moderator, this objection no 
longer holds in considering mnteri~ls for use in the reflector. 

The ,reflector design Qctunlly qhosen consists qf two layers of 
mQteri~l; tho inner one is of beryllium oxide and the outer of gra.phite. 
The two pnrt construction is dict~ted by tho following considerations. 
Immediately outside the reactor zorie 'it is desirable to use the 
beryllium oxide to allmv n margin for adjusting tho size of tho active 
portion. It is impossible to cQlculato with absoluto accuracy the 
required size of the renctor; this is p~rticulQrly true in tho cnse 
of' the high temperature pilo$ where the exact offect of tempvrnture 
cannot be prodicted. Fin~l knowledge of tho size c~n only be obtained 
by a slow approrlch to actunl operation of the , feoling the way 
exporimente.lly. ", 

The outer portion of the reflector can safoly be ~.de of graphite, 
thus sav.ing Q large amount of beryllium oxide. This saving is important 
from the financi2l st~ndpoint, but is rendered p~rticulQrly important 
by the critic~l BeO supply problem. As has been rem~rkod earlier, this 
promises to be a mnjor factor in the pile construction time clem"ont, 
so that savings in time on this item mny well be reflected directly in, 
the overall fabrioation time of the pilG~ 

Inasmuch ns one of the objoctives of the ~ile progr~m is to obtain 
information on the conversion of Thorium to U2 3 for future use as n 
fuel, provision is mode for incorporation of thorium oxide in the 
beryllium oxide portion of the reflector. Since this thorium oxidci 
must be removed at intervals for sopnr~tion of tho U233 formed, it Dust 
be formed into rods similar to the fuel units to permit handling by the 
fuel loading mech€:lnism. While t\~ro concentric rows of reflector bricks 
are considered as the convorsion zone, tho nctool number of bricks to 
cont~in thorium c~n decided only after further determination of tho 
nuclear characteristics involved. 

The introduction of thorium into the reflector reduces the effeotive
ness of the latter to an extent dependent upon location and amount of 
thorium introdUced. This r,cduction ranges fr0!fi zero Where tho thorium 
is installed around the outs of the reflector (where it is exposed only 
to neutrons huving ::',lready escnpod from the reflector) to s orne maximum 

installed in the innormost portion of the reflector. In this latter 
position the pile proportions approach those associated with a bnre 
pile since the thorium absorbs nlnrge portion of the thermcl neutrons. 
Selection of the middle portion of the roflcctor strikes Q compromise 
be~Neen the ineffiCient convorsion at the outer periphory and the 
increased pile size required with thorium at the il1nCr portion. 
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The reduced noutron flux density in the reflector is associated 
with reduced heo.t generDtion. The consequent reduction in ,go.s cool
ing requirements permits use of the ch~nnels in the reflector bricks 
for addition~l rofloctor mnterial thereby increasing the effectiveness 
of the reflo"ctor which is proportionQl to the mass of reflector mntorio.l. 
Accordingly, tho passngesare filled with graphite plugs of such 
dimensions ns to pormit only a sm~ll leakage path through tho channels. 
Tho cooling so r.chieved will be sufficic::nt tomaintnin satisfo.c~ory 
opor~ting tempernture. 

4. Pressure Shell ~nd Insulntion 

'rhe cont.,. iner for the pile must be capn ble of wi thst,'1ndinc inter-nnl 
pressill1 e ranging from Q small frnction of an atmosph~re up to 10 
atmospheres. The reason for tho upper limit of pressure ho.s nlroo.dy 
bqen mentioned ~nd is onle.rged upon under tlCoolant and Coolc:nt SystomU 

page 62 • The loW' pressure is introduced by tho purging process ut 
time of pile start-up. Simultaneously with the roduction in pressure 
to t.he lOi/mst atto.innple val uc, the entire system is heated to tho 
lowor temperature (5000F) of tho operating cycle. It is hoped that 
maint~ining these conditions for sovernl hours will be affoctive in 
outgassing tho mf~ter~o.ls used in construction. 

In Qddition to confining the heliun" tho pressure shell serves 
GS tho supporting structure for tho entire pile o.nd its operating 
mechanisms. Settling of the s'tructure must be prevented from intor
fering with the pile operotion; honce the foundation must bo ndoqtt.'}te 
to reduce settling to n mininlum. 

Numerous. holes through the sholl nre required for controls, 
instrumonto.tion and fuel h.'").ndl • These ttpertures must be so dosigned 
os to reduce helium lonkage to 0. very low value, in order ~o mininlizo 
the disposal problem and to conserve helium. Any le8k~ge must be 
diluted with such large quantities of air D.S to ochicve suffici0nt 
dispersion of contaminated gnses. 

Insulation of the pile is required in order to reduce hoot loss. 
Such insul~tion must installed bett.-veon tho pile ~n9. the pressure 
shell, in order to make uso of low ~lloy steel in tho shell. Tho 
absorption of gamma radi?tion in solid insulating mntoric.ls gonorntes 
hent so that cnre must be'exercisod to select ~ material whorein this 
hent genorot1on vlill not be excessive. Accordingly, investigations 
nre planned which will lead to a. satisfactory method of insulating the 
shell. Until the results of thesQ investigo. tions. bocome :.'va ilr.~ blo , it 
is planned to include the insulation betweon the sholl and th(; pile, vrith 
a helium cooled inner lining of a high temperature alloy to prevont D.ny 
possibility of dust from tho insuln.tion entering the helium strenm •. 

With tho presont design the pressure shell will opora.te at about 
5000F. Tho moderator bricks at tho hot end of tho pile- will ·opera.te 
at B.bout 14000 F. From room to 1400oF.· the moderator will 'Oxp[lnd 
approximo.toly lit in diameter. The design will nllow for this oxpe;nsion 
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~ without imposing stress on the lines sepnrnting the insulnting section 
from the pile proper. 

5. Shielding 

The necessity for shielding the active pile is obvious. That 
shielding will be required for all elements of ~he heat tran~fer . 
system is not so re~dily apparent. The need ar1ses from rnd1onct1ve 
contamination of the heli'um. This contamination consists of active 
fission products from the fuel, gaseous impurities ~n the cooling mediunl 
as originally supplied, and traces of gases remaining in the system 
after purging. T'hile this 'radioactivity is but 0. fraction of thut in 
the pile, it is of sufficient intensity to require appreciable nmounts 

· pf shielding. 

The shielding of the active pile presents the most difficult 
problem since the acti vi:ty at this point is many times that in tho 
outer helitun circuit. Furthermore, while the activity at point$ 
removed from the pile is mostly of gUrnn:1.C\ radiation, that at the r.eactor 
~ncludes therm~l and fast neutrons as well as gan®~ radiation.* As has 
boen expluined previously, the absorption of gamma rays is accomplished 
more effectively by elements of high atomic ",{eight. Fast neutrons must 
be slowed dmm by collisions with light atoms to ther:rnnl levels, where
upon absorption is achieved through the use of absorbing elements. In 
the neutron absorption process, hmvGvcr, gnmmn rays aro emitted which 411 must be absorbed ju~t as those originnlly emittod. 

• 1 

With these facts in mind,n practice of pile shielding has 'been 
developed which has led to a two pnrt shielding; the first part, a 
thick layer of iron vThich is effective in absorbing gD.nnru:\ rays Q.nd 
thermal.neutrons~ and tho second part, a construction providing for 
moderat1ng the fust neutrons to thermal levels, absorbing them and 
the secondary gamma radiation incident to the absorption proces!**. 
In the second part of the ,shieldin~, two types of construction are' 
useful; (a) concrete mixtures and (b) a laminated construction of 
alternate layers of hydrogenoous mntorial (such as Wnsonite) and ir,on. 

The use qf concrete is satisfactory where spnce limitations nre not 
severe. It is relatively cheap, readily available and easily formed . 
into desired shapes. For a given reduction in intensity of,radiation. 
how6ver l it is only about one-thir~ as offective per m1it thickness as 
the laminated construction. 'Hence, where spac'e is importnnt the 
laminated construction is used, although cost and difficulty of 

* For a bri~f discussion of the effects of various types of radiation and 
the tolerance limits, refer to Appendix ,II, Page 134 

** For a table of the effectivenoss of v~rious absorbing materials 
refer to Appendix II, Page134 • 
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~ fabrice.tion are increased thereby. 

• 

. ' 

In view of the .fact tho.t approxi:motely 1 percent of the power 

gener.')ted in the pile "leaks" (in the form of rndiation) through the 

container, the shielding immediately adjacent to the pile will receive 

energy at the rate of about 400 ~Vwhen the pile'is oper~ting at 

maximum p(}TJver of 40,,000 lCVi[. A 10" layer of iron, adj£'.cent to the 

pile will o.bsorb about 95 percont of this- enorgy .. as a largo percentage 

of the rndiQtion is in the form of g3~ rays ~nd thermal neutrons. 

The rc.to of D,bsorption is high enough tho.t cooling must be provided 

for the iron to prevent excessive tempel'ctures. This is conveniently 

accomplished 'by wat0~ which not only cools tho iron but has c modorcting 

effect on tho fast neutrons. 

In the secolld pnrt of the shielding tho heat genoT:J.tion is nt a 

low enough rate thnt" oxcept for the innermost portion" the hoot 

dissipation through the material is adequate. At the inner surfaces it 

is probnble thnt cooling will be required; this may be accomplished by 

cooling water passages •. 

The use of ~~ter as n coolant introduces an additional, though 

minor I shielding and disposal problem. Impurities in the water Iuay 

become radioactive end thus the water lines must be shielded. Disposal 

of the active cooling w9tor can be done only after n sufficient decay 

period has' elapsed to reduce -the activity to safe levols • 

Operation of the pil,e at pressures of ebout 10 atmospheres intro

~uces a helium leakage problem. The pile presents m~ny potential 

leQk~ge paths. due to controll instrumentation and fuel handling 

facilities. Any leakage of helium must be disposed of in such a 

m9nner as te ·prevent exposure of personnel. This may be D.chieved by 

provision of an air gap innnediately around the pile sholl; which is 

vented through a stack and maintained under o. slight negative pressure. 

This negative pressure can be achieved by un exhaust fan~ Qnd will 

ensure that any gas passage. through the shielding will be inward. 

This air will also serve to cool the pile shell, outer surfaces o.f 

ducts, nnd aUXiliary equipment within the shield • 

. A similar n ir gnp must also be provided in the out~r portion of 

the shielding, since there is a possibility of evolution of s~.ll 

quentities of toxic snsGs in the material of this part of the shield. 

This is the case When Mosonite is used. Whilo the amounts of such 

gases produced are minor, care must be exerted to prevent their escnpe 
into operation arcus. . 

Communication with opernting mechanisms must bo maintnined through 

the shielding in order to control the pile~ and such communicating _ 

passages present potentiol radiation leakQgo paths. Provision must, 

therefore l be made to prevent leakago at thOSe points by incorporation 

of suitable snielding plugs or labyrinths • 

In the interests of shielding problems in general, thought and 

calculstions aro being directed t~~ard the inclusion in tho concrete of 
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~)mfiterials with exceptional'absorbing ability. Boron, with n cross 
section of about 700 barns, is one such material under considoration. 
Investigations a.re also under wayan using a hydrogen bearing iron ore 
as the aggregate in the mixture. It is thought to be possible to 
improve concrete effectiveness by such methods to the point where the 
required thickness will approximD.te the ID.minatqd construction. 

• 

ei 

6. Provision for Exposur~ of Experimental Samples 

One of the important functions of tho high temperature pile will 
be the testing of construction materials for proposed new h;i.gh temperature 
piles under conditions of high.neutron flux and high temperature. For 
this purpose two channels near the center of' the pile will contain 
thimbles extending into the pile through tho upper shield and through 
the pile shell. These will be made of eithor high melting stoel orJc 
columbium and will be similar to the motal guide sheaths plo.nned for the 
control rod ch~nnols. They will permit the exposure of samples nt a 
neutron flux up to ten times that now available at Hanford and at 
temperatures up to 1400~. 

7. Noutron Physic Experiments 

To predict pile size for a new pile design, tho amount of 
fissionable material required, the size of the roflector. end the 
temperature coefftcient of pile reactivity, it is necessory to know 
numerous fundamental physical quantities which describe the behavior 
of neutrons in a pile. Since certain of these quantities nre not 
lmovm with sufficient precision for other than preliminary cnlculations, 
they must be determined by experiment before final dmmonsions in tho 
pile.design can be settled. 

These quantities which we shall consider here fo.ll naturally into 
groups. 

Group I - Properties of Pure Materials. 

A. Neutron' Age in BeO 

B. Neutron Diffusion Length in BeO 

Group II -Properties of Sub-critical Pile Assemblies 

A. Buckling and neutron reproduction constant 

B. Pile temperature coefficient of reactivity. 

The follOWing treats in succession the experimental measurement of 
the above quantitios. 

a.. Neutron Age 

The pile discussed in this report is a thermal pile .. ' ie, the vast 
majority of the fissions are produced by slow" or thermal, neutrons. 
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Since neutrons born in the fission of u nucleus are in gcnernl fast" 
it is necessary to slmv these neutrons down to thermo.l energy tomnin
tnin the chain reaction in 'this type of pile. Since no two m~terio.ls 
arc the same in their ,ability to slow dovm neutrons" it is necessary 
to h2VG a qua~titntivo measure of this obility. The moasurement usod 
is cQI~ed the neutron age or Fermi age and it is commonly denoted by 
the Greek letter 'j. Spocifically " ho.s the dimons ions of cm2 

8.nd 1/'-7"" is the average distance a neutron diffuses through the pile 
in slowing do~~ from fission energy to thermal energy. In general 
moterio.l compos'cd of light atoms is more effective in slowing down 
neutrons than materials composed of heavy atoms. The purpo~e of'the 
Fermi ago measurement is to detorminc the slowing devm distence. 

The importance of '''t in pile design may be seen in the fact th8t 
tho lQrger the distance 0. neutron must diffuse in slowing dcwm, ie" 
the lo.rger the value of .",:", I the larger the critical size of the pile. 

Tho experimental technique for the moasuremont of /' is as 
follows. A .sheot of U235 alloy 3 feet square is placed bctvveen UriO 
blocks of BeO as illustrated. 
The whole assembly weighing about 
4 tons is then placed in a thermnl 
neutron beam. The beam of slevi 
neutrons produces fission in the 
U235 sheet and the fast fission 
neutrons enter the BeO blocks and 
are slowed dovm. . 

As the neutrons are slowed U235 

3 1 

t 
BeO lBlock 

I 
I 

J- -- --
"",..,...... .. _""fIIIII!IIo - -I"", 

/,' /' ... ~.," ,. down" they movo away fron the Alloy 
U

235 
source sheet; but, even so, Platet~~'-------------~I~ 

the density of. neutrons sl?wing , B, eO Block J ..... 
dovin and beeomlng thermal 1S much 
grea tor near the s ouree than it is 'I' f· '!' 

4' 
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far away. There is '0 mathematical Therma1 3Neutron Beam. 
equation relating this dec,reuse of density with distance from the S ouree 
to the noutron ago.t7 • By, measuring the denSity decrease with 
suitable foils and plotting the curve of density, against distance from 
the source, one can calculate the neutron age by n curvo fitting process. 

b 0 Neutr9.E.1?iffusion Length 

In tho foregoing section" we discussed tho neutron :lge. which is 
n measure of the distance n neutron goes in sloYling down. When a noutron 
hns slmved down to thermal energy" it will not be captured immedio.tely 
but will diffuse a considerable distance through the pile as n thermal 
neutron. The distance a thermal neutron will go before ca.pture will then 
depend on the "transporencyft of the pile rotorinl to tho passage of 
neutrons .. and on the tendency of the material to absorb neutrons. The 
physical illlit used to measure this distance is the diffusion length 
commonly denoted by the symbol, L • A ~argo value of L for a 
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n~terial like pure graphite or pure BeO, n~ans that that matorial is 
very free from str.ongly absorbing imp1.Jritios such as boron. It is 
clearly important that the moderator materi8:1 be free from such 
impt~ities since the latter absorb neutrons that could otherwise be 
used to mnintD.in tho chain reaction or to convert Th to U233 • Thus 
a good moder~tor material will have a large diffusion length L as w9l1 

. as Q sDlD.ll r;'" • 
The experimental measurement of L is very similar to the moC\suroment 

of '( • A block of BoO of 

Block 
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l.kr ! 
Beam of Slow Neutrons 

c. Exponential Test 

approximately tho dimensions shovvn 
is placed in n beam of' thermal neutrons. 
As the neutrons move up through the 
block, some nre captured by tho BeO. 
Thus the density of neutrons w.ill 
decrease as tho distnnce frmn the 
noutron source increases~ There is 
a mathomatical equation rolating 
this decroasing neutron density to 
the diffusion length L. By monsur
ing the decreasing density of 
ther~~l neutrons with suitnblefoils 
and making Q graph of the data, one 
cO.n obto. in tho val ue of L by n 
curve fitting process • 

The primary purpose of an exponential experiment is to improve 
the estimate of the pile critical size. The fundamental calculations 
are based on physical constants of an assumed mixture and moderater. 
The exponential pile simulates the actual construction and permits 
the determination of these values to a higher degree of accuracy. 
The concentration of fissionable material is kept well below that nec
cessary to make the system chain reacting, the neutrons for the experi
ment being provided by an external Radium-Beryllium source. By this 
procedure the danger from radiation and fission products is kept at 
a minimum and the danger (always present in studying actual critical 
systems) of a neutron chain reaction getting out of control is removed •. 
Very little Shielding or personnel protection is necessary and the 
parts are readily accessible if the arrangement of the lattice needs 
to be changed. 

The actual data consist of meesu .. :ements of the relative neutron 
flux as a function of position. Such measurements are made by acti
vating (making artificially radioactive) foils calibrated for the 
purpose. Analysis of these curv~s gives the "buckling ll (B2) from. 
which the critical size can be calculated. Also by combining the 
value for the buckling with measurements of the Ferm.i age '1 and the 
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diffusion length L, discussed previously, the reproduction constant 
(k) can be determirF:ld. arranging the assembly so th~t it can be 
he ated the effect 0:' temperature on the critic al Gize and reproduction 
constant. can b~ measured and thus knowledge of th·.:l tempere:cure co
efficiont of the pile can be obta.;.llod. 

The. reproduction constant (k) in pile theory is thu nurllber of 
thonnal neutrons produced per thermal neutron absorbed in an infinite 
extonsion of the pile material. If k is less than unity evon an . 
infinitely large pile could not be made chain reaoting. For any 
fini to pile the re is loss of nout ron s due to 10 thrO'.lgh its 
boundaries and k must be eroator than one for the system to be chf:tin 
reacting. The "buckling" fB2) is just the negative of the curvature 
per unit neutron flux at each point in the pile. It can bo measurod 
directly by measuring the r@lative neutron flux as a function of posi
tion in the pile with refer()ncG.t say I to the neutron flux at the 
centor. The quantity determines the critical size or critical muss 
of fissionab~e material for tho pile. 

The reproduction constant and tho II bucklingll are relat;od mathe
matically by an expression containing also the tlage n ("T) and tho 
diffusion longth L so onoe .f32, ~(and L are knovm k can bo computed. 
This is necessary for calculating the size of the reflector and its 
effect in turn on the critical size of tho 

d. Transport Cross-section. 

Measurements of transport cross-section in BeO <:ire planned 
at severa.l different temperatures, using blocks of BeO cont~iin
ing a known ~mcunt of boron as a neutron poison • 
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IV-C. COOL1~ AID COOLJll~T SYSTEM 

1. Capacity of P~.'!l.nt _ Equipment.. 

The critice.l size of the pile as explained in "Pile Physics 
Considerations" Page 32 .. is determined 1JY the physical. pontents 
of the model'"utor, reflector, and fuel rod. This critical size is 
the same for 0 heat output as it is for 4,000 iav: or 40.000 KVf heat 
output, providing the pile temper~ture is the srune in all cases, 
£Jld the pile temperature is fixed by other considerations. The 
Emlount of U,2"35 consumed is proportional to the power of operation, 
but the runoupt of U235 in the pilJ is of thG power. 
Thu~ for higher power levels' of operation more m~.ke-up U235 is re
quired and the work of chemical proceSSing for U235 recovery is 
increased proportionately. 

In order to make a. suitable design of the gas handling and 
generating system for tho pile, it is necessary to evaluate the 
maximum pO'~'''er level of operation to be expec.ted. One of the first 
steps was to analyze thf} pressure drop ~nd the pumping power re
quirements. * For pile output from 4000 to 10,000 KVf rent, the 
heli~~ pressure in the system should be from 3 to 4 utm. Since 
it is generally assumed that it will be desirable to operate the 
pile up to 4000 KW heat output or more, it is concluded that the 
pressure in the system must be above atmospheric pressure. Recent 
calculations have confinue,d this. It is very Ii ttlo more difficult 
to operata at 10 atm. pressure thO-n- at 3 atm. pressuro., and th€l 
entire gus handling and powor generating equipment will not be much 
more complicated for opero.tiqn at 40,000 KY{ than for operation a.t 
4000 KW. Tho only difforence betwoen those tvro power levels ?will 
bo in the size and capac~ty of the oquipment 9-nd not in the Goneral 
des ign. Engineorgm@ judgement at the present dic-tc..tes that 
pressure much in excess of 10 atm. will causo major structural 
problems in the design of tho gas handling apparatus. 

Tho construction- of the pile for operation at 40,000 IWv 
heat output involves very littlo additional expense for eqipment 
over that required for a pilo whoso output is limited to 10,000 
K'Wor 4000 I\'~7 Tho knovVll fuctors involve slightly thicker shicld
ing,larf~er capc~city drivip.g turbines for holium circul~ .. tion, larger 
boilers to obt~in the] larger area. of heat transfer surface required, 
a larger cooling tower to dispose of waste hea.t, thicker ,valls o~ 
the ducts, boiler, blowers, pile shell, etc., and slightly better' 
seals on the blowers, fUG1 charging appe.rtltus aild~oontrol rods. :'In 
0.11 cases, it does not require any additional ecp ipment; just 
largerequipment, in some cases having some moro elaborate features. 

The plan of operation of tho pile is to start with v~ry low 
heat outputs, and test for the effect~ of high temperature on the 
,pile and auxiliary G qu ipment. The heat output will be slowly in
creased, until after about Seven months, the power lovel will be 
up to 4000 lei heat output. If the test data indicate that higher 

* Pressure Drop in DaiiIelsTJ!ile by D. D. Strcid, lrr Juiy, 1946, und 
supplement to this report, 9 August 1946. 

, 
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power le.v'3ls can bo achieved, tho heat output ViTill bo increa.sod 
until tho test data indic'ates, that tho maximum reasona.ble power 
level has boon roached. This conceivably may be as high as 40,000 
Ki'l heat output, and it would bo undesirable to have tho plant do
signed so that the auxiliary equipment limits the maximum power 
level; this 13hould be 1 L."11it'Jd by the reacting pile. It would 
delay the progross of the entire ov(;;rall program if' th€; operDt ion 
of tho entire pla.nt should be marginal at 4000 K.{ hl3e.t output, and 
opora-cion at higher povlers could not be obtained vii thout completely 
rebuilding the entire plant. 

Bused on the c.boVG, the auxiliary equipments of the plant, 
such as boile rs J blowers, ducts, steam plnnt's, (.,tc., aro be j.ng 
designed to handle a :::taximum pile heat output of 40,000 K.1. This 
will consist 01" duplicate ecp..1ipm(:)nt, so that continuous opere:tion 
of the pile up to 20,000 K-."i will be assured, oven when half of the 
oquipment is shut down for sorvicing, inspection, or repairs. 

2. Choice of Helium 

Early study indicated that cooling of the pile, by a gas was 
preferable to liquid cooling as liqufudl cool introduced a majpr 
problem because of reaction between the· coolant and the ,and 
because most liquid coolants have a very high neutron absorption 
cross-section. For a temperature pile, water cB.r.mot be used 
as a coolant" except at the tremendously hii!,h pressure required to 
prevent evaporation. Other liquid coolants are mercur:r, NaK, bis
muth, lead, etc. Very little is known about the practic81 use of 
~y of these liquids as coolants in piles. Therefore it appears 
that gas cooling will intorduce fewer problems in the pila design 
than liquid cooling-

Of the camnon gases, air, steam, hyunogen and helium are the 
most reasonable choices for this applic~tion. Oxysen in air reacts 
with UOZ at high temper~~tures converting it to U20,& which then 
sublimes out of the pile. Stesm r0Sl.ctswith BeO ca(!l13ing, a phy-
sical detori oration and sublimation of BeO a t' high ' tures; 
Hydrogen introduces an ,explosio.n hazard ·and is so light th~{ t the 
ppo~le~: of pWnping large quanti ties is very difficult. 

Helium has none of the disadvant~ges of the above gas0s, and 
thus offors a good possibility. It is well suited for this appli
cation; it is physically inert to the high~ , 19, and ~ radiation 
and the neutron bombard.l'nont of the pile. I tis' chGmi cally inert 
in that it does not affect BeO, U02, or graphite, even at very 
high temperatures. It is not corrosive~ and it docs not ombrittle 
stee 1. It is one of the best gases kno'.iffl for heat tr,~sf\3r because 
it has a combinu.tion of a high sp'3cific heat and a good thermal 
conductivity. 

Helium has the disadvant~ge compared to air and steam in that 
it is difficult to PUIl\P beca.use of its low atomic weight. This re
quires relatively high pumping power for a given mass flow. Also 
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the desigp. of the blower becomes difficult because it; roqu.ires ~ 
an extremely high tip speed to supply the neCGSS ary (mergy for 
compression. For example, in this· applica.tion, a centrifugal 
compressor impGllcr with Q. tip speed of 700 rt/sec. is requirod 
to obtain a compression ratio of 1.02, vvheroas, pumpir~ normal 
air, this tip speed would produce a. compression rr.;~tio of 1.4. 

Helium is :availabJ.c in sufficient quantities a.t roo.sonable 
cost so that it can be cons.idered for use in tho pils. :For the 6.bove 
reasons, it is cot;\cluded thut. helium is a good gas for this appli
cation. 

3. Power Generating System 

Tho (',rrangement for converting the hoat generated in tho 
pilo to electrical ellergy is shown on Figure B-2. Ho lium is 
pumped through the pile and removes ·the heat; it thon coolGd in 
a boiler a.ndreturned to tho pile by a blowor. Thus the helium 
is circulated in Q. closed systom. Tao stG~ generated in the bailor 
is expanded through a turbino which drives a gen~rator, producinG 
tho useful electrical output of the systom. The turb,ine oxhaust is 
condensed, and is returned to tho boilor by a. feed pump. 

The helium system is opzrf.tted . at approximately 10 atm. pressure • 
The gas le t:::C'1T8S the pile at 1 400 OF' • This temp~rature was selected 
because it is considered the practicable upper limit for operation 
of materials in the pile, ducts, and boiler based on current engine
ering experience. Tho usa of a higher temperature would introduce 
high temperature m~te.l development problems v/hich miz,ht prove-· , to' 
be very difficult and unduly delay the entire project. The use of 
14009F will fillbY{ tho production of steam at h.i.gh enough temperature 
end pressure to be used offic iently in a stund(',rd steam tur.bine .... n th 
a reasonable boiler area. If the temp~rature wor~ docro[l.sed much 
below 14000 F the amount of helium circul:3.ted would havo to· be in-

. croo.sod with a considorable incroase in pumping power. ..Itlso, a 
reduction in this temperature would reduce the max:im1.un stsrun tern
p,:)raturo and pressure w hieh could be generated in the boilor unless 
more uroa is added. These tli{Q factors in combination vvould increase· 
the power requir~ncnts of the blower and at the srune time would ro
duce the power putput of the turbine ;~oncrator. It is considered 
desir!1ble to keop this tcmporo.ture as high as is technic ~lly fcas'ibla 
because the ultimate porformance of atomic piles will dopend on 
high temperature operation and .it is desirable to obtain experience 
as soon as possible with high tempo rature operation. 

The low temperature (6000 F) in the helium syst~ has baen choson. 
bec.B.use this is the upper limit for operation of mat8ri~ls presently 
available for blowers. -rhe use of a higher temperature would require 
special materials in the blower and would complicate the blower 
de sign bec ause of strength limitations of material at higher tempera
tures. im increase in -::this temperature would re.quire·) a higher 
rate of circulation. or the helium which, as explained above, is un
desirable. 
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The schematic diagram (Figure B-2) shows a direct heating 
boiler in which the heat from the helium converts the water to 
stealn. Should a leak develop in the 'boiler, water vall be in
troduced into the helium circuit. At the temperature and pressure 
there exfusting, the water will be imm~diately vaporized. This has 
two results, (1) the vapor vall react with the BeO in the pile 
causing it to deteriorate, and (2) the vapor will increase the 
reactivity of the pile. In case of a very large leak in the boiler, 
or a sudden boiler tube failure, a considerable quantity of vapor 
Will be introduced into the helium; about 1/2 second later this 
iTapor wil~ enter the pile causing an extre'mei~r rapid increase in 
the pile reactivity, which must be checked by the safety rods. 

If the rate of increase of power due to this increased reacti
vity is sufficiently fast compared to the speed of operation of 
the control rods, an explosion may occur. Present calculations 
indicate that when half of the helium is displaced by water vapor, 
the pile period is seven seconds which means that seven seconds is 
available for operatt~nn of the control rods; this is within the 
speed capac ity of the control rods. Therefore , it is re asonable 
to pooceed on the basis of us a direct heating boiler for the 
design of equipment. 

There is some uncertainty in the ,p~ysical data used as the 
basis for the calculation of a pile period of seven seconds when 
water vapor enters the pile. In case later information indicates 
that there is too much danger of an explosion in the pile being 
caused by a boiler failure, it may be necessary to design the 
system to protect against this possibilityo At least three.methods 
of doing this have been considered and are discussed in detail in the 
"Boiler"" section Part V, Page 101 of this report. First of these 
consists of the use of a mercury boiler to t'ake the heat out of 
the helium and a mercury condenser which heats water and makes 
steam. A second idea is the use of a secondary helium system in 
which the heat from the boiler is transferred to the secondarv 
helium system through a gas-to-gas heat exchanger. The heat is 
then removed fram the secondary helium system by means of a steam 
bO,ilar. These systems have the disadtJ:antage of requiring two heat 
exchangers each of "Which is larger than the single heat exchanger 
required in the direct heating system. They also have the dis
advant~ge ~f the power required for the circulation of the mercury 
or hellum ln thi3 secondary systemo The third idea consists of a 
boiler ~onstructed of double walled tubes with a space between the 
~ub~s fllled with a gas or liquid. In case of a tube failure, water 
lS lntroduced into this Si8Ce, and not into the heliumo These ideas 
are discussed in more detail in Section V, Page lOBo 

F,igure B-2 is a schematic diagram of the power ·system. It doe s 
not, however,. show all the d~tails of this systemo It is planned 
to, use two bOllers each havl,ng a steam generating capacity of 55 000 
l~s/hr; each boiler will be capable of operating with up to 20,000 
K.-( h~a.t output from. the pile. The two boilers in parallel will be 
requlred for experlmenta.l operation up to the maximum heat output 
of 40,000 KW. 
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It is planned to install two blowers per boiler or a total 
of four, each capable of handling,one-half the maximum flow 
of a boiler. Duplication of equipment is required to insure 
continuous operation. For example, if a boiler or a blower 
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is being inspected or repaired the pile can be operated on the 
other one. 'This has the structural advantage of reducing the 
si~e of the individual helium ducts. It is planneq. to install 
the boilers and blowers in individual cells so that anyone 
of th:em will be accessible for inspection or servicing while 

, othe rs are being used. 

The following is a tabulation of the conditions in the 
various parts of the pile' powor system. 

Maxim urn Pile Output 
Helium Flow 
H(::llium from pile to boiler, temp. 
HeIDi~ from pile to boiler, pressuro 
Hulium from boiler to blower, temp_ 
Helium from boiler to blower,pressure 
Helium from blower to pile, temp. 
Helium from blovror to pile pressure 
Helium blower shaft povror 
Ste~ at boiler, temp • 
Ste~ at boiler, pressure 
Steam at turbine throttle, temp. 
Sterun at turbine throttle, pressure 
Steam Flow 
Generator output 
Feedwater temperature 

40,000 K~i heat 
34 Ib/sec. 

1400 of 
l4? • 5 Ib/2in- 8-

500~ 
147 Ib/in2 a 
5140 F 
150.6 lb/in2 a 
600 KW 
?750F 
450 Ib/in2 g 
750°F 
415 Ib/in2g 

110,000 rO/hr. 
8,000 KVv 

220 0 F 

A more complete flow diagram showing all the equipm-snt 
in'vol ved in the power gas system is shown in Figure B-1. 
This shows the functional relationship of the t-w-o boilers 
Md the four blowers'. 'rhis diagra.'Tl does not show details of 
the auxiliary systems$ such as the helium supply system, the 
helium purification system, the gas deoxidation system, and 
tho gas de-humidifaction system. 

4 • .... Venti.ation ,,'./.'._-----
It is plannod to design the entire helium system so that 

all of the oomponents including boiler, blowors, ducts, eta., 
are ventilutrisd by an induced draft fan. irny loaka::;e of helium 
containing radioactive fission products, thus will be picked 
up in this air and will bo discharged from a high stack. In 
case of ,a sudden increase in the activity of the ventilating 
air tho pile' autoro:::\ticilily will be shut dovm. '1'he details 
of this ventilating system cannot be worked out until the com
plete plnnt is dGsignod. 
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IV- D. CONTROL 

1. Control for P~ler Pile Generation System 

IThere are several factors which would make manual control of this 
pile difficult. There is a compl icated inter dependance of such 
fElctors as neutron flux density, pile temperature" coolant flow, steam 
flow and pressure. Also,the large excess reactivity would make it 
possible for an operator inadvertently to make changes in the control 
rod positions in such a way as to cause the neutron flux density to 
rise with a very short period. The control will, therefore, be 
almost completely automatic. 

The control system is shmm schematically in FiE_ 0-1. This 
diagram shows only the fundamentals of the control soheme ·and part
icularly not thQse required by a standard power geners.ting plant. 

This system is one which will deliver electrical power at sub
stantially constant voltage and frequency to either an isolated system 
having a variable load or to a system whose frequency is determined 
by other large connected generators. 

A detailed analysis of the control system is being made to 
determine the stability, transient response and required speed of 
operation of safety mechanisms. It is felt, however, that experience 
on similar control problems makes it ~ossible to determine the general 
requirements of the system in advance of this detailed analysis. The 
information obtained from the analysis, it is expected, will confirm 
present opinions on the system in general and will give the necessarJT 
data for the design of the individual components of the system. 

a. Control Rods. 

The criterion ,determining the control method is the'necessity 
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. for the most immediate response of the pile control to the processes 
g'oing on inside of the pile. It is proposed to make tne control rods 
responsive to neutron flux, detected by an ionization chamber ,'" arid to -such 
functions of its rate of Change as will effectively limit the pmver 
generated tn the pile to an adjustable maximum value" and which also 
will limit the pile period to safe values and provide. transient 
stability_ At all times the control rods will also be responsive to 
a predetermined limiting pile temperature as determined b~r the 
maximum temperature indicated by anyone of several thermocouples 
located at various points in the pile. 

b. Power Level Res~t by Steam Pressure 

. The maximum power g~nerated in the pile will not be allmved to 
exceed at any time a value determined by a manual' setting of the 
control system. The pile will be operated at the power level necessary' 
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to maintain the steam pressure substantially oonstant. Hmvcver, 
tho attempt t'o maintain oonstant steam pressure will not be allowed 
to oause the pile period to decrease below a given value. 

o. Blavrer Control. 
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The temperature of the helium gas leaving tho pile is to·be oon
trolled by the rate at which the helium is circulated. The exit fram 
the pile is the most logical point for such oontrol becauso it is the 
point where the least lag in coolant temperature consequent to a 
variation in rate of flow is encount·ered. The type of blower control 
to be selected will depend upon the type of blower drive chosen. 
Means will be included to prevent oscillations in tho temperature and 
it may be neoessary to supploment variation of blmver speed with the 
use of dampers to obtnin suitable rates of change of helium circulation. 
Caloulations indioate that the temperature of the helium entering the 
bottom of the pile will vary slightly with load, dropping from 500°F 
at full load to approximately 375°F at '5% load. It is not believed 
that this variation in entrance ooolant temperature will lead to any 
diffioulties in control. 

d. Turbine Speed Governor 

The turbine is controlled by a norn~l speed governor which opens 
or closes the steam admission valves to maintain substantially constant 
speed regardless of load variation. This is a conventional type of 
turbine control which has proved satisf~ctory. If the generator is to 
be tied into an existingconstsnt frequency systom then tho power 
output will be determined by adjustment of the turbine speed governor. 

e. Boiler Feed Water Controls. 

The normal boiler feed pump and make up water controls are excludod 
from this discussion as they neod not bo of a new type, peculiar to 
this generating system. 

f. Helium Control. 

'A g~s analyzing control 'systom provides for by-passing helium through 
the purification system in the event that the oxygen, nitrogen, or 
water vnpor c()ntent of the m~in circulating system rises o.bove specified 
limits. This will be a manu~l control,. based on readings from a gas 
analyzer" but a means of automatically shutting do'Vm the pile will be 
provided in the event that appreciable amounts of those impurities aro 
in the helium gas. 

Variation of operating gas pressure in the systGm is controlled 
manually by pumping helium to or from the low pressure storage ~ank as 
shmm in diagram B-1 • . 

A relief valve is included in the main circulating system to insure 
that the helium pressure does not increase above a sufe value. 
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~.Emergency Safety Controls. 

It is of the utmost importance that the control circuits be 
reliable and,for this reason, the use of three cqntrol circuits in 
parallel is being considered. Only one will be connected so as to be 
in actual control at anyone time. The output of 1.3.11 three, however, 
will be compared automatically and any deviation of one from the other 
two, which exceeds allowable limits, will be taken as an indication 
that that circuit is faulty. If the circuit in actual control becomes 
faulty, then control will be automatically transferred to one of the 
other circuits. 

It is also desirable that the failure of a controi component 
which does not immediately affect the operation of the pile~ does not cauae 
the pile to shut down, but instead first causes'~an",,8.1arm.:·to"':.pperate, 'S,h'i1, 

if no corrective measures are taken within a predet~rmined time interval, 
then' cause$ ·,the'·'pile to' shut down. 

a. Pile 

Safety rods are to be provided to shut davID the pile should the 
power exceed the maximum setting, should the pile temperature exceed 
the normal limiting value" or should"the pile period be less than the 
prescribed value. All of these factors will be set to operate the 
safe,ty control rods at values a given percentage from the normal 
operating values. In addition the safety rods will be caused to drop 
upon loss of control power, excessively low speed of helium blower or 
upon a combination of low steam 'pressure and lov, ,vater level in the 
boiler. Operation' of the safety rods will cause the control rods to 
'ent~r"ra:p'idly to the fullest extent. 

b. Steam Pressure 

Steam pres~ure in excess of normal pressure by a fixed amount will 
cause a safety valve to discharge to atmosphere and at tIle same time 
reduce the power level of the pile. 

c. Turbine Overspeed 

The emergency governor of the turbine will cut off steam to the 
turbine in the event of overspeeding by a fixed amolmt" and decrease 
the pile power to a minimum value under influence of the control rods. 

3, Design Considerations • 

. ~,,... Control Rods. 

Preliminary calculations indicate that at least seven regulating 
rods will be necessary with additional safety rods • 
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Changes in reactivity may be obtained either by moving one rod or 
by moving a group of rods in parallel •. In either case it would be 
necessary for the maximum rate of change of reactivity not to be 
exceeded. If the rods were actuated one at a time, it would be necessary 
to provide means for controlling the relative positions of the various 
rods. This would involve switching mechanisms, such as position 
actuated transfer switches and limit switches. For this reGson all of 
the regulating rods probnbly will be operated in parallel. 

:b. Op_er~ting Rapge ~.~_~_Epeeds of ~ol Rods. 

The rate of removal of the regulating vods is limited hy the 
maximum allowable rate of increase of reactivity. The rate of removal 
of the extra safety rods is not limited, because sufficient regulating 
rods will be provided to prevent the pile from becoming reactive under 
all conditions. The excess reactivity which must be compens8.ted for by 

'the regulating rods is a~out 50 per cent. 

The sensitivity of a control rod varies'ppproxim8tely as the 
square of the neutron fllcr. This flQX in turn varies along the vertic~l 
axis according tb a cosine function. ~:his means that motion of the rod 
at the top of the pile causes rolgtively little change in reactivity. 
As it is desirable for B safety rod to cause the greatest decrease in 
reactivity in the shortest time, the combinntion regulf:lting and safety 
rods should never be wi thdr~vm completel~r from the pilo. A design 
value has been chosen as nine inches from the top of the pile. Using 
a similar limit 8.t the bottom gives a four foot working range of the 
regulating rods to chango the reactivity by 50 por cont. 

An allowable maximum rate of increase of reactivity of one tenth 
of one per cent per second flUS been set,based on minimum pile period 
considerations. This corresponds to one tenth of an inch por second~average) 
The maximum rate of Change is,howeve~ approximotely 150 per cent of the 
average, because of the varistion of rod sensitivity over its working 
rangelthereforel the rate of movement of the regulating rods should 
not exceed 0.066 inches per second. 

c. Design of Control Rods. 

It is at present contemplated th~t tho control rods will be made 
of boron steel which will be cooled by the circulating helium. However, 
consideration is being given to control rods which will strm.d very high 
temperatures. Such a rod might consist of graphite impregnated with 
b~ron and having n reinforcing rod through the axis. The rod might also 
be enclosed in a boron steel tube to provent troubles caused by flaking 
or breakage of the graphite. Even if the temper8.ture did reach a 
value above the melting point of the boron steel, the graphite-boron 
core could still cOEtrol the pile. The control rod holes may be lined 
with thin tubes of e. suitable material to prevent the control rods 
from sticking • 
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The control rods will be enclosed in steel thimbles which extend 
from the pressure chamber through the shielding with suitable enlarge
ments for the actuating mechanism. Sufficient helium would be fed in 
through the top of the thimhle to provide cooling and prevont diffusion 
of radio-activo fission products into the actuating mechanism. 

d. Methods. of Actuating Contr'olJ.Rods 

The actuation of the regul~,ting rods will be by means of a re.ck 
and p1.n1.on. The pinion will be driven by an electric motor through 0. 

reduction gear and a magnetic clutch. This system hus me. ny' adventa.gos • 
. It permits accurate positioning, permits any dosired rate of motion Qnd, 
immediate disconnection :by means of the lil8.gnt.1tic clutch when it is used 
as Q safety rod. The position of the rods CRn be~ indicated remotely from~ 
the pinion w'ithout being affected by the disconnection of tho TIt:1gnetic 
clutch.. LL-rni t switches can be used to ro-encrgizo tho clutch to nbsorb 
the shock when the. s3fety rod frills freely.Gfter a s'c.fety trip. 

The method of actuation of the safety rods has not 'yet beon 
determined. It is ,expected, however" thnt the operating mechanism for 
the safety rods will eQch he a different type. This will r0duce the 
probability of t\"J'O of the rod mochenisms failing at the same time due 
to similar causes such as high temperature, corrosion, etc • 
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IV- E. FUEL HANDLING 
.SI _ . 

The "fuel If" compos ed of U235 mixed with a matrix of BeO or graphite 
is formed into hollow cylinders l~u ID x 1" O.D. X 4'~" long.* .It is 
contained in the channels provided in the moderator bricks and supported 
by adequate retainers located in the pile support. 

The u2350z depletes at a rate proportional to the operating power 
level of the pile,. producing objectionable poi.sons, necessitating; removals 
of the "fueln 'when depletion of approximately 10% has been reached. 

A fuel handling mechanism is required to insert the fuel into the 
pile,reerrE\nge the fuel in various channels of the pile, and remove the 
fuel to a decay chamber. A proposal for such a mechanism is discussed 
in the following section. This proposal is the first attempt at a 
solution to the fuel handling problem and requires extensive analysis and 
development before a final approved design is obtained. 

1. Insertion Through Pressure Shell 

The fuel units will be inserted in the rectangular loading case 
shovm in Figures C-2, C-3. The fuel will be inserted only in the holes 
which correspond to those in the loading tray in which it is desired to 
insert fuel. The outer gas seal is opened and the loading case is insert
ed into the pressure loc¥: and decontamination chamber. After the 
decontamination process has been completed the inner gus seal will be 
opened and the loading case then moved to a position oyer the loe.ding 
tray. ViJhen the case has reached the proper position a latch will be 
released and the fuel will be dropped into the loading tray. The tray 
is then moved to such a position as to line up an adjacen.t row of halos; 
the process is repeated until the tray has been loaded as desired. 

2. Loading into Pile Rea ctor • 

The rammer moves the loading tray into the positioning rack be~a~th ' 
the pile. For the initial loading all of the fuel racks will be filled 
with reflector plugs and with nozzles for controlling the flmv of the 
coolant. After these have been loaded into the pile the loading trays 
will be withdravm in succession from the positioning rack and loaded 
with fuel as described in the preceding section. 

The ramme~ shown in Figure C-2, C-3~canbe positioned' under any fuel 
channel. During the initial loading the rammer will ram each of the fuel 
units into the pile. The loading trays will hold one fourth of tho 
total fuel units of the pile. Thus, if the six trays are all fully loaded, 
one fourth of the height of 8ach channel can be loaded at a time. After 
four fuel loading op~rations on a sixty degree sector, the required mno'U...'1t 
of fuel will have been inserted in the pile, the next op~ration will 
consist of inserting reflector plugs. The above proceduro is then repeat
ed for each of the sixty degree sectors. 

• • Q", ... , Ci~_..I...'! ___ "1:1' " .. 
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• If it is, desired to remove depleted fuel units and replace them 

• 

• 

\~rith new ones, the new units are loaded into the trays in the appropriate 
positions, the reflector plugs and the units below the depleted ones are 
romoved and stored in the empty trays. The new units are'then loaded 
into the pile and the stored units are replaced. If wo of the trays 
are filled with new fuel units and four are empty, then the middle one 
half of the pile can be loaded without removing any of the trays from 
the pile. The reflector plugs and the bottom three-fourths of the fuel 
units of one sixty degree sector are stored 'while thE: new fuel units 
are loaded. The bottom one quarter of the fuel units and the reflector' 
plugs are replaced and the dopleted fuel tmits arc removed from the pile 
and sent to the chemical treatmont plant. 

If the loading operation is performed while tho pile is in operation~ 
the loading described above should be done in succession for individual 
channels until the reloading of a sixty degree segment has been completed. 
New fuel, is then inserted in the trays from which the d0pl(~ted fuel has 
been removed and the operation is repeated for another sixty degree 
segment. 

If it is desired to replace the top onG fourth" thon fuol is loaded" 
into only one tray, four trays are used for storing the three fourths of 
the fuel that will be replaced and the roflector plugs" and the sixth 
tray is used for the depleted fuel that is removed • 

The above description is based on completing the reloading of an 
entire horizontal layer consisting of anyone or two vertical ono-fourths 
of the pile fuel. If the reloading is accomplished when the pile is shut 
do~~, then time is saved by operating in succession on all the units in 
one horizontal sixty degree sector. If the roloading is accomplishod 
When the pile is operating, it may be necessary to operate on each 
cha~~lel within the sector in succession, completing the entire reloading 
operation on's given channel before proceeding to the nE}xt c.hanncl • 

The same procedure outlined above applies to reloading in any given 
horizontal pattern as well as to reloading an entire horizontal layer. 

The details of an actual loading operation will nov; be described. 
The rammer is positioned under the desired channel by means of the 
~ngular and radial oontrol prov·ided. Tho rammer is then moved upward 
from its normal posi.tion beneath the loading trays by means of a rack 
and pinion drive. The rammer moves the fuel upward past the retaining 
latch in the steel base plate. When the fuel has moved to a position 
somewhat ~bove the retaining latch, shawn in figure C-4, the latch 
falls into retaining position f\nd tho rammer is witlidravm. l'ho 
latch is moved out of the vmy by the fuel and must remain in that position 
until the fuel has been moved above it. The rammer is so designed tlmt 
the latoh is free to f~ll and retain the fuel in position when the rammer' 
is wi thdravm • 
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The following is a detailed description of an unloading operation. 
When it is dos,ired to unload units from the pile, thE) rammer is ra ised 
high enough'to move rod A upwards. This rod lifts the fuel retaining 
latch out of the way after the weight of the fuel units, in tho pile aro 
supported by the rammer. The rammer is then withdrR~n and tho fuel is 
lowered into the tray. V.rhen the fuel has e.lmost beon lowered to its 
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final position in the tray" the rammer releases the au.."Ciliary rod A and 
the latch is free to fall between the last fuel unit to be removed and tho 
bottom unit to be retained in the pila. A rough schematic drawing of 
accomplishing this is shown in Figure C-4. Tho final design vIill be 
much simpler and more positive in action than here indicated. 

3. Removing the Fuel tl~ough the ?ressure Shell 

rlhen a loading tray has been filled with as much depleted fuel as it 
is desired to remove at a given time, tho tray is withdraYnl from the 

, pos'itioning rack. The tray is moved in succession over a series of uniLoad
ing chutes and at each'position of the tray the fuel is automatically 
dumped into the chutes, passing into a pressure lock. The inner valve 
is then closed, the lock purged of radioact-;ive helium, tho outer valve 
opened, and the fuel passed on to tho chemical processing plant • 
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F. POWER GENERATING EQUIPMENT 

The e1eotrionl power generating equipment of this project is 
very similar to standard steam driven electric p~ver genorating equip
ment. In this section is described the equipment which tnkes the 
energy fron the steam delivered by the power pile boiler and converts, 
it to three phase electrical pmler at the alternating ourrent'generator 
terminals. A flmv diagram of the proposedplnnt is shown in Figure D-l 
of Boo~<: 2. Beoause this is a new method of producing steam, standard 
power plant practice will be deviated from in some respects' to provide 
for variations and unexpected happenings. A discussion of contemplated 
deviations follows: 

1. After all necessary tests at zero power level have been 
conducted~ it is planned to raise the pmver level to 
4000 Kw. Since the initial starting heat load will be 
at very law levels and may be unsteady while the pile 
charQcteristics und control Qre being investigated it 
is proposed to take the small amount of steem generated 
into ~ simple steam condenser; this will be called a 
lI ster,m killer". One can picture the initial startup 
as one where the pov.rer level is inoreased to some value 
and immediately reduced ,to zero Qnd then increased to 
a new higher value "lvith another immediate reduction' to 
zero until one lcarns hm~ the pile must be operated. 
During this period one would not w~nt to operate the 
turbines# and opportunity would be given to study tho 
charapteristics of the steam generated in the boiler. 

2. Ynder normal conditions the turbi~es will operate to use 
all the steam generated in the boiler. If!. event that the 
steam generation does not conform to the requirements for 
power generation and excess steam is produoed it can be 
absorbed in the steam killer and returned as condensate 
into the normal oondensate circuit. There ,is always the 
possibility of one of the operating -turbines kicking off 
the line at which time t;he throttle valve will close ' 
instantly and allow steam to pass into the stenm killer, 
So that interruptions due to turbine shutdmvns or 
exoessive steam production oan be automatically handled 
without disturbing pile operation. 

3. :here is a possibility that the boiler stee.m will vary 
~n pressure and temperature; it is therefore proposed 
to take the boiler steam into a header called the . ~ . 
var~able pressure and-temperature, steam header. This 
hender will ~eliver.steam through pressure> reducing and 
de-superheat~ng cqu~pment to a constant pressure nnd 

, 
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4. 

5,_ 

temperature header providing suitable steam for turbine 
operstion. If the pressure and temperature £811 below 
that required for the turQines there will be no 
serious effect other than a reduction in the rate of 
p01fler generation. 
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The power generating equipment and auxiliaries ·can possibly 
be obtained from the Navy, so the problem exists of 
adapting marine equipment to land ·use. The turbine 

, condensers for morine use arc not designed for the 
water pressures nor~~lly used on land equipmept but 
since a cooling tower will probably be used, n layout 
will be made which will permit the cooling water to 
flO1fI by gravity through the condensers after which it 
can be picked up by tho circulating pumpso 

Parts ·of the steam system such as the boilors must be 
protected against excessive steam pressures, Relief 
valves are necessfJry and since this is a closed system 
means will be provided to take relief valve discharges 
into the steam killer. 

6. Regardless of prec~utions taken" steam or water v/ill be 
lost from the system and it"i.~ proposed. to handle: tliii>:1Jy 
means of an evaporator together iivith a distilled water 
storage tank. only dist~lled water will be used in the 
boiler. However I there is always the danger of a leak 
in the turbine condenser. To overcome the dangor duo to 
passing'raw cooling vlater into the condensate,detecting 
equipment will bo installed and means provided to discard 
the contaminated condensate until the fault has been 
corrected~ During the time the condenser is out of 
operation water will be drawn from the evaporator storage 
tnnk. . . 

7. As the power pile boilor cannot be inspected without 
first being decontn.minated there will be times when it 
is not possible to inspect it. The'rerore, it is vital 
that the feed wuter be or n purity beyond anything 
encountered in standard p~{er plant practice. The feed 
water filtering oquipment will be installed in the line' 
ahead or the boiler. 

8. ~fuere deemed necessary both stoQm and electric drives will 
be provided for auxiliaries. 

9. The question of drives for the pile gas blowers is 
important because of the effect on the pile operation. 
A continuously variable controlled speed runge from zero 
to full speed is desired. For extremely light loads during 
initial startup the DC motor may be the most desir9ble drive. 
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10. 

11. 

12. 

We propose to connect our switchboard to a large outside 
electric system from which we may obtain power a,s well 
as deliver power as operating conditions require. All 
necessary electrical protective devices will be provided. 

The marine equipment has been laid out as a land plant 
~nd after providing ample room for operation, dismantl
ing, etc. we find we will require a turbine room 
approximately 35 feot wide and 67 feet long. Tho build
ing will have two floors. The lower floor as shown in" 
figure D-3, of Book 2, will acconnnodate tho c,ondonscrs., 
circulating pumps, and possibly the gas blower drives. 
The second floor as shown in figure D-2 of Book 2, will 
be npprox~~tely 12 feet above the first floor and will 
accommodate the two main turbo-generators) the'two 
auxiliary turbo-generators, the oxcitor units, emergency 
Diesel units and tho switchboard. The deaernting foed 
V'lOter heater I tho evaporator, and the stenm killor can 
be instolled outside and adjacont to the paNer plant 
building. 

The marine equipment which we propose to use is designed 
for steam at 410 pounds/square inch and 7,50oF. If we 
were purchasing new equipment wo would design for higher 
pressures and temperatures • 

G. Chemical Process Design. 
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Since the chemical steps involved in recovering and decontaminating 
the uranium from the depleted fuel rods from the p~vor pile are 
essentially the same as those for processing the uranium-aluminum 
alloy fuel for the'proposed hetoro~eneous pile to,be built at the 
Clinton Laboratories (1000 project), it appears feasible to use the 
same chemical plant for both piles.· This suggestion has been ~de in 
the Preliminary Design Report on the 1000 Project (MON-N-I08) in which 
n tentative design for the chemical plant is given. Tho proposed 
process as described is still the best known except for minor modifi
cations incorporating subsequent experimental findings. 

The det3il requirements £f the chemical plant on buildu1gs. personnel. 
and equipment are given in the 1000 Project Report and need not be 
repented here •. A brief resume covering the process for hnndling tll0 
fuel rods will be given. 

The BeO-U02 fuel rods will be dissolved in nitric acid. The 
subsequent solution may be then clarified by filtration or centrifugation. 

S~paration of the uranium from solution will then follow by extract
ion with hexone •. The presonce of large amounts of beryllium nitrate 
will act as a salting out agent. De~ontamination of the organic 
extract can be accomplished by washing withan aquoous salt solution 

. ~" 
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and the uranium can be recovered by stripping it from the extract with 
water., The desired degree of decontamination can be attained by repeat
ing the extraction" washing" stripping cycle; by sodium uranyl acetate 
precipitation or by an adsorption-elution cycle on the synthetic resin" 
IR-IOO. Both batch and continuous operation appear feasible for the 
extraction-washing-stripping cycles o 

The uran'ium which has been separated from beryllimn oxide and de
contaminated must be reconverted to U308~ so th~t it can be mixed,with 
beryllium oxide for fabrication Of nevi fuel rods. This may be accom
plished by precipitating uranyl peroxide from the uranyl nitrate solution 
obtained from the separations process. Ignition at 7000 C may then be 
used to convert the peroxide to U30S- A similar procedure is routine,ly 
used at the plants producing the enriched U235 • Since the vveight of 
uranium to be processed per day when the pile is run at 4000 KVuwill be 
only 80g* and the weight when it is run at 40,,000 KlJl[ is only 800g .. it 
will probably be possible to obtain the purified decontaminated uranyl 
nitra~e from the solvent extraction process ;in only a few liters of 
solution o This oan be processed on a small scale either the peroxide 
precipitation outlined above or by evaporation and ignition. 

While it is known that these conventional methods of chemical 
separation can be successfully us eel" an ttrnctive 13.1 tarne-rce method' 
developed in the course of research on the beryllia power pile is being 

e. investigated. In this method .. the daily process batch of berylliu.11l oxide 
fuel tube (about 7 (\9 at 4000 10,1V operation and 79 at 40,,000 KVv 

'. 

operation) is treated in a stream of oxygen at 1200-15000 C. The uranium 
is volatilized and condensed in a cooler portion of the apparatus" leaving 
the beryllia and the bulk of the fission activity behind. 

* Assuming 5010 U235 and depletion. 
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V-A. PILE DESIGN DETAILS 

The general construction of the pile is shovm in figures A-I and 
A-4, which are vertical and horizontal sections through the pile. In 
the vertical direction the structure is seen to consist of three zones. 
At the bottom is the entrance plenum chamber, through which the helium 
enters the pile at 500oF. Immediately above the inlet plenum chamber 
is the active pile wherein the p~{er is generated. Above the pile is 
the outlet plenum chamber, from which the 1400oF. helium is lod~ by 
ducts) to the heat exchanger. The upward ,flow of holiura ¥ms chosen in 
order to plnce the pile supporting structure in the coolest zone, 
possible. 

The bulk of ,the pile consists of 0. la.rge nuraber of hollow 
,hexa.gonal moderator prisms, stacked on end to form a 9' diameter 
cylinder 8.55 t high. In effect, this produces a large block of 
moderator material providing approximately IIOO'channels, spaced on 
'3" centers. In the central 6 t di8nieter core are 517 channels j of 
which 504 are occupied by fuel for a height of 5.55'; the remainder 
are occupied by control rods, safety rods, and experimental thimbles. 
This portion is knovm 9S the reactor. 

The portion of the moderator bricks wherein there is no fuel (18" 
on all sides of tho 'reactor) is the reflector. Since there is little 
heat genereted in this region, the channels around the outside of the 
reactor are filled with plugs of moderating materinl. Sufficient helium 
passage is permitted to remove the small quantity of heat genercted. In 
the portions of the top and bottom reflector layers that index with 
reactor channels, tho reflector plugs must provido for passage of the 
helium quantity required by tho fuel rods; hence, they are not close 
fitting plugs. 

Certain of the channels loco,ted in the middle third of the 'radial 
reflector are not Elugged. Here it is planned to introduco thorium 
rods to produce U233 • The thorium rods will have the same general 
dimensions as the fuel rods, permitting the required helium fl~l to 
remove tho heat generated in conversion. 

1. Selection of Fuel Rod. 

The fuel rod consists of a fissionable material which will be 
called the "fuel H

, and a supporting "fuel rod material" to provide 
structural stability and heat capacity. 

a. Choice of Fuel 
I 

The mown fissionable materials 'i'fhich may be used for running a 
power pile ar~ ordinary uranium, enriched uranium 235, plutoniwn and 
uranium 233. Ordinary uranium requires very large quantities of 
uranium and moderator, accentuating the problem of chemical processing 
and recovery, and rendering impractical the use of the power pile on 
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portable units such as ships. Moreover .. it is dif'ficul t to t'.tilize all 
of the U235 contained in the natural uranium. 

Plutonium probably will not be available. Moreover, because of 
its highly poisonous pr.oporties, special health preco,utions vlould. have, 
to bo follmifed in processing !lnd preparing plutonium and the dev(-31opment 
of the present povfer. pile would be slovved dovm. 

U233 is not'Z8'vailable now, but as soon as sufficient thorium has been 
converted to U23v in a year or so" it should be tried. Its ,constnnts 
for breeding i.o., converting thorium to U233 , nre better than those 
of U235 which makes it ultimately n very desirable moterial for povfor 
piles. Hovlever" it does not exist now in sufficient quantity. 

U235 in enriched form is the best atomic fuel to start with, con
sidering ovuilnbility .. safety for health und erlr1y operation of the 
pilot plant. Ordinary uranium containing 0.7 percent of U235 requ~~gs 
a lattice arrangement of the pile, but when tho concGntration of U 
is increased to severnl percent, (by the diffusion process, for exnmple) 
a lattice arrangement is no longer necessary. 

The higher the percentage of U235 in the enriched tlrnnium, the 
better because: 

0'. There v~·~ 11 be sma ller quantities of uranium to 
reprocess, 

b. 

c. 

T~23C will be n greater- conversion, of thorium to 
U on account of less capture by U238 _ 

There will be a sm:3.llor accumulation of plutonium" 
thus reducing the health hazard. 

It is hoped that the onrichod ~D.nium made availnble for this pile, 
will contain 50 p~rcent or more of U,,35. 

b. Chemical Form of Atomic Fuel. 

The U235 (or U233) cnn be used in the pilo as the motal or combined 
'W'ith non-neutron-o.bsorbing elements in a thermally-stablc chemicnl 
compound. Fluorides and sulph~tes d~compose thermo.lly at the high 
temperatures of the pile. r Ui trntes and chlorides, and certain othor 
compounds, absorb neutrons and, moreover, they are thermally unstable. 
Oxyg0n and carbon do not albiJorb neutrons t and the o,x:tde ond 'carbide of 
uranium are stable at very high temperntures. Tho oxide is chemict),lly 
stable tmvnrd neutrons and it is assumed that the carbide is stable also. 
Tho oxide is much easier to prepare and. process than the carbide. 

Motols erG chcrnicQlly stable because they do not involve chemical 
combination with any other elements, and they should be physicr..lly 
stable. The nccumulation of fission products in metallic uranium ·will 
lead eventually to physical deterioration. The ooc'umulntion of fission 
products may be serious in compolmds but the oscape of these fission 
products is easier from porous refractory oxides or graphite thon from 
the impervious metals. 
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Vfuen the uranium or uranium compound h~s undergone sufficient 
fiss ion to bo ser iously w€lB.kcned in phys ica 1 s tructur c or badly 
poisoned with accumulated fission products, it is hecesssry to removo 
the fuel rod~!, dissolve them in ccid~ decon~aminate from the fission 
Products, purif"y chemically. and restore the material to its original 
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. 235 ' ~ , 
form. Additional U cnn be added after the fuel has been reprocessed 
severnl tLmos. It will be much eas to supply the reprocos fuel 
in the form of the urr-mium oxide than in tho form of the metal bccnuse 
the step involving the reduction to the metnl is not required. The 
purification process involvos the nitrate" which cen be easily converted 
t.o the oxide by heating, but thB f1.~rth(;r conversion- of the oxide into 
tho metal requires an ex~~nsi're metallurgical proc~ss "which may lead to 
losses of tho valu.able U ~5. 

These considerations led to tho choice of the oxide as the form of 
uraniwn fuel to be used in the present design because of its sto.bility" 
its abili-ty to YJ'ithstand high temp~ratures and the:;; ease vfith which it can 
be dissolved, purified and reconverted to the oxide. 

c. The Fuel Rod Material 

The des ired properties of the fuel rod mate;)!::1..[\ 1 carrying the 
U235 nre that it sholl',have no properties detrimont:.l1 to the functioning 
of the pile; that it shall contribute to moderGtion of fust neutrons; thot 
it shall hr:r've physicnl properties s~itnble to the conditions of op~ration I 

and conducive to low thermal stress; and that its desiri1blo physical ' 
propE-;rties shall be sufficiently mnintained under tho influence of 
noutron bombQr~~ent nnd fission product Tocoil. 

The interior of n fuel rod- is hotter t~~n the surface by Gn 
amount th'J.t depends on its'therm::l conductivity and geometric form. 
The temperature differonce causes stress; and failure of the fuel rod 
by cracking llilder this thermol stress is one of ,the conditions thnt 
n19.y place !.l practical ceiling on the rate of povv"er generation in the 
pile" 

Tho overall problom is to find the go ometric o.nd the 
best materiDl under the conditions of servioe. Investigations of 
mO.terinls and shapes are being continued to develop !In improved fuel 
rod for high povmr output. 

1. Fuel Rod for Initial Operation. 

For the initial six months 'bf operotion c.t 4000 KW nnd 
below (page 89 .) the fuel rod vdll consist of beryllin 
mixed with 2 percent uranium dioxide enriched -to 55 
percent U235. The mixtur.o will be hot-pressed into 
tubular 'sections 1 - 1/2 in. O. D. by I in. I. D. by 
4 - 1/2 in. long. Availli\bility and methods of 
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fabricating beryllinhav:e been discussed in Section 

IV -B.-2 page 51. Numerous tost samples nave 

been mnde of hot-prossed beryllin containing up to 10 

percent of uranium oxide, nnd it has be&n establishod 

that such mixtures ore readily hot-pressed nnd the 

important physicnl properties of the resulting shapes 
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are essentially the snme as for pure beryllia. Reprocess

ing will be ncc~ssary when the reactivity of tho pile 

becomes impaired by fission product poisons or when th~ 

physicnl properties of the fuel rod rnateriQl arc too 

far deteriorated for continued functioning. I~ is 

hoped to operate to 10 percent dopletion of U2~5 and 

experiments 'are continuing to determine tho rate of 

doterioration over long periods. . 

, Beryllin has been chosen us '8 fuel rod material because 

its physical properties have been well est~blished by 

an extensive research program carried out prior to 

this project and continued since the start of the 

ppcject. The cylindrical form hus beenndopted because 

of manufacturing and handling simplicity, and n tube 

has boen adoptod in preference to a solid cylinder 

boctluse cnlculntion has sho,,;n that the thermal stress 

in a solid rod would be excessive. 

Analysis of thormn.l stresses in n tubular fuel rod 

indicates thnt the stress distribution is most 

fav.orable when the inaide00nd outside temperatures 

of the tube are equal. In practice, it will of' 

,course not be possible to assure equol temperatt~es, 

but the design will provide nn approach to this ideul. 

Stress analysis indicates that to obtain low thermal 

stress the tube wall should be mr-tde as thin ~lS possible. 

A very thin 'wall vrould of course be fragile nnd the 

tube would have lOYl heat storcge capacity leading to 

rapid chnnge of temperature with changing lond. The 

specified tube dimensions provide a satisfactory 

compromise between these conflicting requirements. 

Alternate Fuel Rod lJmteriuls. 

Boryllia has been chosen for the initial period of 

operation because it is kno~vn to hAve properties 

g0nernlly suit2ble for use as Q fuel material at 

temperntures covering an even wider range than the 

proposed operating temperntures. 

Graphite is believed to have,properties considernbly 

more favorable than those of beryllia, in its resistanco 

to thermal stress; but this belief is based on evidence 
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obtained at room temperntl~e and does not have the 
support of such extensive experimental investigntions 
as have been ronde for beryllia. 

Beryllium metal has properties which indicate ~ 
c~lculuted resist8nce to therrr~l stress of the 
same order of magnitude as those for beryllia. 
It is known that the metal can be alloyed with 
uranium. Unlike beryll in or grD.phi to JI beryllium "
has some degree of ductility; this mnkes the 
metnl worthy of cnroful consideration as !l fuel 
rod material .. but its high temperD.ture properties 
havo not yet b0cn sufficiently explored to justify 
its use in fuel roels. Data on the vapor pressure 
of beryllium shows thQt in the. circul~ting helium 
strea.m.o. metal temp~rature of 94:5 0 e is the maximum 
due to tho sublimation of the borvllium metal, •• r.:: 
This is based on a vapor pressure of 10-0 rum. 
considered 1nnximum allOV'mble. Figures 90 o.nd 9b 
include data on tho vapor prOssltro versus temperature 
of Be mqtal and the pounds of Be los·t per year 
versus operntin;g; temperature for n helium flow of 
34#/soc. Theso dato,in the latt~r case nrc basod on 
maximum theoretical vnlues. Further invcstigc.tiol1s 
of beryllium will be made. 

Another interesting composition for fuel rods is 
BeO plus 10 to 20 percent graphite. This mixture 
is molded by the hot pressing method as easily as 
pure BeD, and on testing shCW'led a factor of 
improvement of nbout 4 over pure hot pressed BeO 
in resistance to cracking, by thermal stress. 

It has been fotmd experimentally that tho fuel rod 
materials considered for this pile 'suffer consider~ble 
loss of therm."\l conductivity under neutron and fission 
product bombardment. This loss of conductivity 
increases thermol stress, and must be allowed for in 
fuel rod design. Experimentnl evidence shovrs that when 
beryllia fuel rods Clre heated to 9000 e part of the 
initial loss in conductivity is restored. Initial 
des ign however c,nnn~t be predicated on annealing until 
further data become ~vo.ilable. 
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Graphite 

At room temperature graphite has n combination of physical 
,properties thut would mnke it cap~b1e of operating without fai1ur~ nt 
about fifteen times the pa~er output obtninab1e with beryl1io under 
the same conditions. Graphite has not been considered as a first choice 
because there. is in sufficient information concerning its properties 
under operating conditions. Qualitatively, it is lmovv'll toot grr::phito 
has high resistance to thermol shock and hns good mechanico.l properties 
at high temper8tures; this is shown by such app1icotions as carbon 
electrodes in electric furnaces and carbon filament lamps. In tho 
Hanford piles, graphite'has been shmvn GO suffer severe loss of heut 
conductivity and some dimensional growth as a result of neutron 
irradiation, ,This graphite I, however I is at D. temperfl.ture of 2000 C or less. 

A progrrun has been started to explore the possibilities of graphite 
os 0 fuel rod material. Arrangements have beon made to test strength and 
thermal conductivity at high temperatures, and the 'effect of irradiation 
on the thermal conducti"rl ty of impregnated samples. This will test the 
effect of fission recoils on the graphite. 'Tho gr~~h experienced at 
H~nford is not expected to be serious because the fuel rod will be 
des igned 1Ivi th adequate clearance" and it will remn in in the pile only 
for n limited per iod. Experiments hnve indicatGd thnt D. high degree 
of self' annenling at operc\ting temperctures rnay moderDte the severe loss 
of heat conductivity experienced o.t Hanford • 

Impregnation of Graphite with UraniQm Oxide 

Uranium oxide can be incorpor~ted in the graphite by admixture 
with the carbonaceous material used in moulding the fuel rod. Present 
research,nt the Argonne National Laboratories" hovvever, has indicated 
D. much more convonient method of adding the uranium oxide. Tho 
graphite tube is impregnnted, with 0. solution of uranyl ni,trD.te, 
U02 (N03)21 o.nd this is subsequently fired in un inert atmosphere. 
Essentially the process o.s now used is o.s follows: The fuel tube is 
boiled in distilled water to. remove powdered graphite adhering to the 
surface" heated to aoooC. in a helium atmosphere to remove water, and 
cooled and weighed. The piece is then refluxed for 30 minutes in 0. 

solution of uranyl nitrate in an organic solvent~ dried and dipped in 
dibutyl cellosolvc to remove any uranyl nitrate deposited on the 
surface •. The impregnated uranyl nitrate is then converted to uranium 
oxide by henting for 30 minutes at 8000 C in a helitun atmosphere. and 
the piece is cooled and reweighed. The increase in weight is taken 
as n measure tho ~mount of uranium oxide impregnated. 

It hns been found th~t the curve of amount of uranium impregnnted 
per cycle as compared with concentration of the' iroprognQti:ng solution 
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is essentially a straight line over the ranges of solution concentration 
(3 to 35 grams of lrranyl nitrate per 100 C.C o of solvent) investigated 
thus fnr. Longthy refluxing of the graphite piece in the impregnating 
solution has little effect upon the amount impregnated. It has further 
been found that, for anyone concentration of impregnating solution, 
the total amount of uranium impregnated as compllred with the number of 
cycles is also a straight line over the range of impregnating cyclGS 
thus f~r investigated. It is possible therefore to obtain any desired 
amount of impregnated uranium by varying solution concentration and 
number of impregnating cycles. 

The problem of the recovery of'the uranium from the graphite fuel 
tubes has been very briefly studied .. but it is known that 90% of the 
impregnated uranium can be redissolved by digestinglNith, dilute nitric 
acid at D. bout 90oe,. Further investigation .. nmv under way, will indicC\te 
whether n better degree of dissolution is possible. Of course the 
uranium can be recovered by combustion of the grQphitej but this is 
less desirable since it prohibits ro-use of, tho graphite. 

d. Alternate Fuel Design 

Whether graphite is superior to bcryllia as u fuel rod materic.l 
will be shovm ... by research no'Vr in progress. Inv0stigntions on beryllium 
metal are also being conducted;there is n possibility that the metal 
may prove to be superior to graphite or boryllia at high teI!1per~tures • 
Finally, consideration is being given to the re-design of the beryllia 
fuel rod for opora.tion at 'high pmvor levels. Several :methods ure 
aV'Jilable for reducing stress by. dosi[t;n changes. 

OnE; method consists of making the cylindrical tube in short, 
lengful!Is (about one quarter inch long) a,nd moulding th0se "washers" 
to include Q series of rad~al cuts extending part-way tl',lrough'the 
thickness. In this way discontinuities are provided in regions that 
Vlould otherwise be subjected ·to hiGh stress. This art of preventing 
cracking by providing artificio.l discontinuities has important prece 
dents in industrial equipment. The ttwashers" could be bonded togothEJr 
into lengths of a few inches for hnndling purposes. 

Another method is to replace the tubular fuel rod by n slug huving 
n plurality of parallel axial holes •. This device simUlates a bundle 
of smnlI cylindrical fuel rods within n single moderator channel; 
estimates show that stress can be reduced in this 1'IDY by a factor of 
three or four. Such a solution would probubly increase the pressure 
drop in the reuctor. 

. 90'5 e. Estimated Schedule of U"'o PurchQ3CS 

The quantities sh~ in "Table A were estimated for the follOWing 
plan of pile operation; The pile is to start operations at practically 
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zero heat output and gradually increase until it reaches 4,000'KW in 
about 7 months. If pile operation is satisfactory the power level 
will be increased' approximately 4,000 KVf per month until the 
pmver level of 40,,000 KW is attained. 

1. The fuel will be or loaded only at the 
completion of a month 1 s operation when all fuel 
channels with depletion greater than 5% will be 
discharged and new fuel charged. 

2. P~ler generation in the radial direction will be 
represented by a Bessel function of zero order 
going to zero at a point 20 em. outside the reactor. 

-88-

3. The inventory shown in Table A page 89 is based on a ~ 

radiation decay period of four months and one month for 
processing" totalling five months for operation above 
16,000 Kff. These decay and processing periods are 
very conservative and it is believed that the time 
can be reduced to two months. This would decrease the 
inventory of U235 by approximately 36.Kg. 
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SCHEDULE OF U235 PTJRCEASES • TABLE A 

Power 
Level Total Total Total 
as Purchased Inventory Fissioned KVv days 
Heat U235 U2q5 U235 x 106 

Date KW Kg. Kg. Kg. Operation 

A. Essential Study of Experimental Power Pile 
(1) Period of Physics Experiments and Construction 

~ Start None 2.51 2~51 None None 
0 

.r! 2nd Week None 6~00 6.00 None None 
+' 5th Vleek None 15~00 15~00 None None a:5 
H 

17th Week None 25~00 25~OO None None (l) 

Poi 
34th ilTeek None 25.00 25.00 :Uone None 0 

G-t 
0 

(2) Peridd of Initial Pile Operation 
H 
OJ 
<D Start 4,,000· 25.00 24~85 0.147 0.120 ?-i 

..p 1st Mo. 4~000 25.00 24.71 0.294 0.240 
CIl 2nd Mo. 4~000 25,00 24.56 0.441 0.360 r-I 

3rd Mo. 4~000 25.00 24.41 ,0,588 0.480 
4th Mo. 4,000 25.00 24.26' 0.735 0.600 • 5th Mo. 4,,000 25.00 24.12 0.882 0.720 

B. Proposed subsequent study of Capacity and Life (dependant upon results 
of A and on fill~ther approval of allotment of requesite U235). 

) Period of Power Capacity Study 

Start 8~000 33.49 32.31 1.176 ' 0.960 
1st Mo~ 12;000 41.08 39.36 1.617 1.320 
2nd Mo. ·16.,000 43.87 41.66 2.205 1.800 
3rd Mo. 20;000 51.30 48~28 2.9·40 2.400 
4th Mo. 24;000 57.53 53.61 3.822 3.120 
5th Mo. 28;000 60,47 \ 56.44 4.851 3.960 

~\ 
6th Mo. 32;000 75~47 69.44 6.027 4.920 
7th l~o. 36,000 77.93 70.23 7.350 6.000 

(2) Period of Maximum Power Operation 
OJ 
$.i 
Q) 

Start 40;000 Poi 84.56 75.39 8.820 7.200 0 

..p 
1st Mo. 40;000 84.56 73.77 10.29 8.400 

~: 7th Mo. 40,000 84.56 72.23 11.76 9.600 
~ 15th Mo. 40,000 84.56 70.67 13.23 10.800 cr 
(l) 
CIl 

(3) Cleanup and'Recovery Period r§ 
CI.l Start None 84~56 70.53 13~23 

1st :Mo. None 84.56 70.42 13.23 
2nd Mo. None 84.56 70.28 13~23 • 3rd Mo. None 84.56 70.17 13.23 
4th Mo. None 84.56 70.03 13.23 
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2. Moderator and Reflector 

'rhe data concerning the properties of the two mat'3rials c0l1sil1ered 
for moderator bricks, beryllla and graphite,ure S'O extensive that thoy oannot 
be prosented in deta.il. 11he refara, the re ador is referred to Appendix III" 
where he vnll find a. list of proporties a..11.d references. All those propor
ties which aro important to the ollcration of the power pile have been 
investig!3.ted. Some remarks concel'ning the r0sults of the investigations 
are made be lo·w·. 

a. Pr?p~rti~~_of Beryllia 

tion: 
Two methods of fabrication of the b(3l""\Jllia are underconsid0ra-

(1) Hot pressing. 
(2) Ceramic firing. 

A modera.tor· brick 01' density 2,,8 g/cc is· produced by hot pres
sing and of about 2.6g/cc by cerra:mic firing. thero is a correlation 
between density and ,the principal ical properties, io: the 
thormal conductivity and crushing strength are greater for the higher 
density type brick. 

More CO'Ilpletc; tests ha.ve been mado on the hot pressed b{:)ryllia • 
The important properties havo been determined and are availe.ble. The 
effects of irradiation on the ela.stic moduli, thermal conductivity~ 
crushing· strength, and linear dimensions., have been investigated. 
For this investigation s6Il1ples were su'''jected to noutron irradiation 
in the Hanford Pile at intensities which simulate pile conditions' 
at 'about a 4000 KW power level. 

The resu1 ts of the various investigations indio. ate that hot 
pressed boryllia will make a satisfactory inoddrator brick. The 
important results are outlined in the following paragraphs. 

The oompressive strength is about 1010 dynes/cm2 und no sig
nificant change was notad after 60 days irradiation. 

The tensile strength is about 109 dynes/cm2 • 

The heat conduotivity is about the same as for cast iron. It 
is 0.129 cal, sec-l em-I- oC-l at 4000 C and uecreuses to a value of 
0.035 at 10000e. Twenty-four day and 63 day irradiation decroasGd 
the thermal condnctivity to 80% and 60}'~ respectiv0~y. 

The :elnsticmodultls is about 3 x 1012 dynes/cm2 B.nd decreases 
only lO}~ in going from room temp(;rature to 10000C. 

The resiste..nce to spe.lling and therma.l cracking is good as' 
long as seV0re thennal shocks ara avoidod. Heating and cooling at 
tho rate of 100e per minute is sate. 
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The coefficient of thermal expansion is 6.45 x 10_6;oC in the 
temperature range of 100°C-200°C. Its values have been established 
as a function of up to 900°C, where the value is 11.7 x 
10-6/oC. ., 

The vapor pressure as a function of temperature is kn01vn. It 
is 6 x 10-8 rom at 15000 C. The rate of loss of beryllia due to vola
tilation in the power pile will be negligible. 

The resistance to chemical attack by the coolant 
is great. Oxy§en, air, nitrogen, and helium have go 
effect at 1400 Co . Water vapor attacks BeO at 1400 C but the attack 
falls off with decreas temperature. Under power conditions 
the effect of these gases on the moderator bricks will not be serious. 

The fact that more tests have been made on the hot 
pressed type brick in no 1lvay that the cer«mic fired brick 
would not be satisfactory. There has also been considerable in
vestigation of the properties of the lower density type brick. From 
the standpoint of physical properties, sufficient is known (See 

. III" Page 136) to indicate that a satisfactory moderator 
brick ~an be produced by ceramic firing. Irradiation tests have 
been made on low density BeO. However, some further investigation 
is required to be certain since the ceramic brick is not as 'strong 
as the hot pressed brick. 

b. Properties of Graphite 

VVhile much has been learned about graphite moderators through 
operation of existing piles~ this has been obtained only 
at low temperatures. In the interests of employing graphite for 
a portion o'f the reflector, invest have been made of some of 
the important high te'mperature characteristics. In particular, 
vapor pressure and volatilizaUion rates have been found to be satis-
factorily low even at temperatures in excess of those encounter-
ed in the pile. Hence, the use of in the reflector is con-
sidered safe, but its use in the reactor requires further investiga-
tiono ' 

c. Moderator Units 

'fhe moderator units illustrated in Figure A-6 will cons ist of 
beryllium oxide" molded and fired into hexagonal bricks. Each 
unit will be three inches across flats with a two inch diameter 
central hole, provided with three equally longitudinal ribs 
for centering the fuel elements. The ends Qf the bricks will be 
provided with circular 'tongues and gro'oves to effect alignment. 
Bricks made by the hot-press method will be approximatelr 4ft inches 
long, while those made ,by ceramic firing will be about 2"4 inches 
long • 

vThere beryllium oxide bricks are used for the reflector" they 
wi~l be identiQ~l with those used in the moderator. The graphite 
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refleotor units, will have the same g(;;;neral shape (hollov{ hexagono.l 
prisms) but since manufacturing limitations 0.1'0 not so S';;r"vorc, the 
length will be made greater in orde~ to reduce the nUlnbar of pieces 
to be handled at assembly. In both types of reflector bricks, plugs 
of similar I!1uteriEtl will be inserted into the cerltrul hole, to in~:: 
crease the effective density and to prevent excessive helium flow. 
A s~~ple drawing of these plugs is shown in figure A-S. 

Frossure Shell and Insulation 

The vDXious elements of the po'.~rer pile assembly nnd its fuel lo~:\d
ing ~md control npparatus 'Will bo asseT!'lbled v;ithin a structure.l steel 
pressuro shell. 'fhis shell is in the form of a verticlll cylinder va th 
oonvox dished heads attaohed at oaoh end by a oontinuous welded girth 
joint. 11he overall dimensions are approximately 11 ft. diam,?t8r by 
21 ft. high. The cylindrical shell is fomed .of steel boilor plate l} 
inche s thiok to 'Wi thstalld tho internal helium pressure of 10 atmosph0ros. 
Thd.s thickness is adequate for the stresses imposed by the (3vacuo.tion 
during purging. 

The l07Jer section of the pressure shell houses the fuel loading 
and, pile control ncchonism 'which is described in detail WIder nl'uel 
Ho.ndlingtt" Section IV, Page 72. 'rhis s:~ction also. l'Or.ilS the plOii'iiin 
charaber for diGtribution of' the helium, entE;)ring the shell through 
twoc 24 inoh diameter ducts, to the flow p:.:,.ssages in the pile 8.sse'.~bly. 

The relatively 0001 (500°F) helium bGing pumped from the boilers to the 
pile by blowers is thus circulated around the loading mechanism romov-

the heat gonersted in the metal parts by neutron and garru.nu ray ab
sorption. Loading apertures and meohanism operl3.ting . rods extend through 
this section of the pressure shell through the requisite gas senl. This 

'lowetF..:' end of thl) shell is slightly more than 7 ft. ill length and is 
entirely surrounded by the conorete foundation for the power pile assembly. 

The upper end of this scotian of the shell is welded to the lower 
surfnce of 0. c iroular steel di~tphragm 5 inches thick by 12 feet in dia
meter which forms a bed plate to support the fuel rods, moderator br1cks 
and reflector members of the power pile assembly. The outer edGe of the 
bed plate" vvhich extends beyond the upper and lower sections of the pres
sure shell, oonstitutes the t"'oundation ring which engages the concrete 
foundation ::or support of the entir0 pressuro shell assembly. The fuol 
rods are loaded and removed from the reactor" through 2 inoh dirunetor 
holes provided in the bed plate under each column of moderator bricks • 
.An cannular grroovo is provided in the upper surfa.oe of the b13d plate 
around each fuel rod hole. Thesi:; grooves 'are propor,tiorl0d to register 
with an annular ridge molded on the bottom surface of eaoh brick in order 
to maintain theso units in proper position with relation to the fuel rod 
loadili~~L:: holos and mecha.nism. 

The top section of tho pressurr3 shall serves as the container for 
the active pile and also as a pI0nl4~ chmnber for distribution of' the: 
heated helium issuing from tho fuel tubes to two 2'7 inoh diamet0r helium 
discharge ducts weldod to tho shell. The ducts convey the helium to tho 
boilers. 
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Provis ion is made for insulating the pr()ssure shell, tal.::ing tho 
form of an 8 inch thick space around tho pile and upper plenum char'J.ber. 
Insulating brick composod of Alumina l;lj.ay be a: . .::iiui table heat insula.tion 
for this purposo as this material has a !"elativoly low thermal conducti
vity. In addition,. it combines good neutron transparency with rclati 
low onergy absorption from L;amma radiation. Experiments are presantly ') 
under way for determining the most suitable moans of insula.tin,;:; the shell. 

In ordor to prevent contamination of the helium circuit by particles 
of' the insulating liimaterial a i inch thick liner consiructod of s tain-
less stool is provided. f£his innor linor completely .)uvolops tho hot gas 
spaco above the bed plato and providos a gas tight barrier botwoon it. and the 
insulation above thi3 bod plate. 'rho two 2'7 inch dia'Tlctor helium dischargo 
connecti ons Gxtend through tho surfaco of the prossure she 11 to the sur-
face of the innor liner, with 'Nelded joints at each surfs.ce. Tho inside 
dia'lleter of tho inner liner is 1-1/8 inches larger than tho outside dia
meter of tho pile ass.ombly in order to provide clearanno space to accom~a
date tho calculated ono inch thGrmal expans ion of tho top of the pile as. 
it heats to operating temperature. 

The lowar portion of the pressure sholl through which .the 500 0 F 
he lium flows to the pile will be providod with 4 inch thick insulation as 
a heat cons,3rva.tl on measur~:. Circulation of air past the oxterior sur
faco of the pressur<,;; shell w ill be relied on for removal of the heat 
which leaks through tho insulation and the heat genorat0d in the l-t inoh 
thick steol walls of' the pressure sholl duo to gamma ray and ne'J.tron 
absorption. 

4. Shielding 

The shielding of tho high temper:.\ture pile presents no problems 
that are different from those alrl)ady successfully solved in building 
piles already in operation. This b0ing the case, th(:3re is a background 
of information which has been dravffi upon in tho design of shialding for 
this pile. 

Immediately surrounding the pile will be a 2 inch air sp€tce main
tained at a pressure • 'l5u of water below' atmospheric in order to insure 
tha.t any leaka.ge through the shielding ~vill be inwardl.:'.rather than out
ward. The air flawing.' through this spac8 will be discharged throut;h an 
exhaust stack about 200 feet high to assure s atisf'actory dispers ion of 
contaminated gases ~ ~Vhile the air flo'HN'ill be used in cooling the pile 
pressure shell, and will tW3reby absorb ~eat, the resultant natural draft 
created may be insufficif$nt to produce the desired 'reduction in air pres
sure. 'ro assure this, the air will bo dra"vVIl through the passage by a 
motor driven exhaust suction fan of convi":)ntional design. Exact specifi
cations for this equipment must await de~ision as to the nu.rnber of experi
mental acca3S holes in the pilo, in ordor to evaluate the air flow roquir~
ments. 

The first layer of shielding vlTill take thu f0rm of an iron shell 
10 inches th ick, which will reduc0 thermal neutron and gamma ray inten
sity about 1000 fold. I~ so doing the shi01d ~dll absorb on the order 
of 95 percent of the ra~iation 6norgy emanating' from the pile and vlill 

J 
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thus roquiro cooling which will be supplied by water flollving -through 
pipes encased in tho iron shielding. This cooling v{8.tor, duo largely to 
mineral impuritie,s, will bocome radioactivo and ,will requiro retention in 
a storago basin b~jfor0 disposal, in order to pennit decay. Tho sizo of 
this retontion basin will be such as to 'provide the roquisite docay period 
based upon the purity of the cooling wo.ter finally selectod .. 

Surrounding the iron shield will be another air SP&CO 2 inchos in 
vddth'ilhoSG function is to remove any toxic gasos croated in the Hasouite 
portion of the shiolding. Jllr will be drawn through this space by the 
SQrno exhaust fans as are used for the im1er space, maintc.initlg the Saine 
sub-atmosphc'ric prossure. 

outward of the second air ga.p will be a massive shield structure for 
absorption of the penetrating fast neutrons and gamma radiation. Whera 
space limitations arc of no consequ(mco 10 feot of concrdte shielding vrill 
be employed. However, whoro space limi tatiolls are important, c.s for in
stanco in the zone where loading; will tako place, a lCt:1inated constru.ction 
4 foot thick of al1i)rnating laYiJrs of iron (3-3/4 inches thick) and Mason
ite (4i il'1chos) will bo employed. 'rhis producos the S['Jne reduction in 
intensity as the 10 foot of concrote, although it is 0. more oxpensive con
struction and will therefore not be used' for the ontir's shield. * 

In the consid~ration of shielding require;,nonts, no allovlance has beaf.\ 
mado for the reduction in noutron leakago oc casiol1od by tho thorium con
version, since the final decision on the mnount of thorium to be included 
in the pile h~tS not yet baem reached'. Omission of this f'uctor in shiEJld
lng considor~tions results in a. shield that is on the conservativ? sid~. 

In that part of the helium circuit external to the pile proper" tho 
radiation is almost entirely in the form of gar.:lma rays" anel is of' the 
orde r of 0.1% of that emanating from tho p il€:l • To shie Id tho se pCDrtions 
of the circuit, a concreto shield S'fest thick will be provided • .tiir 
pass ages" s imil o.r to those around the pilo will be required only in the 
case of such i tons of equipment whel"e leakage may occur such 0.3 the 
blowers. Hero again 2 i,nch air space will be providod v/hich will be con
nocted to tho aforer:lentioned exhaust f'f.\ns. 

5. Experiments 

a. . Expononti8.l Test 

This oquipment consists of' a. miniaturo pile constructed of 
the regulnr BoO "hricks to be used in tho actilal p:;'lo, arrangod us 
shoifm in Dwg. A.-Il. There vdll bo 121 chann01s 8 bricks high. Tho 
fuol rods will ",be hollow Be,Q c:,'lirld0rs filled. vvith rai:cturos of UO 2 
enriched in U265~ and p07roerod BeO of v[:~rying concentrations to 
approximate actuul fU!2} 1 rods to bo used in the fin al pilo. 

Figure A12 of Book 2" shows an olavation ViOVi of the assembly. 
This -assombly will r0st on II 36 inch thick bed of graphi to bricks 
which vfill 00nto.in a radial Ch£U11101 to pecmi t inser-tion of a 4 gram 
Ro.dium Boryllium neutron source on the a:xis of th8 10 from tho 

* -* Figura A .... 14··of .dook 2 ShOV1S tho absorption rate's in the shiolding uS~3d 
in the Hanford Pilo. . 
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exterior of' the unit. This chamber is water cooled 'in the vicinity 
at' ·the source to keep the source cool when the temperature of the 
assernbly is raised by circulating hot C02 gas through it. The BeO 
channels and fuel rods are supported on the graphite bricks by 
graphite disks" in such a manner as to permit CO2 gas to circulate 
around the fuel rods, thus giving uniform heating of th'J. assembly. 

A double wall stainless steel jacket containinr; Boron-carbide 
surrounds the unit to absorb all escaping neutrons so that roflection 
of those neutrons back into the pile will be avoided. procodure 
is necessary to make the neutron flux density go to zero at tho bound
aries" thus malcins tho measured flux distribution easy to ana.lyzo ~ 
The shield also pl"'ovides protection for tho observer by prev(1ntir~?~ 
escapo of slow neutro11s from the system. 

Six narrow slots bet\mcn columns of BeO bricks are provided on 
each of throe sides" 1200 apart as sho'll'{il in A-II. Foils for measur
ing tho neutron flux can be inserted at any dssired height along tho 
axis. 

The whole assembly is surrounded by a four inch jacket contain
ing lamp black for hea.t insula.tion. 'rho jacket contt,\ining this hoat 
insulation will be 3/16 inch steel and will be provided with a stoel 
cover containing holes to give 'access to test slots between tho 13eO 
bricks. 

Figure .<~3 shows the whole unit with means iTor heating the 
CO2 and ciroulating it through the unit to vary the tempe·ratllre up 
to about BOOoe. 

It should be mentioned in conclusion that the BeO bricks can 
be used in the final pile and the enriched U02 can be easily re
covered from the simulated fuel rods for use lat~r in the final 
pile. 

b. NoutvOIl Ago and Diffusion Length Measuremerlts 

Essentially the aame equipment vlill be used for both tho neutron 
age and diffusion length measurements. Beryllium oxido bricks of 
the smae type as those to be used in the Daniels file will be piled up 

1/2" 
separation 

... r··-·-------'-·~-·~-·;:':;;j 
,.../ t .... I' 

..:.: .. ~ .. -_ .•....... :." _____ .. _.H __ •• _.!.. i 

! Sol i~ BeO block i 
built by piling 
Daniols pile i 
bric~s 14' 

I I 
! I 

L _ _ __. _ j _" _ 
~~~~::,:;~~~:~-= --l~,:;~:" 
1 i ....... "5'. L_,·····---·3-'---·--_·_,· 

to form two solid blocks as illust-
rated. The hole s in ~~e bricks 
will be filled with BeO plugs in 
order to fom a solid mass .. thus 
making the total '~ight of the 
assembly about four tons. The up
per block is supported on the lower 
one by an aluminum structure" and 
will be separated from the lower 
block by about 1/2 inch. This slot 
is left open so thf-lt a sheet of 
Al-U235 alloy containing 18% U235 
end "Which is 3 feet square may be 

, 
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slipped betvveen the tvvo blocks. This assembly of BeO will be placed 
on the ther~.l column of the Clinton graphite pile. The neutrons 
from the thermal column will diffuse up 'through the lower block, 
through the 1/2 inch gap and into the upper block. The measurements 
are made by pla.cing ten sets of metal foils about 3/8 inch square and 
0.006 inch thick (certain combinations of indium and cadmium as re
quired) uniformly spaced along the vertics.l axis of the upper block. 
When the foils are in place the neutron flux from the thermal colUmn 
is turned on for about 20 minutes. The foils are then removed from 
the BeO block and their induced radioactivity determined. Since the 
induced activity will be proportional to the neutron flux that was 
in the BeO block, a graph of the foil activities will transform direct
ly to a graph of the neutron flux in th~ BeO block. To measure 
the neutron age" the AI_U235 alloy sheet is slid between the blocks 
and the measurement is made using cadmium shielded indium foils. The 
neutron age may be obtained from this data through a curve fitting 
process. To measure the diffusion length, several combinations of 
indium an d cadmium foils are used with the AI_U235 sheet removed. The 
diffusion length may be obtained from this foil activation data by 
a curve fitting process. 

In preparation for these experiments the Clinton thermal column 
is now being rebuilt to obtain a pure spectrum of thermal neutrons. 
It is expected that this construction job, involving about 15 tons 
of graphite will be completed in November, 1946. The material for 
the BeO blooksis expected in December and the measurements will 
probably take about four months so that a final report on these two 
properties of BeO may be expected early in May, 1947 • 
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V -B. COOLANT AND COOLANT SYS l'EM 

1 • BL O'V'VERS 

a. Specifications~ 

The following tabulation giv~s the specifications for the blowers.' 
These specificntions are based on a maximum pile output of 40,000 ~N 
divided betvveen two boilers. It is planned to have -bNO blow'crs in 
parallel, supplying onch boiler by m.eans of vnlving. Anyone of tho four 
blowers can be used with any other 'one and with either of the boilers. 
This will provide flexibility for low power operation, and permit 
inspection and servicing ~f' the blowers. 

Blower Specification Data 

Gas 
Inlet Temperature 
Inlet Pressure 
Pressure Hise 
Gas Flow 
Inlet Volume Flow 
Drive 
Shaft Povrer 

Helium 
5000F 2 
147 lb/in. J a 
3.61 ~b in2 

8.5 Ib sec. 
8900 ft 3 min. 

Steam turbine . 
600 lG'v 

The pressure rise of 3.61 lb/in2 consists of a maximum of 2.68 lb/in2 

in the pile, 0.48 1b/in. 2 in the boiler, and 0.45 lb/in. 2 in the ducts. 
However" the most likely design of fuel rods (11/2" OD and III ID~ 
will result in a pressuro drop in, the pile of but 1.56 lb/in2 instead 
of the maximum of 2.68. l1his w'ill allow larger pressure loss in ei thor 
the boiler or the ducts. 

The gas fl~J of 8.5 Ib/sec e is only the flow through the pile and 
'boiler.,' suppli,ed by e:1ch blovver. It may be neces~ary to increase this 
flow by about 10% to supply holiui'll to the deoxIdation and dehumidification 
systems, ,but the blowers will have adequate capacity to handle this 
additional fl~{. 

bit Blowor Dri va. 

In order to cover the power range'from very low pawors to the 
maximum of 40.t 000 h.1Y" pile hee,t output,,' it will be nec(;.ssary to ,have . 
variable speed drives on the blowers. Because of the law pressl~e rise 
of the blowers tho flow cnnnot be controlled over u very wide range by 
throttling at the inlet or disch~rge of the blowers. Suoh a method of 
control is practicable only when the blower compression ratio is in tho 
order of 1.5 instead of tho 1.02, which is here the case • 

.. 11~ variable speed blower drivo can be obtained by DC electric motors~ 
Ward-Leonard System, hydraulic transmission" or by steam turbine., Of 
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these the stoam turbine seems the most 6(lvantageous since the spoed is , . ~ 

controlled by a simple governor and Slnco steam is genEJI'o.ted by hoat 
from the pile. The use of a steam turbine requires an au.xiliary 
boilor for starting of the pile pOV1EJr plant and for emergency st~lnd-by 
in case of failure of the primary stesID system. The ste~.m tur.bine hc.s 
the further advantage that it can bo des ignod for a -.;-rido range of' 
spoeds. Indications nre that the blower speed will be 5,000 to G,OaO 
RPM which is somewhat high for direct connocted DC motors of the powor 
required. Tho turbine enn bo des to operate directly, frOJrl tho 
sto£l.m produced the boil,or at 7250F' and 415 lb/in2 ond cnn 
operate either condensing or non-condensing. The exhaust from those 
turbines will not bu completoly wasted· tH1 a' portion of it can be usod 
in the dor.eroting heater for tho feed water" improving tho therrnodynamic' 
performH~ce of ovorall plant. 

c. Seuls. 

An important problem in the blower design is the seal arrangement 
for containing thE: 'helium go.s. Since tho €;as 7rill con'~ain radioactive 
fission products i.t must be very tightly sO[11ed to protect tho heEll th 
of the operators and public. Samo information on this problem has been 
supplied by the Allis-Chalmers Mfg. C01-:lpnny, who reported. that vvith 
sealing pressure or 4 to, 10 v.tm." helium leekage of 100 to 1000 cC;:"'ilin 
cou1d be expected, using viscosity plnte soals similar to those employed 
in the qlowers at the gaseous diffusion is separation plant (K-25) • 
LealcaEe from 10 to 100 cu. ft/min CRn bo expected with curbon r seals. 
Gas leakage will be negligible vri th refrigerator type seals us oil 
lubricntion" although some oil leakage CRn be expocted v:ith this type' of 
seal. The possibil of using refrigere.tor seal dep~nds on finding 
an oil Irrhich 'will be suf:t~iciontly stfl.ble under the radiation from· the 
fission products in the helium to insure adequate lubricction of the 
seal for extended periods of time. The development of a suitable seal 
will bo an impo:ct~nt research problem inth8 p~ogram' for the pile. 

Most schemes for blowor seals" othor than the ,refrigerator type" 
involve the introduction of helium into un int~rmediate space in the 
senl so that pure helium flows into the system t:.1nd the seal leakage to 
the atmosphere is PUI"J helium. this arrangoment the b.clium leakage 
to the [;1.tmosphere will bo into tho bearing housing which then will be 
vented to a stack. It remains to be determined ha'll much holium can be 
allowed to leak into the operating system th..rough such ileal::; and hov[ 
much can be lost to the atmosphore. 

d. Lubrication. 

Oil lubrication of the bearing adjacent to the impeller in the 
blower will be an important problem because of tho breakdown of st~1ndnrd 
lubricating oils under tho radiation frornthe fission products in the 
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heliWUe It is expected that a sleeve bearing will be used near tho 
i.-rnpeller which can be lubridnted with a forced flow of lubricating 
oil. This lubricating oil can then bo passed tlrrough a filter and any 
sludge caused by radiation removed. Nevortheless" the brer-tkdown of the 
oil in the bearing may be sufficient to impair operation •. It may be 
possible to protect the bearing Qnd the seal from some of the harmful 
effects of radiation by installing a shield of lend" 2" to 4"" 
between the impell~:r and the seal o.nd bear • 

In connection with the problem of oil stability" Allis-Chalmers 
is plD.nning to test oils with the radiation generated by a betntJ.'·on, 
chocking hydrocarbon oils, prestone oils" and silicone oils. Tho work 
is to to done in co~oction with another program which Allis-Chalmers 
already has underNay. 

~~hielding. 

-It is expected that the blowers will bo installed inside of 
shielding, probably concreto about 6 ft. thick. is expected thf:lt 
o.rro.ngoments ca.n be made so that the turbines vfhich drive the blowers 
a.re out in the opon Dnd. diroctly available for ser·vicingand inspection. 
It is planned to vontilate tho space betv-reen the shield and the blower 
by means of induced dro.ft fans which discharge to a st:lck. 

f. Vendors 6 

Tho follmving Companies have been requested to prepare proposition 
desie:ns of bl'owers for this applico.tion: 

American BlO¥!or Conpany 
Allis-Chalmers 0 Company 
Buffl)lo Forge Company 
Frodr ic FInder J Inc. 
DeLavf\l Steam Turbine Company 
Sponcer Turbino Compc,ny 
Westinghouse Electric Corporstion 

1. American Blower Company. 

They do not have standard equipment which will 
for this application, and under prosent conditions 
undertake to develop equipment. 

2. Sponcer Tt~bine Company_ 

meet roquirements 
c~lImo-t; willingly 

do not have standard equipment which VITi 11 operate at as 
e tf:)mpcratt~e as 5000 F, and they are not in n pas i tion to undertake a 

dovelopment for this applics.tiol!. at this time. 

3. Allis-Chalmers MnnufQcturing Company • 

Allis-Chn is very interested in this proposition f::tnd is 
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prepar~ng a prop-osition for the e.ngineering design of the blovvers" 
seals" d·riving means" and control. This will include the necessary 
research and development of lubricating oils and seals. Their orig'inal 
proposition will not cover the cost of units for installation. Orders 
for equipment may be placed later on the basis of the results 6f the 
research and development beIng proposed. They have boon asked to 
schedule the research and development program for completion by 1 ·July 
1947. They estimate that a single stage centrifugal compressor w~ll 
give the required" performance. D.no. they are thinking of eithor a 231t to 30" 
diameter radial blade impeller operating at 700 ft7sec. tip speed or a 
backvvard sloped impeller of 26n to 36" diameter running at 800 ft/sec. 
tip speed. They are general~y disposed tmvard a viscosity plate seal 
since they developed and manufactured the blowers with this type of seal 
which are used in K-25. 

4. Buffalo Forge Company. 

This company has investigated this proposition in detail and expected 
. to quote on the ·proposition. However" the management decided not to 
submit a proposal because they could not give this project the individual 
engineering, design" and fabricD.tion that should be givon such an important 
project" without seriously interfering with other cormnitments. 

5. DeLayal Steam Turbine Company • 

They are preparing proposition designs for this application. They 
are particularly suited for this job because they have built many blowers 
for similar pres sures, and tc,mperatures and because they build steo.m 
turbines and governors in this particular size range. Their suggestion 
is for a single stage centrifugal compressor us a 27" diameter impeller 
rlllli1ing about 6000 RPM. They are tentatively thinking of using Q 

refrigerator type oil cooled seal. This would· consist of a graphite rtmner 
on a nitralloy disk cooled with oil. The turbine they prop·ose to furnish 
would be designed for operating either condonsing or noncondensing and 
they are recommending an oil governor in order to have close speed 
regule,tion over a "wide rane;e. (See appendix IV page 138). 

6. Fredric Flader, Inc. 

They have prepared a design for a blower for this application using 
a three stage axial flow compressor running at 20,000 RPM. The pitch 
diameter of the blades is 9" and tho blades are III high.· It is estimated 
that this compressor would have an efficiency of 80%. They have mado a 
proposition without the turbine drive and are v{illing to change it to 
include the turbine drive if it is decided th.:.tt their compressor desir:n is 
promisinE. (See appendix V page 145). . '--' 

7. Westinghouse Electric Corporation. ! 

They have been asked to make a pro position for t'his application. 
They have indicated an interest in supplying this equipment and have 
referred this request to their Sturtevant Blower Division. 
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2.; 8TEAM BOILER 

a. Specifications 

It has been decided to provide two boilers of equal cape,city to 
convert the heat energy of the helium into steam; as sho~m in figure B-1 
Bool< 2. The helium circuit is therefore divided so that half of the 
total flow can be circulated through each boiler. The cooled helium 
discharging from each boiler is pumped back to the pile for reheating 
by a pair of' blowers, thus completing :the closed helium circuit. The 
bas ic specifications for ea ch of the, two boilers are presented beloy! 
and this presentation is follovmd by a discussion of the choice of these 
conditions: ' 

1. Helium Conditions: 

Helium flow - 17 Ibs/sec 
Helium temperature to boiler - 14000 F 
Helium temp~rature leaving boiler - 5000 F 
Maximum helium pressure drop in 
poiler t lb/sq. in. 
Helium carries radioe.ctive fiss ion fragments. 
Low conductivity film, approximately;".OOl" thick .. 
is expected to form on heat transfer surfaces .• 

2. Steam ConditionB: 

Steam Pressure 
Steam Tompera tux e 
Feedwater Temperature 
Feedwater distilled a,nd 

3,. Boiler Control': 

= 450 psi g 
= 775 0 F 

= 220°F 
deaerated 

Flow of helium circuit varies with load. 
Superheat to be controlled to produce 725°F at turbine. 
Boiler to be operable dQil\ffi to 10% of full load. 

4·. Shielding: 

The helium circuit of the boiler will be r.mclosed 
in 6 ft. thick concrete to provide protection against radioactivity of 
this circuit. All parts subject to routine inspection or repair must 
be located outside of this shield. 

The fission fragments wh~bh are carried by the helium may decompose 
pump packing, motor insulation" lubrica.ting oil and therefore these 
materials must not be used.in the vicinity of the helium circuit. 

It is boliov0d that the steam circuit beyond the boiler is not con
taminated with radioactive materials and ther fore no special precGutions 
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.' need be taken in dosigning this circuit against radiation. 

• 

• 

5. Safety Precautio'ns: 

Each boiler will be built to operate as nearly as poss ible vITi thaut 
a failure which may result in steam flow into the helium system, since 
steam which enters the helium circuit will he carried into the pile 
and may damage it. rfhis problem is being currently investigated. 

b. Choice of Design Conditions 

The design conditions for the steam plant were chosen based on 
considerations of safety, size, efficiency" and availability of equipment. 
These lead to a choice of 775 0 F, 450 ps for the boiler J so as to 
provide standard 725°F - 415 psig turbine conditions by means of an 
automatic desup~rheater and pressure regulating valve. This conforms 
with modern pmver plant practice for good turbines of this size. A 
design for higher pressure and higher'temperature is not appreciably more 
efficient, (see figure ten page 103), vJhile the possibil of boiler 
failure is increased. The, size of the equipment for 7750F, 450 ps 
is but 10% larger than that for a higher'pressure and temperature dosign 
such as 800 psig, 9500 F. The compactness .of the chosen plant can be 
seen from figures B-6 and B-7 of Book 2. If the design pressure and 
temperature were decreased" little gain in safety would be obtained 
the size of the machinery would increase appreciably and the efficiency 
of the plant would be reduced. Therefore, the design conditions" 7750 F" 
450, psig" are indicated from a consideration bf safety, compactness and 
efficiency. Fortunately turbines, condensers, and electrical generators, 
for these conditions are available from Navy surplus for this use. 

A feedwater inlet temperature of "220oF is used for two reasons. 
The first is that it is desirable to deacrate the water and to do so at a 
pressure above atmospheric to insure supply of oxygen free (and 'hence non
corrosive)foed to the boiler. Corrosion would lead to tube failure, 
resulting in a steam leak and damage to the pile. The outlet temperatl~e 
from the deaerator will be approximately 2200F. since it is operating 
slightly above atmospheric pressure. The second reason is to provide 
feedwater heating to improve steam plant efficiency. Sufficient 
auxiliary steam is available from the blower turbines and 'other auxiliaries 
to accomplish this. 

The helium inlet temperature of l4000F to the boiler was dictated 
by pile considerations. 500 0 F outlet temperature was chosen because of 
serious blower design problems involved if a higher temperature was chosen. 
These choices provide sufficient temperature difference between the 
helium and the steam, when employing counter-flow heat exchange, so that 
the average temperature difference avaiL::ble for heat transfer' is satis
factorily large~ being approximately 450Op. The top temperature doos not 
impose any serious problems on boiler design. In fact full top temperature 
can be withstood by the boiler so that tube failure due to overheating 
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• should not be encountered, even in the event of failure of feedwater 
supply_ 

' •. 

• 

Ten atmospheres (150 psi) heliurn operating pressure was chosen to provide a high heat transfer rate with minimlL'n frictional losses. Some problems have been introduced by the choice of 150 lb/sq.in. press'ltre for the helium at a temperature of 1400oF, but these have already been faced and solved in gas turbine vrork. The relation beuveen frictional losses and heat transfer rate for a given gas tube geometry, 8.nd temperature is as follows: . 

F = kh 3.1 
vihere 

F = friction energy loss in ft.lbs/lb. 
h = transfer rate in Btu/oF/sq. ft/hr 
p'= absolute pressure in lbs/sq. in 

This relationship shows that the heat transfer for a fixed frictional loss is 4.4 times greatqr at 10 atmosph~res than at atmospheric pressure. The 1/2 psi pressure drop allowed through the boiler produces 800 ft. Ibs of friction energy loss per pound of helium flow. With a efficient blower drive and a efficient steam turbine drive,the energy required is 1% of the thermal energy transferred. This represents approximately 4% of the plant steam output, a reasonable • 

However, if' the boiler were designed for the same heat transfer rate at atmospheric preSSt~e as at 10 atmospheres, the frictional losses and power required for the blower drive w'ould amount to 100 times the above figures. Since the pile pressure drops are approximately eight times that allowed in the boiler, its frictional losses are sizeable but roas • Havvevor l if the pile were run at atmospheric pressure the frictional losses would consume a majority of the plant output at full"load. Therefore from a balanco of frictional losses~ equipment size, and mechanical problems involved, 10 atmospheres operating pressure and 1/2 psi pressure drop through, the boiler has been adopted. c. Preliminary Investigation of a Boiler Design 

The boiler is sufficiently different from conventional boilers or heat exch9ngers that no "measur stick" is available to evaluate the des submitted by ma.nufacturers. Therefore a preliminary investigation was made to determine the magnitudes of heat transfer coefficients .. the size of boilur.t and the problems 'which have to be faced from such considerations as ·radiation effects and steam contamination of the nile due to a steam leak. 

From the specifications given in Section 2-A page 97 .t the following design factors were determined: 
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Superheater 7000F 15;700 
Evaporator 4500 F 105~;000 

Economiz~r ,250oF 000 

The quantity of steam which 'will be generated by the boiler under 
'these conditions is 56,500 pounds per hour. 
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Based on this rate of steam flow, a natural circulation boiler" 
with 1" OD tubes on 113" staggered centers I a s shown in figures 4 and 5 J 

is visualized~ The boiler contains 900 tubes each h.9.ving an active 
of 10 feet. The· transfer rates are 100 Btu/sq ft/oF /hr for the 

economizer and evaporator surfaces, and 33 Btu/sq ft/oF /hr for the 
superheater surface. The pressure drop through the boiler is estimated 
as 0.4 psi. The weight of the boiler dry is approximately 20,000 Its; 

,wet; 23,000 Ibs. The approximate dimension of the unit is 5 ft diameter 
and 16 ft overall hei~ht. 

The des was chosen so that natural c could be used in 
order to eliminato a forced circulation pun~ with connected problems of 
piping the water to the outside of the six foot thick shielding and to 
minimize the possibility of boilerc1derangement which be encountered 
in the event of failure or maloperation of the forced circulation pump. 
The water and steam drums are placed inside of the helium pressure shell 
to 01 iminate the differential expansion problem 1iiihich would othervfise 
be encountered at the seal between the tubes and this shell. A thin 
inner shell is used so that the helium sure shell can be held' at a 
uniform temperature in order to minimize stresses in the pressure .shell. 

activo sections of the tubes are straight but the tube and sections 
connected to the headers are curved in the evaporator and the tubes 
are hairpin shaped in the superheater and economizer to all~i for 
differential expansion. 

The above design is presented only to give an approximation of 
the size and weight and it is not to be considered u trworking" des • 

size of tho complete boiler could be reduced by some 20% if finned 
tubes were used. Even though the boiler itself is not large" it can be 
seen that "the addition of 6 thick shielding will present a massive, 
structure 0 

d. Manufacturors Proposals 

,Various companies considered best qualified to supply boilers and 
'heat eXChangers fqr the power application have been contacted 
concerning their interest in supplying this equipment. e conte.cts 
have resulted in conferences with the representatives. of companies. 
These have afforded tho opportilllity for presentation and discussion of 

* Logarithmic mean temperature difference~ i.e. the temperature gradient 
available for flow of heat from the helitoo to the water and steam in the 
boiler • 

** The product of heat surface ~nd rate; this is diroctly proportion-
al to the amount of heat transfer surface for a fixed allowable frictional 
loss which must be provided in the boiler to obtain the specified performance. 
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the specifications outlined herein and ~n exchange of ideas us to the 
des of apparatus for generating steam <at the desired temperature and 
pressure from the heat available in the helium circulated through the 
power pile. 

1. The Foster Wheeler Corporation has declined -co lli1dertake 
the des bf a direct heated boiler if serious consequences result 
from a boiler failure which permits 'entrance of water vapor into the 
power pile. The company is hawever l proc~eding with the des of 
an indirect system of the type outlined in figure B-4, in Book II, 
wherein the heat contained in the primary heliw1i circulated through 
the power is transferred to a secondary helium circuit 'through 
employment of a helium to helium heat exchanger. The secondary holium 
circulated through this heut exchanger constitutes the heating medium for 
the steam boiler. 

This dual system an obvious safety udvantage over a direct hee,ting 
bailor, as a boiler leak would discharge steam into the intermediate 
helium system rather than into tho primary system" and leakage of steam 
into the pile could occur only the event of simultaneous failure of 
both the boiler and the helium exchanger;, an extremely improbable occ'-¥
ence. 

The d isadyantages of the dual system are 'that both the boiler and the 
heat exchanger are necessarily a deal larger than the direct heated 
boiler and that the nece-ss i ty for purnping hoI ium through tne secondary 
hoI iwn circuit causes an appreciable paras i tic povlTer demand with corres
ponding decrease in overall efficiency and net p~[er obtainable from the 
plant. Hovvever, one advantage may be ined; that of reducing the 
and complication of shielding for the hot heat excha~ger. 

Foster Vvbeeler design is proceeding on the basis of using 
finned in the helium-to -helium eXChanger, and possibly in the 
boilers" with the view of decreasing the size and of these units. 
In view of the probable size of the units it may be necessary to 
provide several units in lieu of the tviO boilers originally contemplated. 
Details of construction and arrangement of the units have not been fully 
developed as yet but the company indicated that a fairly complete 
proposition design study will be furnished shortly. 

2. The Babcock-Wilcox Company is proceeding with the design 
of a direct heating boiler on the basis that investigations now underway 
at CI inton Laboratories show that sudden introduction of 'Nater vapor 
into the pile will not result in immediate and uncontrollable increase 
in the reactivity of the pile.' 'The boiler will probably be of the vertical 
tube type in order to preclude" if practicabl'e~tho necessity for forced 
circulation in the steam-water circuit. If the provision

4 
of extended 

surface on the boiler tubes should be found to necessitate forced 
circulation" it is likely that bare will be< emnloyed in this design • 
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The control of superheat or final steam temperature will probably 
be accomplished by a direct contact desuperheater installed in the steam 
supply main close to the boiler; the company is also considering 
recirculation of part of the superheated steam through a coil installed 
in the steam drum and remixing this cooled steam with the superheated 
steam to provide superheat. control. Some means for superheat control is 
essential' in order to avoid excessive steam temperature under reduced 
power operating conditions. Superheat control throuCh provision of 
adjustable baffles for controlling helium flow through the superheater 
has been considered and has been rejected to avoid the need for install 
the necessary control apparatus under exposure to the temperature, 
pressure, and radioactivity of the helium gas. 

Babcock and Wilcox is considering the feasibility of undertaking the 
experimental study of corrosion and deterioration under exposure to 
fission products of the various types of steel nornw,lly used in the 
constructiqn of a boiler of this type. In this connection, Clinton 
Laboratories will attempt to supply representati~e fission products for 
this study. 

A proposition design for a complete boiler is' underwny. Dro.wings 
and description of predicted performance and operating. characteristics of 
a direct heated boiler vdll be submitted in the ne£lr futuro, together with 
an estimate of the time required for construction and delivery. 

3. The Allis-Chalmers NmnufacturingCompany has agreed t~ 
proceed at once with a proposition design for n direct hoating boiler 
and to present the complete study for review in the near future. 

The type of boiler construction being developed is sho~~ schematically 
in Figure B-8" Book 2. The heat 'transfer surface is composed of 
concentric layers of helically wound tubes assembled on a vertical axis 
and enclosed in a cylindrical sholl. The tube nest is divided into 
three sections to comprise an evaporator~ superheater, and steaming 
economizer. The superheater is placed betvreen primary and secondary 
sections of the evaporator with relation to helium flow. Forced circulation 
through the evaporator is obtained by the boiler feed pump discharging 
at approximately 900 psi" so 'that no separate forced circulation pump is 
required. The feed water" in which d small amount of ste8m has been 
generated in the steaming economizer~ actuates an ejector~ th~s providing 
for recirculation of vlater drawn from the boiler steam drum. This is 
shown in figure B-8, Book 2. 

Adjustment of final steam temperature with variations in steam demand 
is secured through adjustment of steam drum water level. Raising the 
water level increases the static head in the line connecting the boiler . 
drum to the ejector" thereby increasing the quantity of water recirculi:lted 
from the boiler drum through the primary and secondary evaporator 
sections. This action" in turn" tends to increase heat romoval from the 
helium flowing. past the primary evaporator and thereby decreases the 
temperature of the helium traversing the superheater surface" with 
consequent· decrease in the final superheated steam temperature. Decreaso 
in steam drum water level, conversely, increases the final steam temperature. 
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The type boiler construction described is somevolhat tillconventional 
but the company has successfully built and operated boilers of this 
for high steam temperature and pressuro applications, and the 
of the arrangement offers advantages for €l.ccommodation of the 
helium. 

4. The Combustion Engineering Company is proceeding with a 
proposition design for a direct heating bailor for the power ~ile 
application. This des will conform to the arrangerr 
shav,,'11 diagrammatically in B-9. The company has huil t n large 
number of boilers of this general type; many of these have beon used as 
oxhaust gas heated evaporo.tors in connection vvi th diesel power plant 
installations. . 

Tho heat transfer surface is arranged in the form of layers ·of flnt 
tube coiJ.s" and the surrounding cylindrical shell is designed to. retain 
the pressurized helium directed through the " evaporator" and 
economizer coil sections. Forced circulation the evaporator is 
essential in this desigYl:1 und the pump will pI' hO.ve to be located 
outside of tho boiler' shielding to avoid radio.tioD contamination of the 
bearing lubrication system and packing. Superheat control will be 
accomplished outside tho structur€ .by use of 8. direct contact, 
spray desuperheater. 

has agreed to complete shortly' n proposition design 
study a thes,e lines 8.nd it is expected that' construction and arrange-
ment together with operation and performanco specifications will 
soon be available for review. 

e. Dual Systems. 

In event that a steam leak into the helium. system may'd8.mage the pile 
or cause an osion, various "dual" systoms are be investigated. 
This is not done at the expense of .any delay in the design of the 
single system outlined here-in" since all manufacturers" except Foster 

have boen ure;ed to proceed with s 
to think of methods of preventing a steam leak i11;to the 

circuit. The purpose of a dU8,l system is to introduce an 
intermediary exchanger fluid the steam Etnd the primary 
heliui11 so that a leak from the steam circuit will not introduce water 
vB.por directly the primary circuit .• 

1. Mercury Dual System. B-5 depicts a system in which 
the thermal enorgy is absorbed by in 8. prin18.ry heat exchanger 
and is transf9rred by the mercury to the stei:\m in the boiler. By this 
means ho~vevor, the hol,iura circuit is safeguarded by the added 
mercury circuit. If mercury leaks into the helium circuit and thus 
enters the pile .. it will causo no other damage than shut down of' the 

e of the hi2'h neutron absorption cross-section of mercury. 

Morcury low heat capac per 
conductivity heat transfer rates low 

of denSity. 

I 
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Liquid mercury convection transfer rates arc sufficiently high that it 
was used by Rhodes and Br to determine the fouling factors in 
boil water transfer rates.* A finned primary oxch;anger . could be 
built using either liquid mercury throughout .as the transfer media or 
a system similar to that us ed' in a binary mercury-steam cycle. In the 
latter case the mercury is evaporated and superheated in tho primary 
heat o.nd is, condensed while· evaporating the "vater in the 
steam boiler. Figure 11 .. page 110 shows the opera.ting temperatures 
and pressures for such a system. This could be designed so ths,t 
the mercury boiler could operate on gravity feed thus eliminating the 
mercury purnping problem. The liquid mercury system has the advantage of 
being more compapt but it requires pUiilpS to. circulate the mercury. 
Although some trouble was experienced with mercury boilers in early 
installations those boilers are now operating very succe'ssfully. ** 
The problem of conta and pumping mercury are completely solved. 

For l either the liquid or boil cycles finned tubes can be used 
to obtain an overall transfer rate in the primary heat exchanger in the 
order of 500 to 1" 000 Btu/oF/hr. per sq. ft. of t.ube surface ~ 

This h~nt eXChanger would contain less tho 200 tubes 1" dia. 10 feet 
and could be built rather compactly keeping the size of the "hotU 

heat exchanger to a minimtnn. The steam boiler can als 0 be built very 
compactly because in this case the transfer rates for both fluids is 
;high. Therefore the mercury dual system is feasible. 

2. Helium Dual System., employing helium in plv,:ce 
of mercury' as the intermediate heat fluid could be used" soe 
figure B-4" Book 2 nnd Figure 12" page Ill. This would afford 
the same as the mercury dual system. The secondary heli'lun 
circuit would be opere.ted at a pressure 81 higher than the 
helium circuit so that if a leak developed the bvo 
heliu.11l would be admitted to tho pile with no ill effect. Since the 
helium film is controlling in transferring heat" an introduction of 
t-w-o more helium films increases the resistance to heat flow some two 
to three times that of the s system. For a fixed transfer 
coefficient for the helium film the total area would have to be ed 
some 4 to 8 times since, as an electrical circuit" the heat flow is 
proportional to the square of the resistance. The picture need not be 
this bad however since the primary heat eXChanger (the helium to heliwn 
exchanger) could be made of a highly efficient type of surface namely tho 
interrupted fin surface deSign. *** This construction will provide 

* Trans.. ~ Inst~ Chem. Engrs. - Vol. 35" '"13-93 (1939) 

** 625" till" 656 1942 J~l.S}.iE • 

*** "High' Performance Fins for Transfer" by R. H. Norris and W. A. 
Spofford" ASl1E TransD.ctions Vol. 64" 1942 p. 489. 

j 
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a. transfer rate per unit frictional loss in the order· of four times that 
obtainable in flow through tubes. and twice that obtainable in transfer 
outside staggered tubes. * Furthermore, the surface area per unit 
volurno is in the order of five times greater ths,n a tubular exchanger. 
This system would still be considerably la.rger than the mercury dual 
system and would require more power to circulate the 

3. Do'ubleYJall 'rube Construction. Among other means under 
consideration for decreasing tho possibility of boiler steam be 
admitted, to the helium circuit, the emplovlrlent of double boilor 
tubes shows promise. 

By use of the constructionc:shovm. in Figure B-ll" Book 2~ it will 
be observod that under most conditions it is necessary a leak in 
an inner tube or tube header joint be accompanied by a simu.ltaneous 
leak in its outer tube or tube joint to permit direct steam 
leakage into tho helium system, a quite improbable occurr'ence under 
any norlllf.ll operating condition. Any ordinary imperfection in the inner 
tube occuring during resul ts in, leo.ko.ge of stt3G.m or water 
through the leakage flovr channels betvveen the inner und outer tubes to tho 
space bevneen tho primary 8nd secondary headers. A connoction is 
provid'od from this space to a leakage indico,tor observable the 
operators who at tIle first convenient timo after is indicated can 
secure the plant for location and replacement or permanent of 
tho leaking tubes. The space betwoen the inner and outer tubes mny be 

-subjected to periodic pressure tests for detection of possible incipient 
leaks in either ,the inner or outer tubes without 'danger while the plant 
is in full operation. 

Double tube construction of this type has been Irridely used by the 
General Electric Company and General N[otors Corporation in the construction 
of air coolers for large electric motor and generator closed air cooling 
systems installed aboard combatant Naval vessels where leakage of the sea 
water;t used as the primary cool medium, into the electric circuits v-muld 
cause immediate and sorious derangement of vital equipment. Little or 

temperature experience" how'ever, is available in the use of this 
tube construction or of alternate construction 

n+""""en the outer and inner tubes in lieu of metal to metal contact. 
double tubes results in no 'great increaso in the amount of 

transfer surface required, the construction of the 
icated and more expensive. Should helium 

controls fail and very high helium' result, the double tubes 
would soften and unloss-the high pressure were quickly reI 
there is a possibility of admitting to .the pile helium circuit, even 
with the double walled tubes. 

* Figure 3 of Buships Research No. 5-43 • 
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3. PILE GAS FLOW 

a. Introduction 

In order to remove the heat generated in the pile, sufficient coolant 
flow space must bo provided for passage of helitun without excessive pressure 
drop_ This space is provided by use of tubular shaped fuol rods held 
concentrically in the moderator bricks by longitudinal ribs. Helium 
onters the channels at the . bottom, flows upward through and around :the 
fuel rods, and leaves tho channels at the top. 

A study of pressure drop through the pilE? showed that for op~ration 
at 40" 000 10N heat output a pros sure of 10 atm. is necessary to keep tho 
pressure drop small in value. It iims also shovm that lower heat· production 
levols permit the use of proportionatoly lower pressures; this tends to 
reduce loalclge from the system. 

b. Pressure Drop in the Pile. 

Curve No. 13 page l14shows tho rolation betvvoen pres'sure drop and 
helium flow in the pile for various operating pressures. Curvo No. 14 
page shows helium flow through the pile as a function of heat output. 
It will be noted that tho pressure drop at 40,000 KW and 10 atmospheres 
is about 1.6 Ib/sq. in. 

The pressure drop 3:t 4000 K~Y and 10 ntmospheres is 0.023 Ib/sqo in • 
The prossl~e drop increases to 0.23 Ib/sq. in. when tho pressure is reduced 
to 1 atmosphere. "While this pressure drop is small compared to the vo.lue 
allowed at 40,000 KW it must not bo concluded that 1 atmosphere can be 
used at 4000 KW 0 The pov"ver required to circulate the coolnnt must be 
considered in choos the operating pressure. Such consideration indicates 
that the operating pressure at 4000 ~V should be 3 to 4 atmospheres, and 
at 40,,000 K'0f should be 10 atmospheres. 

In' calculating these pressure drops account was made of the fact the.t 
the heliur~l floYf is not uniformly distri1{uted along the radius of the pile. 
This variation in flow is necessary to :),ccomodate the variatiol'1. in power 
genere.tion vn th radial distance from t he center of the pile. If the 
helium wore passed through the pile uniformly, its temperat'Llre "upon 
leaving individual channels would be widely different. Such wide 
variation is undesirs.ble bece,use it introduces additional problems of 
differential expansion and reduces thermodynamic efficiency. 

To 8.chievo uniformity in temperature, tho flow through each c h~rL.'1.el 
is proportioned to the power generation in that channel, and since the 
povier generated is a maximum in the conter channel" that channel must 
have the maximum ge.s flavl. For this reason the press~o drop through the 
pile becomes a function of the flow through the center channel. 

In order to determine what portion of the total flow must be passed 
through the center channel it is necessary to knovl What portion of the 
total power is generated in the center channel. Sinco, for a cylindrical' 
pile with reflector, an exact determination of this value is not possible, 
an approximation has been made. . 
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In calculating these pressure drops account wO.s made of the f~lct 
that the helium flovlT is not uniformly distributed along the radius of 
the pile. This variation in flow is necessary to accormnocle.te the 
variation in power generntion with radial distance from the center of 
the pile. If the helium were. passed through the pile uniformly, its 
temperature upon leaving individual channels would be widely different. 
Such wide variation is undesirable because it introduces additional 
problems of differential expansion and reduces thermodynamic efficiency. 

'To achieve uniformity .in temperature" the f'lovV' through each cho.nnel 
is proportioned to the power generation in tha.t channel" and since the 
powor generated is a mnximum in tho center channel, that channel must 
have the maximum gas flow. For this reason tho pressure drop through 
the pile becomes a function of the flow through the conteI' chflnnelo 

In ardor to~ dotermine what portion of the totalflmv must be passed 
through the center channel it is necessary to know what portion of the 
total power is generated in the center channel. Since" for a cylindricnl 
pile with reflector" an exact dotermination of this value is not possible, 
an approximation has been made. 

For a cylindrical pile without reflector" the power generution in the 
center channel is 2",31 times as much D.S would be the case if the power 
generation were uniform. For a cylindrical pile with reflector an 
analysis on the basis of simplifying assumptions, 'indicates that this 
factor should be 1.59. Experience on other piles" however, indicates 
that the power distribution curve might be such that, when extrapolated 
to the point of zero power production". it reaches zero in the reflector 
20 cm. from the of the reactor. Computation on this basis indicates 
that the power generated in the center channel is 1.71 tim.es as m.uch as 
would be th0 case if the power gen~ration wore uniform. Curve No. 15 
page 117 shows the radial power distribution in the pile for both caSes. 

To a sufficient blower compression retia" the higher value of 1.71 
was used fpr calculating pressure dropse 

The pressure drops indico.ted by 'the curvos are based on a flow channel 
2" in diameter and 9' long filled with cylindrical rods having an inside 
diameter of Itt and an outside diameter of 1ft". 

The pressure drops include the ontrance and exit losses of the channels, 
friction losses therein .. Rnd acceleration lassos due to heating of the 
helium. They take into account the resistanco of the longitudinal ribs 
which hold the fuel rods concentrically in the moderator bricks. The 
losses in the plenum Chambers at top and bottom of the pile are not included 
in these ce.lculations" but are included in the d~ct system. 

Tests VITill be conducted to check tho calculated pressure drops over 
the expected range of operating conditions. Tests already conducted at 
Argonne National Laboratory on friction losses confirm the calculated 
pressure drop due to friction alone .within t 5%. 
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c. Gas Flow Distribution 

As wns stated in the preceding section Jl to achieve uniformity in the 
temperature of the helium through individu21 channels the flow is to bo 
restricted proportional to the power generated in that channel. The 
radial distribution of power genoration in the pile is not uniform • 

. Figure 15 (solid line) page 117 sh.ows the expected variation- of power 
generotion with rndia I distances from the center channel. 

The following methods of controlling flow of coolant through the 
pime were considered: 

1. Sectional Control. Regulating flow' by sectio~al control 
involves use of annular conduits on top of the pile to 
collect the helium from various zones in the pile. 
These annular conduits are individually piped to the 
msin' discharge duct so that the helium flow can be con
trolled by adjustable dc.mpers. This construction is 
complicated and presents the problem of joining the 
annular rings to the moderator' bricks. 

2. Variation of Flow Channel Lengths. The control of flow 
by v3rying the flmv channel lengths involves a design 
where the outer channels are fi vo times as long as the 
center channels. This type of construction is objection
able because it does not permit maximum uso'of reactivity 
in tho pile. 

3. Variation of Channel Flow Areas. It is possible to control 
,helium flow through the pile by varying the flaw area 
from channel to channel. This method is not attractive 
because of the expense of making m8ny sizes of fuel rods 
Gnd moderator bricks and because it complicates the loading 
mechanism • 

. 4. Use of Orifices# Top or Bottom. Orifices can be used to 
control the. helium flow through tho pile. They may be 
placed ei thor B.t tho top or bottom of the flOVlr channels. 
If orifices are placed D.t tho top they will be larger 
and easior to fabricate accurotely than if they are 
placed at tho bottom. They will be larger because tho 
volume of the helium is greater at tho higher temperature 
at the top of the pile. The disadvantage of using 
orifices at the top is that they are not ac.cossiblo for 
eo.sy replD.cement. Ability to replace orificos is 
desirable because tho required distribution of ges 
flow cannot be exactly predicted in advance. 
The disadvantages of having orifices at the bottom 
are that they have sm2.ller flrn~ areas and that they 
must be removed and handled each time a fuel rod is 
changed in any channel • 

Considoration of the above factors h2ve load to the decision to usc 
orifices for control of helium fl(~v •. ~lliether they will be plnced at the 
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top or bottom has not beon both are feasible. 

Figure 16 pG.ge 119 shows tho areo. requirements for orifices 
top and for orifices at the bottom. In euch case the center 

-120-

is designed to have no restriction. These curves are drm'm for a 
continuous change in' orifice size vv-i th distance from the ccntor channel. 

11y a different orifice size would bo required for oach set 
of channels C.t the same distance from the center; for engineering 
reasons however, a 1 number of sizes will be used. 

I 
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4. HELIIDA SUPPLY 

a. Source and Specifications 

Helium gas for this project will be obt8ined from the Amarillo, 
Texas, HeliU111 Plant operated by the B'ureo.ti of Mines" United States 
Department of the Intorior, and will be purchased D.S "high-purit-y 
helium. 1t 

b. Purity 

-121-

The purity of helium presently being distributed by the Bttrcau of 
Mines is 98 0 5% which is not sufficiently pure for this application. 
However" they ore making improvements to their plD.nt ond will probably 
be able to supply bulk quantities of 99.9% helium early next year. 

c. Shipment, storage 

Shipment will be made in high prossure helium ta~~ cars of ~hG 
type used by the Navy. These are special raihvay cars carrying a bank 
of high pressure cylinders with suitable manifolds, valving, und 
charging connections. The capacity of one of those cars is about 
200,000 cu. ft. at Standard pressure and tOlnperaturo" when charged to 
2000 psi. 

Storage vrill be in banks of long stool cylinders manifolded to
gether in racks similar to those used at Hanford. 

do Purification for use in Pile 

Evon though the purity of the helium received may be 99.9% it is 
anticipated thD.t some purification will be 'necessary to remove any 
contamination which may have entered during shipment, and to remove all 
traces of moistltre and o~Tgen from,the gas before it is admitted to 
the pile. ' 

Since the experimental dnte. required for establishing helium purity 
tolerances is not yet available, details for the purificntion equipment I . 

h8.ve not been worked out. It is believed that when this dQta is 
availablo the design of tho purification equipment will be a relatively 
straightforvrard chE:lmical engineering problem. 

e. Properties 

Tho physical properties of helium are listed below: 

Molecular Woight 
Universal gas constant" R 
Density (32°F and 14.7 lb/in2abs) 
Specific heat at constant pressure 
Specific hoat at constant volume 

k = Cp/Cv 

4'::' 
386 't/OR 

.0112 lb/ft3 
1.242 Btu/lbOF 

.746 Btu/lboF 
1.667 
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The variation of viscosity and thermal conductivity with tempera
ture are shown on Figure 17 page 123. The 'variation of specific 
film coefficient with temperature is shown on Figure 18 page 124 • 
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5. HELIUM IN POliVER GAS SYSTEM 

a. Deoxidation and Dehumidification . . 
Equipment te remove oxygen and moisture from gas in the main 

circulating system will be provided as shov'm in the flow diagram" Fig. 
B 12· .Book 2 • Full details of this equipment have not been 'worked 
.out since d~ta.on purity tolerances is not yet known. However" it is 
anticipated that the flow through this system v!ill be ton percent of 
tho main gas.stream. Copper will probably be used to remove oxygen at 
500 0 F and A1 203 to removo moisture 0 Pressure drop will be balo.nced by 
the pressure rise in the main blowors, as shovm on the flow diagr~:.m. 
This means that the blower flow rate will be ten percent groSlter tho.n. 
tho main circulation rate. 

Copper for oxygen removal is prepared and sold by Air Reduction 
Sales Company. It is apparently n~de from copper oxide pressed into 
pellets and reduced once with hydrogen by a patented process. 

b. Discharge and Storage System. 

It is anticipated that thoro will be some helium leakage from 
blower shaft seals and occasional discharge from tho main pressure relief 
valve. This 'gas" together with any gas impurities removed in the dehum
idifier and deoxidizer will be conducted to the discharge system. The 
discharge systom will include a decay tank of sufficient size to allow 
time for decay 'of radioactivity in these gases before exhausting up a 
stack •. Radioactivity of the st:;.ck gases will be measured and recorded by 
suitable instruments. 

Storage will be provided in order to tomporarily remove helium from 
the system cs required during load changes and return the helium to the 
system later. A pump with suitable valving will be supplied for trans
ferring the helium to or from the system.· Storage viill bo in a largo, 
low-pressure tanle, pO,ssibly located underground .for shielding. 

c. Volume of System. 

Preliminary estimates have been made of tho volume of vnrious 
portions of the helium system and tabulated bolmf: 

Pile 
Ducts 
Boilers 

700 ft 3 
1600 ft 3 
1000 ft 3 

Blmvers & Sepnrntors 500 ft3 
Dehumidifier &: neoxidizer 300 ft 3 

Total 41~0"ft3 

d. Purging and Initial Charge 

Before putting the helium circulation system into operation, it 
will be necessary to pressure test, leak test, purge, and charge the 
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system with high-purity helium. The prossure testing can be dono by 
conventional methods prescribed in tho AeS.M:.E. code. Tho lea.k testing 
must be very carofully done and will probably require the use of . 
electronic leak dotection tlppm~·Qtus of the mass-spectrometer type; 
such as is used in high vaeuum work~· 

To facilitnte the leak testing and purging ... nn .ovacuntion system 
will be provided. This will include a largo ccpacity oil diffusion 
pump backed up by a Kinney" Stokes-McLeod" or equivalent mecho.nicnl 
Vo.cuum pump" or by D. suitable ste[tm jet exho.usterct Such equipment is 
built by Distillntion Products" Inc Cl , Rochester, N. Y.; andothers~ 

In Gvo.cudting" it is anticipated that lnrge volumes of occluded 
moisture, 0. ir" and gases 'will be encountered" sotho. t it mD.y bo . 
necesso.ry to flush the system with pure helium and evacuate it one or 
more times to obtain a charge of the required purity. This flushing 
helb.lIn" as well as the full Charge" will be .admitted to ,the system 
through tho makeup line and purification system fronl tho fresh helium 
supply. 

e. tlolium Recovery. 

Although it would be possible to recover and repur helium from 
tho discharge system" this v,rould require quite extensive facilities and 
it is not considered economical opero.te such a recovery plant in . 
competition with the Bureau of Mines' plants. Now helium co.n bo obta inod 
from them at an estimated cost of about one cont per cubic foot~ 
Recovery costs would probably be considorably greator than this" even 
wi thout the radioa ctivi ty con s idera tions •. 
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64]' DUCTS 

The gas circulating'system is composed of ~NO roB,jor duct groupS: 
One for 1400~F operation, and one for 5000F~, both at about 150 psi 
abs. SeverD.l auxiliary duct systems are required for necessnry components 

of tho complete plant. 

Fortunately, considerable information is o.v0ilo.ble from gas turbine 
installations to 'assist in designing a reliable duct for l400

o
F. This 

design consists of two concentric shells" with the o.nnular space between 
filled wi tho insulation as shmvn in Figure B-lO Book Two.. As this 
annular space is :rrk'1.intain.ed at slightly greater than internal (system) 
pressure the inner ,shell is not greatly stressed. This shell serves 
merely to prevent contamination from insulntion ihto the system a.nd to 
koep tho insulation in placo. An outer sholl sorves to support the 
structure and to retuin the gas at 150 psi nbs. 

The inner sholl must be gas tight in order to minimize in-lenknge 
front the o.nnular space. Longitudinal expansion is accumulr-ted by 
b~llows type expar:sion joints Trelded directly to this inner sholl. 
E~ther 18-8 (stab~lized) or 25-20 Stainlcss is suitable for the shell. 
As the shell is but slightly stressed (pressure on internal and external 
s/ur~ace~ equalized~ and surface temperatures equal), a thin walled 
1 4 th~ck shell is suitablo~ 

Thermal insulation will be placed directly around the inner shell~ 
Either Eagle !!66T1 (Eagle-Picher Co.) or Superex (Johns-Me,nville) will 
be acceptable for use at 14000F. R8diation effects will have to be 
dotermined on these. Approximately 9 inches of insulDtion are required 
to insure a maximum surface temp~rature of 1500F. 

A mild stoel outer shell 3/S" thick vvill bo provided to withstand 
internal pressuro and to serve as Q support for tho structure.. A clear
ance of 3/8 11 be?'lOen outer shell and insulation is necessary to allow 
for differonce in expo.nsion of inner and. outer shell. Longitudinal 
contro.ction and expansion is taken care of by either bellows or spocial 
g'as turbine type expansion joints. As this sh01l is not exposod to 
1400oF. no trouble wilt be encountered from therm8,l stress. 

ilverf:'l.ge gas velocity is 150 ft/soc., at l4000F and 147 •.. 5 Ib/in2a in 
a circular duct 2.25 ft. in diameter" vrhich gives a pressure drop of 
8 Ib/sq. ft./IOO ft. A duct 27 inches inside diameter (inner sholl) 
c,m 47 inches outside diameter (outer shell) will moet those conditions 
of vol oc i ty and pres sure drop., 

Thore will be a' separator in the l400oF. duct to collect foreign 
particles" BeO chips .. , etc_. Proliminary investigation indicntes that a 
cyclone type soparator is feasible. Provision will be made for periodic 
removal of the solids collected in tho scpare.tor from'a remote station 
for inspection and analysis., 

The 500 0 F lines from tho boilors will be 18 inch diaBeter pipes 
ire ulnted on tho outer surfaco. Long~tudinD.l expansion ,,'rill be afforded 
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by means of expansion loops or bellOlNs. These 18" pipes 
average velocity of 100 ft/sec. with a pressure drop of 7 
ft/IOO ft. 

an 

• 

Bolted connections will be used in the 5000F lines. No bolted 
connections will be employed on the l4000F line; all welded joint 
construction will be used~ None of-the auxiliary piping will be larger 
than l2Tf and none hotter than 5000F, so that no trouble is .anticipated. 

The helium systems previously discussed are so arranged that 
values will be required only in the 5000 F helium ducts and auxiliary 
lines. It is anticipated that vclves similar in construction to those 
used in the K-25 plant may be applicable here. Howevor, due to more 
severe operating condition of temperature and pressure, an extensive 
investige.tion and test program will be necessary before a final w.lve 
design: can be accepted. 

All valves will be double scaling with metallic seo.ling surfaces. 
Small valves12" or less will be peckless" ie. bellows seal. Larger 
valves may be bellows seeded or double pa.cked. Many of the muin and 
auxiliary vnl yes will require remote con"brol similar to that used o.t 
K-25. . 
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*** 

BIBLIOGRAPHY 

Argonne National Laboratory Reports 

, A. Bibliography for Pile .Physics 
Considerations 0 Section IV-A? Page 32. 

B. General Bibl~ography - Report of 
Argonne Natlonal Laboratoryo 

*** 
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A .. Bibliography for l'ile Physics Considerations. 

1. "BeO and BeO pilesll~ Goldberger, M. J.IO, lv1UC-WC-J:JILG-7, 7-21-46 contains 
calculations of critical size and weights of bare homogeneous spherical 
piles having Be or BeO moderators and various fuel concentrations at 
100% enrichment. 

20 "Be and BeO p:Ble·s using enriched Uranium, II Goldberger, M. L. MUC-NI1Z-
318, 9-4-450 Calculations are for SEnne pillles as (1) but !.'lWith various 
fuel concentrations at 10% and 20% enrichment. 

3. "Slow changes in the Laplacian Bf a thermal pile," Way, K., 
MUC-KW-58, : 12-28t45o 

4.. "Age in B'e and Bean, Goldberger, M. L., ])iIDC-WC-MLG-IO, 1-12-46. 
Contains informatL)n on changes in basic data which affects the 
pile calculations. 

50 "BeO pj.les with enriched Uranium," Martin, A. V., MUC-7fC-A'J1'11-l1, 
1-21-46. Contains calculations similar to (2) using more recent 
data. 

60 HExperiments to determine critical size of the JeO pile," Sachs, 

70 

R. G., lVIuC-IDS-2, 4-1-460 Conta.ins a. discussion of possible methods 
for determining critical sizeo 

"Constants of Be and BeO, U Way, lCo, llUC-KW-6e, 4-12-460 Summarizes 
most recent values of constants used in pile calculat\ions'" 

8 0, "Ch,a...YJ.ge in Laplac ian with change in temper ature in BeO pile,," 
Y'lay, K 0, t,ruC-KW-6l, 4-12-46.. Indicates method whe reby tempe rature 
variations may be incorporated in critical size calculationso 

9. liThe control problem and the critical size of an enriched, BeO 
moderated pile 0 U Hartin, A. V., MUC-RGS-AV£J-5, 5-15-46.. Presents 
methods of calculation of critical size of a barE;l cylindrical pile 
with control. 

100 !"Experiments to determine the propertie s of a BeO pile, n Sachs, 
R .. G., MUC-RGS-7, 5-20-46. Outlines the experimental program to be 
carried out for determining fundamental 'pile constants. 

11.. "Changes in I,rUC-RG$-AVM-5 and MUC-RGS-2 resulting from new loading 
density and new transport cross section, II Sachs, R. Go, AHL-RGS-2 .. 
r~Iodifies Vlork of (6) and (9) to conform to recently redetermined 
constantsand new design proposals. 

120 "Effect of impurities on pile size and conversion." Sachs, R .. Go 
AIJL-ffiS-3o Estimates a.ffects of Boron poisoning on size and con
version of piles treated in previous 'works. 

130 transient behaviou:v of the BeO pile 0 II Sachs, G 0 .A..~IJ-ItGS -6, 
8-28-460 This report indicates considerations V'vhich will be involved 
in making design decisions that will affect pile operations and 
~·ontrolo 
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B. General~:Bibliograi;hy' - Report of Argonne Nationai Laborator'y. 

Reports below are selected to give a cumprehensivo survey of work 
done at the Argonne ]~ational Laboratories (formerly l:letallurgical Labora
tory, Univers.llity of' Chicago).. 'These reports are used in arriving at the 
design of the Daniels Experimental Power Pile being carried out at Clinton 
Laboratories .. 

(A), (B), (C)!) etc 0, denote associated groupings of reports.. E aeh 
group pertains to a sint;le subject: 

(li) General surveys J summaries and status reports'o 
(B) Thermal Stresses in fuel rods. 
(C) Ther-mal c·onductivity under radiation. 
CD) Coolant pressure drop .. 
(E) Operating mechanism .. 

I. "Calculations 011 the Distribution of the loss of BeO through 

2. 

(A) 3. 

(B) 4. 

(c) 5. 

6 .. 

CD) 7. 

(A) 8. 

(B) 90 

(C) 10. 

volatil ize.tion from the vm.lls of a hie~h -Cure l)ile channel 
a tem.perature gradien:t,1l Seifert" R. 1 ... EUC .... 

JE\7-29, 9-10 ... 45. 

nSUIfu"TI.ary of work in a BeO moderated steam cooled pile designed 
to operate at high temperatures for use in the production of 
electrical energy from atomic power,lI Willard, Jo E. MUC-J~W-33, 
9-14-45. 

"Summary of high temperature oxide le program, U '.iiiliard, J. 15 .. 
and Danie Is" F .. , i.~UC-JE~1f-6 3, 1-2-460 

UTemper ature varia.tions in fuel rods, II Hutchison, Co Ao; 
!iIUC-J;:BW'-64, 1-5-460 
"Report on thermal conductivity of low density BeG bodieso ll 

(Battelle), Li~ebrink, O. Lo, Nelson, ho Ro, CT-3437, 2-1-460 

"Exporimen ts on the production of nonporous surfaces on BeO 
bodies", (Battelle), Russell, Eo ~V·o,· 2-25-46" 

"Consideration relative to the gas flow, channels ~md heat 
tra.'1sfer surfaces or' a. high te::n]?erature oxide pile, II Robertson, 
AD F", I,:;UC -C.AH - 2 , 3 -1-4 6 

"Status of engineering problems on ~pile l If Robertson J A. F 0 , 

LIUC -:Cl.\.H-10, 4-9-46" 

IITeT!lperature aY).d thermal stresses in pile fuel rods, n Hutchison, 
c. Ao, MU~-CAE-7, 4-15-460 

UExperiment s to determine the effeqt of neutron radiation on 
the rmal conductivity of mixed oxide bodies. II (A discussion 
of apparatus to be used.) Deem, 3:0' W .. , Nelson, H. R.,. CT-3527" 
4-20-46 .. 
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(E) 11. "Operation of the bottom loading pile," Fairchild, Ii .. Do, 
-CAH-20, 4-30-46. 

12. IIInvestigation of the structural properties of fabricated 
beryllia for h1i~hhigh temperature oxide pile,1I Gilbreath" 
J .. Ho and Gaarder, S .. Ro, MUC-CAH-25, 5-29-46. 

13. "Circumferential insulation requir.ements of temperature 
oxide pile"S!- Fromm, L. -:f., MUC-Cl1.Q-24 .. 5-24-46 

" 
14. IlRadiation levels anticipated in Beryllia-Uranium Oxid~ 

(Bng;iched) sar!1.ples undergoing bombardment at Hanford, II 
Gaarder, S. R .. , MUC-CAH-36, 6-3-46 

15. "Hot bla'gt stmres used in steel industry (blast furnaces) as 
they may gi va information useful to hggh temperature pile 
desisr:n.lI Kittred;~;e, H .. Eo, 6 ... 3-46. 
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(B) 16 .. "Thermal Stresses in pile fue 1 rods, n Hutchison, Co .do, ~,iUC-CA.tt-
37, 6-5-46. 

(D) 170 

(c) 18 .. 

"Equa1izat'ion of gas temperature across a high temperature oxide 
Ie by regulatingnr; coolant t~as flow in the various fuel channels 0 It 

Fromm, L. W., MUC-O.iA..1{-41, 6-6-460 

"Recent heat conductivity data from the Battelle Memorial 
Institute," Viillard, Jo Eo MUC-JEW-121, 6-15 ... 46 

(A) 19. "Current status of work on high'temperature oxide "pile," 
-J'fillard, Jo E. and Daniels, F., MUC-tEWri127, 6-21-46 

(E) 20" "Fossible control rod actuation mechanism for Power File. II 
Robertson, Ao F'o, EUC-ACH-44, 6-25-460 

210 IISuID111ary of information available on special the rmocouple wire 
for neutron thermopile and boron-containing. alloys "for control 
rods," Robertson, A. F., UUC-CAH- L15, 6-25-46 .. " 

220 uVo1atilization of uranium from fuel rod material," Hutchisoniii 
C .. Ao and MaIm, J. G .. , I!IUC-CAH-,-16, 6-25-46. 

(c) 230 

(D) 240 

(E) 28. 

UMinutes of tl'1.e Meeting, Friday".July"5, 19<1:6", Dismore, P .. Fo, 
AFlL-OCS -5, 7-5-46. 

nObserved pressure drops in fuel rod channels," Fairchild, Ho Eo 
ANL-OCS-29, 7-19-46. 

"Fuel rod loading and unloading mechanism for top of pile 
operation," Fairchild, H. B., ANL-OCS-18, 7-26-460 

• 26. "Research on graphite impregnated with U308 , If Daniels, F., 
CL-FD-5, 8-6-460 
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(A) 27 • 

(D) 28. 

"Plans for nuclear meas'lJ.rements for the power pile," 
Daniels, Fe, CL-FD-5, 8-6-46. 

"'Cane' and 'Bamboo' fuel rods," Fairchild, Ho Bo, .LJ:~L-OCS-
31, 8-7-,]:60 
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The ;/eekly Abstractsr of Section C-1I at Argonne National Laboratories 
supplements the subjects e-overed in the above reports, keepinc the work 
progress and data. up to date • These Abstracts are issued under the follow
ing code's: 

2.iUC -OCS -33 
MfL-OCS-l, -11, -15, -19, -25, -32, -37, -46, -51, 
-53, -57, -61,-69, -76, - 77 

'l'he first vias issued on 6-27-46 'while the last was issued 9-'26-460 

Sever a1 valua~le informati on sources ori~;inating at loc ations other 
than Argonne national Laboratory are included here for the sake of complet-e
ness: 

1. Hanford Engineer Works Technic al Lla:nualo 
20 Clinton Laboratories Project kanualo 
30 Final Report on froductL:m Test, No 0 105-5-P, Survey of 

ShieldinG, Wende, Co Wo Jo, 7-2822, 9-21-450 
40 lleview. of the High Temperature fower Pile rro§ram, 

Daniels, F., 10-6-46. 

The first design for Hanford was a helium-cooled pile of'natural 
uranium and graphite. It was replaced by the water cooled pile~. This 
proposal of a pile cooled· with hel1.1..1.J11 under high pressure is described by 
Noore and Leverett. CE-277, "Preliminary Process Design of Power Plant,.1t 
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APPENDIX II 

Abstracts From Hanford Technioal Manual 

. -
Safe Radiation Limits 

Experience with radium and x-rays has shown that the human body can 
safely absorb a distributed radiation dosage of 0.1 Roentgens per day for 
an indefinitely long period. All shielding arrangements are, therefore, 
desgined to reduce the radiation to a level whereby the possible absorp
tion for an eight hour day cannot exceed 0.1 Roentgen in equivalent ra
diation from the shield. 

The Roentgen is essentIally a unit of gamma dosage definBd as that 
quantity of gamma radiation which will produce one electrostatic unit of 
ions in one cubic centimeter of atmospheric air. 

Equivalent radiations corresponding to 0.1 Roentgens per 8 hour 
day are listed in the following table: 

Radiation 

2 Mev. beta particles 
2 Mev. fast neutrons 
2 Mev. gaII1ljlas 
Thermal neutrons 

Flux (particles per sq. cm.per sec.) 

80 
200 

3300 
15000 

Types of Radiation Hazards 

Beams. ABsuming that direct radiation through the uninterrupted 
shield 'wall is at a level SO low that no hazard exists, there still ex
ists t~e possibility of concentrated ,rays escaping through cracks or 
access openings. 

lnhalation. Radioactive gases or dispersions of active materials 
may be hazardous if inhaled. 

Ingestion. Vfuen active materials are swallowed, the amount retained 
in the body depends strongly on the chemistry of the active substance. 
For instance iodine and cesium are 100 per cent absorbed but most fission 
products are less than 1 per cent absorbed. 

Contamination. Radioactive material cli~gs tenaciously to the hunds 
or clothing and may .be hazardous by direct radiation or subsequent inhala
tion or ingestion • 
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Effectiveness of Bhielding Material~ 

Iron is effective in absorbing thermal neutrons and gamna rays and. 
a layer 10 inches thick for the first barrier of a shield will absorb 
about 97 per cent of the total energy, converting it to heat. Fast 

neutrons are somewhat reduced but can be more effectively reduced to 
slow neutrons by a barrier of masonite. A subsequent barrier of iron 
will effectively absorb the resulting thermal neutrons. Thus, a laminated 
structure of alternate layers of iron and masonite operate in succession 
to reduce the neutron density to the desired degree and, at the same time, 
absorbing some gamma rays. A curve, figure A14(page 818 of section B, 
Hanford Technical IVlanual) illustrates the action of, a composite sl~ield 
of masonite and iron. 

Residual radiation composed mainly of gamma rays are effectively 
absorbed by any material in sufficient mass, Therefore, the heavy ma
terials require 'less thickness and ordinary concrete is economically 
suited for the purpose. . 

A table of thicknesses of shiolding materials required to reduce 
the intensity by tenfold of various radiations follows; 

Material 

Water 
Masonite 
Graphite 
Concrete 
Iron 
Lead 

Thickness in Inches Required For 
Tenfold Reduction in Intensity 

2 Mev Garrunas 

20 
.15 
12 
10 
2.6 
1.7 

Thermal Neutrons 

2 
3 

45 
7 
1.3 
8 

Fast Neutrons 
(Approximat ely) 

4 
8 

15 
17 
20 
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APPEND IX I I I 

PROPERTIES OF BeO 

1. Crushing strengthOCS-33P2; CAfI-25P2 & 8,9,10,11,12; 

JEfi127-9; J~163-5. 

2. Tensile strength - J~Y127-9; OCSIIP6; "7/3/46P7; C~H.25P2; 

, CAH-25Pll and P13,14 

3. " Heat conductivity (Annealing) OCS11 P3; OCSllp6; JEVif127-8; 
J~u63-pl; J~Y63-p4; 7/3/46p7; OCS33p7; OCS-32p3. 

4. Thermal stresses and resistance to spalling 
a. Steady heat) 

)OCS11p6;OCS33p6; 
)OCS32pl;94 .. 1pl 
CAH25p2;JEW127-9 
OCS-53pl;OCS-46pl 
OCS-46p5; 

b o Transient -OCS~32P1; OCS-32P4; CAlI25P15, 16, 17; 

c. Annealing 

d. Additive 

5. Elastic Modulu~- 7/3/46P5; 8/l5/46P3; JEw127-9,lO;Jmv127P5;' 

6. Vapor Pressure - 7/3/46P3; CAH-46P2; JEW217P1;. JmV63-P3; 

J~Y63P7; 

7. Loss of weight on heating - 7/3/46P3; OCS-32P4; CAH-25P2; 

JEvV127-7, 8,; 

8. Shrinkage (Density, and linear dimensions-OCS32Pr,; CAH-25P24, 
P4, 6, 7,19,20,21; 7/3/46P3: 8/15/46 P4 
JEVIJ-127-9, 10,; 

a. VYith heat .. 

JD~63-4; J~V63-7; OeS57 
JEVIf63P5" 6 : 

b. With irradiation 

c. Annealing 

9. Effect 'of 02' H 2" Air, H2 or He" H20, vacuum ~ OCSllP7; 

10. Surfaces - J~~63-P4 

~l.· Emissivity - OCS-33P6; JElN127-10 

, 8/15/46P2 
OCS57;94IPl; 
JEW127-l0; 
OCS46Pl; 
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Appendix - Continue.d 

120 ' Compos ition & Impurities - JEW127-13 

13 0 Melting point - JID163-Pl 

14. Thermal expansion - J~N63P5; J~N63P7 

B ., GRAPHITE 

L. Energy stored due to irradiation - 7/l3/46P2; OeS-llPl 

2. Heat of sUblimation 7/3/46P6; OCSl1P6; OCSlIP2 

3. (Vapgr pressure ) 
40 (Weight loss on heating ) 

5. Volatilization 

7/3/46P6 
a/15/46P2; CAH25P2l; 

OOS-61P2; 00S-55 



• 

• 

.' 

APPEJ\TJ) IX IV 

(Copied with Permission) 

DE LAVAL STEAM TURBINE COMPANY 

TRENTON 2~ N~ J. 

AIR MAIL - SPEC IAL DELIVERY 

Monsanto Chemical Company 
Clinton Labobatories 
P. 0 0 BoJC 1991 
Knoxville 11, Tennessee 

Attention: N~. Dale D. Streid 

Gentlemen:: 

October 10, 1946 

-138-

With further reference to your original inquiry of August 29 and 
in accordance with your 113tter of September 24surrimar iz ing the 
discussion in Trenton on September 17, vre are pleased to submit 
herewith preliminary information covering eight (8) turbine 
driven blower units for this project. 

We have concentrated primarily on Proposition A as you suggested 
for which we understand the des ign conditions to be as follows: 

Gas .to be handled 
Specific Gravity 
Ratio of specific 

heats 
Volume at inlet 
Inlet temperature 
Inlet pressure 
Pressure rise 
Initial steam 

conditions 

- Helium 
0.138 (air equal 1.0) 
1 0 667 

$950 CFM 
- 5000 F 
- 147.0 psia 
- 3 G61 psi 
- 415 psig - 7250 F total tempo 

The general arrangement of each of these units as illustrated on 
the attached outline drawing, E-18222, cons ists of a. single stage 
double inlet compressor with two (2) sleeve bearings" connected 
through an extension shaft with flexible couplings to u single 
stage steam turbine, all mounted on a common bedplate. 

Details of the proposed design are sho~m on the attached assembly 
drawing E-18224. This blower will have an impeller dia"'11Gter of 
approximately 27" operating at 6000 RPM. At the above design con
'ditions the blower will require 213 BH p. With the turbine ex-
hausting against 5 psig exhaust pressure, the steam consumption 
will be 5100 Ibs. per hour. It waa mentioned that the turbine 
should operate either non-condensing or condensing, and, with the 
turbine nozzled for the above design conditions, it will operate 
on lower absolute back pressures with the governor valve auto
maticallY adjusting the steam flow to the requirement. 
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AIR MAIL ~ SPECIAL DELIVERY 

Monsanto Chemical Company -2- October 101 1946 

Our estimate has been made on the basis of using standard mater
ials of construction which are semi-steel for the blower casing 
and 2Wo nickel steel for the impeller and if it is expected that 
these materials will not be suitable from a corrosion standpoint, 
then we i~ll be very pleased to revise our proposal on the basis 
of using special materials for either the cas or impeller~ 

The assembly drawing shows details of the prpposed seal which 
was discussed with you and which consists essentially of a 
graphite runner operating against a nitralloy disc on the shaft. 
As you will note, the bearing hous are enclosed and can be, 
connected to an evacuating system. If this is done, then the 
labyrinth seal where the shaft passes through the bearing hous
ing should be adequate to prevent outvlard gas leakage at this 
point. 

The turbine will be equipped vrith a variable speed oil relay type 
governor, which may be arranged for speed adjustment at a remote 
pointo This could be done attaching a reversible motor to the 
needle oontrol valve of the governor" if manual speed adjustment 
is suitable,S' or by attaching an automatic pressure or vo.lume con' .. 
trol to the needle valve if automatic regUlation is desired. 

In oonnection with the variable speed operation~ you 'mentioned 
that the inlet pressure may be varied from one to ten atmospheres-. 
In this connection~ we wish to point out that for any given speed 
and inlet temperature~ the actual pressure rise of the blower 
will vary in direct proportion to the absolute inlet pressure, 
although the pressure ratio will remain constant. 

The attached curve# No. 520471 shows variations of pressure rise 
and BHP plotted against the inlet volume for several speeds. As 
discussed with you" the characteristics of these blowers are well 
suited to parallol~operation. . 

Our proposal includes a complete pressure lubricating system fnr 
the turbine and blower which would be separately located from the 
unit. This would consist of an oil reservoir with one turbine 
driven oil pump for continuous service" an alternate turb'ine 
driven oil pump to serve as an auxiliary with automatic press~e 
regUlator, oil strainer. and the usual accessories. Because of 
the questionable' location of this lubricating system, Vie believe 
it v[ould be advisable for Monsanto to furnish the pipe botvfeen it 
and the units. Although our proposal is on the basis of one 
lubricating system for each unit" you may wish to cons ider the 
possibility of us a central lubricating system for all four 
units. 



• 

• 

. ' 

AIR MAIL - SPECIAL DELIVERY 

Monsanno Chemical Company .. 3- October 10, 1946 

On the above basis, the present selling price is $21:350 each 
unit" net f~oo b o Trenton, ·New Jerseyo The weight of each unit 
will be approximately 10,500 Ibs c This price is subject to 
revision to those prices which are in effect by the Compeny at 
time of shipment. 
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On the basis of present shop conditions g we estimate we could 
start delivery' of these units in approximately ten to twelve 
months from date of order mid approval of design, at the rate of 
approximately two (2) units per month. In view of the prelim
inary nature of this project, it would be advisable to checR the 
delivery situation at the time you are in a position to place 
an order. 

Our usual warranty bn this class of machinery is for one (1) 
year from date of shipment. In view of the special nature of the 
installation and the probability that servicini.?:: will be either 
most difficult or impossible E),fter the unit is placed ·in opera
tion, we believe it would be advisable for us to arrive at some 
rnutually agreeable basis for determining full acceptability of 
the uni ts before they are placed in operation. . 

You will realize, of course, that each complete unit will be 
designed and manufactured by the same organization at the DeLaval 
.Plant in Trenton, and hence we are able to provide complete over
all responsibility for the design and manufacture. We believe you 
will agree that special emphasis in this instance should be placod 
on soUnd design and careful manufacture in order that the utmost 
in reliability will be providedlJ In this respect we are confi ... 
dent of being able to meet your requirements. 

The ulternate proposition B would consist essentially of the same 
unit, except with blower impeller diameter of 181

\ operating at 
6000 RPM and requiring 36 BHP. You will note from the attached 
outline E-18223, that the overall size is practically the same as 
Proposition A. If you so desire, we will be glad to furnish 
further detailed information concernll1g Proposition B • 

.. 
We are taking the liberty of sending a copy of this letter to 
Burford~. Hall & Smith, 140 Edgewood Avenue, N. E., Atlanta 3, 
Georgia, who are our established Sales Representatives for 
DeLaval products and who are well qualified to serve you ade
quately on this projects Vie are asking them to communicate with 
you in order that they may make an appointment to calIon you and 
carryon the discussioni • 
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AIR MAIL - SPECIAL DELIVERY 

Monsanto Chemical Company -4- October 10, 1946 

We will appreciate the opportunity of discussing this matter fur
ther with you and making any revisions that may be required, 

JS:EJ 
Atts .. 

'00- Burford, Hall & Smith 
140 Edgewood Avenue, N. E. 
Atlanta 3, Georgia 

oc+ Regular Ma il 

Very truly yours, 

DE LAVAL STEAM TURBINE COlvIP.AJ')1'Y 

J. P. Stewart 
Spec ial entat i ve. 
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DE LAVAL ST.-TURBINE COMPAN~ 

PROPOSED CHARACTERISTIC CURVE NO._ 5-a.o~,-

FOR.~_MOM~I'I.t-\,.O c::.\-\£.M\c,.P\\.., C.OMP~N,{. 

.RPM 

-- '~-".- "-1~'~-

e. 
DATE. . . \ 0 - ""'\ ~ .0. (0 CENTRIFUGAL -BLOWER OR CO.PRUIOR 

INLET PRESIURE---\ 0.'"'\. -P~'\A_ -_ .. _ .. 

TYPE...' \ S Kc..-: ~.J'" '4 P-SPEED. <0000 
INLET TEMPERATURE--.5Q.O 0 

-~ .. SPECIFIC GRAVITY_~ 0,. \~~ .. 
Curves are approximate and unit is guarantt"cd at indicated openiting pnillts onl,;",. 
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APPENBIX V 

(Copied with Permission) 

FREDRIC FLADER, INC. 

483 Division Street North Tonawanda, New York 
·~one-TON~ 499 

Phone DE. 2846 

Monsanto Chemical Co •. 
Clinton Laboratories 
Post Office Box 1991 
Knoxville II, Tenn. 

Attention: Mr. Dale D. Streid 

Dear Mr. Streid: 

1 Ootober 1946 

This will acknowledge your letter of 24 September 
in which you oonfirm the speoifications of two (2) blower designs in 
which you are int erested. . 

~ving to the very short time available before Octo
ber 4th, we have not had time to prepare a design layout showing the 
dimensions of these blowers and their installation. These sketches 
will be forwarded to you within the next few days. 

Our speoifications for 
ance with the requirements given in your 

Proposition 

Gas Flow, Ib/sec. 
Inlet Pressure; atm. 
Inl et Vol urne Flow, ft. 3/min • 
Pressure Rise, Ib./ft. 2 
Power Required 
Circulating Gas Temperature 
Length Rot or inches 
0. D. Rotor inches 
I. D. Rotor inches 
Blade chord inches 
Number of blades 
N:umber 0 f vanes 
Rf>M 
Efficiency per cent 
Number of stages 

blowers '-'A" and "B" I in accord-
letter, may be stated as follows: 

A B -
8.5 3.4 

10 4 
8900 .8900 

520 114 
200 40 
500°F. 500°F 

9 6 
11.5 11.5 
7.5 7.5 
1.4 1.4 

21 21 
20 20 

20,000 20,000 
80 80 

3 2 
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Monsanto Chemical Co. 

Page 2 
1 Ootober 1946 

Due to the similarity in the two proposed types of 
blowers, we find ·that the outside diameter of each will be the same. 
Blower 't A'~ will have three stages of axial flow and blower !\B'\ will 
hav.e two stages. We could design blower HEll ill such a way that an 
extra stage could be added'which would perform the service required 
of blower "Au. 'iNe realize, of course, that you plan to procure only 
one of these. 

Our quotation for either blower is ~18,OOO subject 
to reVl.Sl.on or escalation according to changes in cost of material and 
labor. T~is quotatj.on is without turbine drive and if you are further 
interested in our proposition, we will be glad to supply additional in
formation and a quotation for the driving means •. 

If our proposal has sufficient merit so that you are 
desi.rous of proceeding further, we should like to request that design 
information be furnished to us concerning the type of shaft seals which 
were developed during the war -and USE:d on blowers produced for use at 
Oak Ridge, for study and possible i~corporation in the design of these 
proposed blowerse 

FF/b 

co :Mrl" R. N~ Reams, 
Purchasing Agent 

Yours very truly, 

(signed) 

Fredric Flader 



• 

• 

• 

. 24 September 1946 

• Fredric Flader, President 
Fredric Flader, Inc. 
775 Main Street 
Buffalo New York 

Dear Sir: 

This is to confirm onr discussion during my visit to your 
plant 19 September 1946. I want to thank you for the courtesies ex
tended me during this visit. 

-147-

I discussed with you and Mr. P. Taus on,,' the requirements 
vvhioh viTe have for a b10vver for the Daniels Pile project. This blower 
is for circulating helium gas at temperature 500oF. The following 
1;a.ble outlines the requirements of the tV\fO designs Vvhich are being 
considered: . 

Proposition A B 

Gas Flow, Ib/seo. 8.5 3.4 
Inlet Pressure, atm. 10 4 
Inlet Volume Flow, ft. 3/min. 8900 8900 
Pressure Rise, Ib/ft2 520 114 

As I :tol<;l you, one ... of the most important problems in the 
design of this blower is the provision of an absolutely tight she.ft 
seal. This 'is necessary because the helium gas will contain highly 
radioactive impurities which will be dangerous to operating personnel. 

It is our desire that the oompany whioh furnishes the blower 
will also f:urnish the driving means and control units in a complete 
assembly. You said that you would make your proposition design on this 
basis. A small direct COIDlected steam turbine seems to be the best drive 
means because· of the ease of speed control and because steam will be 
readily available for this application. 

This project is in a state of preliminary design and we 
would like to have preliminary design and performance estimates for 
blowers meeting Proposit~on A and Proposition B • 
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Fredric Flader -2- 24 September 1946 

I have checked with Mr. R. N., Reams, our Purchasing Agent" 
who tells me that if we should obtain these blowers from your company 
we would like to buy them on a P. O. based on firm price quotation 
subject to escalation according to the cost of material and labor. 

Please let me kn~v if you' have any further questions con
cerning this proposition. Vre would like to have a proposition design 
for the bl CVler by 4 October 1946 in order to meet our des ign schedule. 

DDS/em 

cc: R. N. Reams~ Purchasing Agent 
McCullouph/MGArdle 
PrestonjDowning 

Yours very truly, 

(8 igned) 
Dale D. Streid 




