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. PREFACE

The 1nﬁeﬁtlen of ﬁhls report has been to set for*& an outllne
of the prcblem9 describe %rlefly‘the dlffl@ultzes uhleh are llkely
to be eneountereég and indicate the direction in which an exyer1m 
mentalﬁpregrém shsni& prcceedg : ’Thek possihie applicatiensk:fof'
kchemical‘eonﬁfol ’have bean discussed with regarai%e boﬁh land-
based reaetcrs aﬁd mcblle pover planﬁsa

The study represents abcut three ané a half weeks ef effcrt

 on the part of the Chemical Control Task Force, and thus cannotkbe

considered to be ak@ompleie,feasi%ility report, However§ it may
Ee poséible Lo &raw{same conalusions from the work which haﬁ‘been
done so far, despite its limited scope. ‘ L

Many members of the Physics Department, Engineering Depaftu‘
ment and others from outside the ﬁhemisﬁry Subdivision have con~

tributed to this study by way of esnvéfsatiens and reports which

have been made available, The authors gratefully acknaﬁledgekall

assistance which has been provided.
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I  INTRODUCTION : ’ .

?hé fclléwing definitiéns will apply throughout this regart,} By "chemical
eﬁﬁtr©1EVWe shall msén a method of reactor control in whigh;the power level is 
chaﬁgéd~by,vatiation5ef the ccncéﬁtratién of ﬂeﬁtrnnéabsazbing poisons wﬁich
are distributed more or less unlfarmly thrcugh the reactor cere, Gontrmi of
th@ reactor by variation sf the mo&eratlng abzllty of ceolant water might gon=
ceivably'be cons:dered a fGrm of chemleal eontrol but this method has recelved
only cursory 1nspect10n in the study., For thekpurposes of’thls report chemical

control will be taken to have the narrower definitioﬁ given~abeve, The pomsen

materlals may'be eantalne& elﬁher 1n thﬁ ceolant water or in a separate system

af pmplng mnstalled in the core, The twa élstlnct mgthods will be referred

The major cbgectlves of this Stady have been the fcllow1ng°

(a) To con51éer in general the requlremeﬁts of a reactor control systém
and the capabilities‘aﬂﬂ limitations of chemical conﬁrel‘metbeﬁs,

(b) To 3cnsiéer the chemicai substances which might be used‘as poisons,

partlcularly'w1th regard to chemical compatmblllty anﬁ corrosion propertles,

avallablllﬁy, thermal and radlatlon stabillty, and residual radloagtlviﬁya

(¢) To indicate the methods of concentration control which might be
used in cenjanétion with the possible physieal‘systems anékéhemical substances,
considering these methods with regard to safety and reliability, space and
power requirements, speed of operation3~et39
‘ (d) To outline the experimental work whieh‘will be necessary to develop

a practical chemical control sysﬁem;

e

&
»
*
®
®
°

9

*
seeseR
oo
o090



S 4“!!’!.‘5\“!&!4!‘!:&{1.’0 Gﬁ
s e

. | WAPBmGul?l

ibg Befulrements cf a ﬂuslear Beacterycontrcl S”stem

Any seheme or @embinatxeﬁ ef schemes which is ehssen foﬁ eontrcl‘of‘ar
power reaetcr must be able to perfarm 3 number of distinet fﬂnatlcns, These
are 1istad below approximately in 0rder as te the rate at which tke eontrol
system must adé or subtraet reaetxvztyo . |

(a) NShim® eontral ~ The conﬁrol system,must he able to eempensate far

f;snch exeess reacﬁlvzty as is 1ﬁ1ﬁ1ally bullt into the core to insure long life

| of the reactor, and it must beiable to decrease this eogpensatlsn~slcwly;over

the lifetime of the reactor as the fuel becomes depleted and fissian product
poisons accumulate. : | | k .

(b) Normal start~up and shut~down - A stable reactor will ortiserily
ha?e a negative temperature eoéfficiént of reactivity, whiéh meané:that the
control system must be able to compensate for the extra regetivity the reactor

will have in the cold condition over its reactivity while hot. In addition,

for complete shut-down, the reactor is ordinarily made about five percent Sube

‘ériticalo~ The rate of change of tempéraﬁure;fer a reactericontaine&‘in’a steelkr
préssure‘vessel will not ordinarily exceed abeut §OQkaer hoﬁr in order to
avoid exeessiVe thermal stresses, The maximum rate of addltisn of reactxv;ty
should not exceed 0,04% per seconé to insure a margln of safety under the rate
which will make the ?eactor prnmpt ermﬁl ale

(¢) Changes in power 1evel whlle operatlng - A change in demand for )
power will change the power level of the reactor automatically, by virtue of
the negative temperature @oefficient of reaetivityﬂf However, depending on k
‘whéther the powef plant ié opefatéd aﬁ‘coﬁstant cold leg tempefaﬁureﬁkconstant
gverage’ﬁemperatﬁre or éonstan% gteam pressureg the control system‘willvhave to |

make some adjustment to maintain the desired conditions,
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:(d)~ Stabilizatién of the power level - A reactor with aygéffieientiy
negatlvv temperature ceefflclent will not requlre adjusﬁment ef the controls
to eampensate for small flnctaatl@ns in pressur%, pampzng sgeed2 elc., whldh
might affectVreactlvltye

(e) ZXenon transient - If it is désiéeé to overuri&e maximm xenon, the
reactor mvgt békpreviéed ﬁith a large amoﬁnt éf~excess reaéﬁiviﬁy, The se@ti@l .
system must be able té cempensate for this’axceS$ ?eaetivitykwhen'the xeﬁon is

not gresent,wand:iﬁ also must be able to add or subtract reactivity at a rate

| correaponding to thé rate at which xenon is being accumulated or destroyed.

The maximm rate quuireé“in this case is addition of negative feactiviﬁy to

 compensate for xenon burn-out when the reactor has been brought to full §ower'

after accumilating maximum xenon,

ff)‘ “Scram" contfol = If any of the saféty circuits incofporatedlin the
reactér indicate that a dangerOas condition is being appreached,kor if aﬁmistake
hés‘been madefby the eperatérg it is éesirahla ﬁhat negative reaétivity shcaid
be inéerted at the;maximum’possible raﬁea fhe method of scrammingkthe reaatér~
should be such that recovery from the scranmed condition is relati?ely easy, |

inasmuch as false scrams are likely to occur,

fBases‘faf'Somgariﬁg Control Systems

- The most important factors te be éensiéereé in judging pmssihle‘methods
of control arse Safeﬁy ané reliabilitye Any sysﬁem which can perform all the
abavé functieﬁs satisfactorily must still be eonsideredkinadequaﬁe if it does
not fail safe, Additional factors which must be considered are initial and
operating costs (particularly for a commereial ﬁype power plant); space

and welght requirements for the eompenents and auxiliary equipment (especlally
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imporﬁanﬁ fer a mcbile power §1ant)9 pé&sibla &e%rimeﬁtal effects Gé othérv
portlens of the appara%us (cerr9810n ef coolant sygtem by chamlcalsg foullng
of heaﬁ transfer suffacesg tea) and, of course, the abilmty of ﬁhe‘systgm to
/perform the fun@tlon for whiech it 13 1nnem&edo In consaderlng costag one
‘mnst take 1nto accaun% not omly the eogt of the @entrel system but alse any
savlngs whlch‘may be effecte& by rednce& core size, 1§sr@ased9 eff;eleﬁcy of

heat transfer, éth

Red Cénﬁral vs Chemical écntr@ly .
k The art of reactor ceﬁtrél Ey;méchahicél moVemené of absorﬁing rods has
been brcnght to a hlgh degree of developmen%5 yet cer@aln dlfflcultles are
inherent in thegme%&odo Among ﬁhe diffiuultles may be 1&8%8& the fcllcwmngg
(a) Thé channels through which %h@ rods nove must occupy a
portion cf'ﬁhekéare v01§me (aﬁéut 22 for STR), thus
1imitiﬁg the eompacﬁness;of the core structure,
(b) With rods partially inserted only part of the core
“ iskbeing nSed for prcduetion and transfer df heat,
(c) Headroom muét be providsd fcfithe rods to bé fully
| withdrawm, k . | | |
- (d) Mechanical difficulties are associsted with thé‘meﬁhoag
principally variation of frictional resistance to
movement, and also inciadingkprablems of shéck sensitivity,
'inaccessibilityg wear, etc., and
(¢) The temperature coefficient of reactivity is dependent

- on rod position,
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Some of the above difficulties would be eliminated by chemical control,
as achieved eiiher~by varying ﬁhe concentration of ﬁeuﬁron abgdrbing poisons
in the coolant water or in an 1ndependent syﬁtem of plpes 1neorporated znto
the core structure (eeolanﬁ and auxiliary chemical control systemsg respectlvely)
A §1sadvantage-eommon to both types of chemical eonﬁrcl is that thermal
expansion of ths solution reduces the poison eeﬁcentfatisﬁ in‘tﬁe reactérg
thﬁskéecreasing the negabivity of tﬁe temperature eeeffieient‘of reacti#iﬁy¢
However, it haskbeen.suggested that a desirable %eﬁgerétare coefficient could bek
yreserved By designing the core with‘a‘higher metal=to-wnter ratio than WG&hi

be used with rod control, wheibgf such a core design would result in a non=

optimum shape, requiring more U-235 for criticality, will have to be determined |

by calculations,

Coolant vs Auxiliary Ghemical Control
. There are advantages aﬁﬁ disadvantages asSoeiaﬁeﬁ with one or the other
of the two possible methods of chemical control, Some of these are tabulated

below:

&, Auxiliary System B,
, : ot
Piping occupies part of the  Permits most campact core

core volume. . structure, ,

mm res -  en,

Seslant Systém

Many different types of ‘ List of possible poisons limited
absorbing media possible since by requirement for use in water
materials and solvents may be | systems, compatibility with system
chosen to fit system. ; materisls, gorrosion properties of

the solution, ete,

‘e | Might be made to fail safe | Fails safe. !
only with certain substances «
as poisons, ; ‘ : |

o

d | Probably requires smaller Poison is dispersed throughout
~ total quantity of poison. : entire coolant system and probably |
; , . requires larger total quantlty of ﬂ
! {Gontinued) ; poison,
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A, Auxiliary Systen B, Coolant System

_ (Continued)

High poison cencentraﬁlon
requlreéc ? ~ ‘

Low poison @oxﬁen%ratlanf
suffices,

large volume must be processed
for reconcentration, indzcatlnga
i. Slower action,

ii, Either large s@crage r%qu1f8~
ments or

iii, High reconcentrating power
requirements, or optimum com-
b*nat;eng and ~

ive Large size reecn@entratlng

~ equlpmen*

Small velume to be processed
for reconcentration, indicating:
1. Fast action,

ii. Small storage requlremen%y?
iii, Low reconcentrating power

' requlremez:“ts s and

lVa Small size reconcentrating
‘ eqﬁlp@entﬁ

Decemposit;an‘of poison chemzcals
| could have deleterious effects,
. Pouling heat transfer surfaces.
interfering with water purifi-
cation, ste, ‘ '

Poison chemicals cannot foul
heat transfer surfaces, inter-
fere with ion exchanger Gperw‘éf
ation, water purification, ete.

Entlre eoolant system requlres |
extra shielding if poison has high
residual raélaa@t1v1%ya

If poison has high residual
radiocactivity, compact

auxiliary equipment is easily
shielded.

Heterogenéous poison sysﬁems
handled with difficulty.

Mixtures, slurraes and other
heterogeneous sytems handled
relatlvely easalye

Changes in polson concentration
affect properties of eoolant and
mﬂderatang flﬂldo

Propearties of coclant and
moderating fluid are not
affected by changes in poison

Lide v

| concentration, |
k REquires piping %o be breught Requires no extra sgeals through
through pressure vessel, pressure vesselo

1 Residual raﬁloact1v1ty does not Residual avt1v1ty of poison, if
prohibit access to beiler9 long-lived, limits access to
pumps or goolant plpgmgo ~ coolant system.

ison can be completely | High flow rate through concen~
removed easily. | tration system necessary to reduce
‘ gomﬁon concentration to low value
Zﬁ a given tmmeo
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An auxiliary system, 1f it can be made fail safe, would seem to be
b'etter'for e mobile power plant in which weight a.ﬁd apéce requirements are
importan‘b, frequent and rapid changes in power level would be expected, and

minimum cost is sacrificed to some extent in favor of convenience, maneuver-

ability, e‘hc. , , ; ;

It would seem that a csolant water paisoningsysﬁém would ‘k‘be préféra‘ble k
1o an auxiliary system in the case of a land-based power plan’o where ’ehe price
of s'berage ca.paci‘by is not exeessive, weigh'b and size of equipment are not |
imper‘bant_ (exeept as to cost) and the core structure sheuld be the most
ecénomidal oné. This is particularly true of a ba.se-loa,d power pla.nﬁ whiah
would require relatively :I.nfreqnen‘h changes in pewer 1evel.

T mmens FOR memn cem

Methods fo; Reactor Gontro; m Heutron Abeogg’oigg
Twenty-one methods for the eontrol c::t‘ m:wlear reac'bore ‘by the use of

neutron-absorbing poisens are given in Tablel. Nine of these are applicable .
as di::ﬂee“'t‘ a;ddi'biansﬂ to the prﬁ.kxary coolant system, but all‘ are applicable in
an suxilisry systenm inéépendant of the primary coolant eystem, |

Variable ﬂgreyness‘? is 'éossible with thirteen ’of‘these types. The |
remaining éight are inherently opaque (";blaek“;) to ne\z'b?ehe and hence control
must be achieved by a change in phyaieai position., The grey types achieve ‘
control by concentration changes, 'hhereby vtilizing the entire core for heat
generation and heat transfer, A reac*bat which is ieontrolle&:by blacking-out
& portion of its core volume with opaque poiscns is less desirablé than one
~in whieh econtrol is achieved by varying the overall greyness of the core

onvircnment. ~
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(l) Methods which are fgrey" to neutrons are capable of variable neutron attenuat;cna
(2) Reference to Uhlaek? reds are included for completeness,

Gas rod
Liquid rod(?)
Solid rod

Duplex gas
Gas 1ift

Fiuidized solid

Soluble gas
Foam
Soluble 11qu1ﬁ

Erulsion
Soluble solid

Slurry

Gas—filled particles

Liquid filled

‘ Gsated 3011d

Gag=filled roa
ditto

quuldmfllled rod
ditbe

Alloy rod
Clad rod

"
9

Active

Poison

Gas

Liquig
' Solid

Gas

Liquid

Solid

Gas

Gas
Liquid

Tiquid

Solid

Solid

Gos
Liquid

Solid

Gas
Gas
Liquid

Liquid

Solid
Solid

inactive

Carrier

None
None

 None

Gas
Gas

- Gas

Liquid
Liquid
Liquid

Liguid

Liquid
Liquid

Liqﬁi&
Liquid
Liguid

Solid
Solid
Selid

- 8olid

Solid
Solid

~ Physical
Phases

MEHNMHLDE DOND DHED MR MR PR

Applicablé,téﬂ"
Primary Coolant

o
No
v

No
o
No

Yes

Yes

,Yes

Yes
Yes

Yes

Yes
Yes

Yes

No

No

. No

Yo
Yo
No

Grey'™

Yes

, :,NO
No

Yes

Yes
Yes

Yes

 Yes

Yes

Yes

Yos

Yes

Yes

Yes

- Yes

No
No
o
No
No
No
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Each of these;methods has inherent advantages and‘disa&vanﬁagés, which ‘

 when ecnsi&ered‘together'witﬁ the factors deseribed above will determine‘

the choice of the optimum system to £ill the requirements of a particular
application, ‘ '

The first method given in Table 1 using a gaseous poison in an

;aukiliary gystem has the adyantage of being simple‘to control, A gaseous

- neutron absbrher, such as BFB or E@wB‘isctope9 éan‘be added to or remoﬁe&

- From élosed;end\tubes within the’corekby‘the,ﬁsé of external preésure‘alene,l
Thus the‘greyneSS'éf the conﬁrolktubes can be aﬁtomaticaliy controlieé with

_ease, The disadvantage involved in losing poison due to an external leak

in the system cannot be ignnred,‘but~éan be minimized by conservative design,

Méﬁhed fwog thé 1i§uid control rod; was COﬂsidered for 8TR, Mark I,

 using mercury in tubes, A complete report¥ covering this system was issued

in 1950, This system, too, must be éesigned‘conservatively because an

iexterﬁalileak could cause the loss of the poison from the core,

Solid control rods, Method three, are being used in STR9 Mérk I, and
bave been discussed above. k |

The duplex gas ccntrdl,;method four, is similar to Method one,kexcept
for the addition of a gas which esseﬁﬁially &bsérbs no neﬁtrons0 The second

gas could serve two functions, The total pressure could be adjusted to

nearly equalize system pressure and thﬂs;requiresless tubing strength inside‘

the pressure vessel. Furthermore, the second gas could be used as an

indicator for leak detection, provided the poison-gas itself was not applicable

to a conventional leak-detection scheme., Here also, the potential loss of

% WAPD-3 Preliminary Feasibility Report on Liquid Control Systems
for the Naval Reactor, January 1, 1950,
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goisen ﬁhrnughjan exﬁernal rﬁpiure,must be ecﬁsiaered a diséd?anﬁagé;

The liquid poison and gaseous non~poms¢n, Méthod fiveg represents a means
by whlch mercury control rods, msntianed above, may be converted.te 8 variable
greyness type of controls Mercury, for eXam@le,‘in elosedwend tubes located

wnﬁhlﬁ the core, w1th hellum gas bubbllng into the mercury near the bottom of

these tubes would have a varlable effectzve deasxty dependlng upon the rate of ‘

belmum.flow, The excess mercury would colleet in a rasarv01r at the top af the

tube, eﬁtsideythe core, ,?arlable greyness‘control is thereby achieved couyled

with the advantages that the helium could be used for leak deﬁeetien; and loss

sf helx&m pressure through an external leak woulé cause a safe failure in that
the merauny would return to its nermal (blackest} density.

A similar scheme may be employed using a solid poison, in place‘efkmercunyg
for Methed six. Finely divided solids are fluidized by 2 high velooity gas
étrﬁam, su@h that the mean density of the stream may be centrélledkby tﬁe gas
velocity. Safe failure due to loss of gas gréssufe;résults when the fluidized
powder cellapsés into its densest ferma |

. Methods séven thraﬁgh twelve ére applieable to either the primafj eeolant
gystem as additions or to an independent auxiliary sysﬁemo ,The iiquiduscluble

gas system, Method seven, is illustrated by the use of;He«Byisotope‘iﬁ the

water of the primary coolant system, or by,BFBViﬁ a suitable éblven%‘in an
auxiliaxy system, In the yrimary system, the soluble gas esncentration éould
Ee contrsllea by a degassifierbpressurizer, butkintsrference due to the
presence of hydrogen i& 8 eémpliaaﬁiﬁg factor which may lead to a complex
éesign«k |

| Method eight, using a two-phase gas and 1iqﬁid mixture iﬁ'which the gas

is %he‘pcison,‘:is most likely limited to appliéation in an aﬁxiliary'systemn
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A foam in the prlmary eoelant system would prabably*be u&deszrable because of
unsﬁable tran31ents in %he foam due to sudden pressure ehanges 1n passzng
through the pﬁmps anﬁ sudden temperature changes in passing thrcugh the rﬁaatoro
The use of a foam in an auxillary syﬁtem would seem to have no advantage over
the use of the gas alone, or in comblnatlcn w1th another gas, .

 Miscible liquids, ﬁethod nlne, agply prlnslpally to an aulelary syﬁtam ‘
where the selvent is not llmlteékto water, The use Of highwboiling solvents
coﬁlé reduce the werklng pressure of the auxmllary system,to a‘bmosphem@3
thereby m1n1m1z1ng~the 1033 of p01son by flashlng, in the event of an external
kleake | | k | k

~ Mlxtures of 1nsoluble llqulds, or emnlsmcns, Héthod teﬂ, phy91cally are

; more stable than fcamsg amd as two~phase fluids are eonvenlently‘subgect to

changes in relatzve proportion by 61mp1e mechanlcal methods. For example,
emulslon of mercury in watsr could be ccnszéare& for use in the przmary system,

prov1dlng all 1nternal materials were resistant to amalgamatlonq Loss of

 control with loss of pumping power;accompanied by settling-out of mercury from

the core rust be considered a disaavantage,:even though Loss;of'pﬁmping power

1tself is serious. iIn an auxiliary system, loss of pumping power:eouldfbe
accommodated by design so that thekpeisen settled into the core thimblés’
If the éperatiﬁg préssure in sucﬁ 5n auxiliary'sysﬁem was mesrly ambient
preséureg even a rupture of the auXilia:y system cOuid result in safe failure
without loss of poison from the core %himbles, |

Soluble solids, Method eieveny havé been adopted for emergency shutdéwh:
of 8TR, Mark I, A ccncemtrate&‘ﬁoluﬁioﬁ of boric acid is manuélly §umpéd inﬁe‘

the primary:coolant system to poison the reactor, Reacﬁor control can be

 achieved by varying the concentration of the soluble salt in the primary coolant
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s?reaﬁ¢ Increases in éoncentratioh are obtaiﬁed by pumping in a scluticn’more
c§£centrated than is required, wﬁile withdrawing an equaluvclume of systemi
solution, The reversekeffect is achieved by ?umping in water, ér a dilute,v
solution of poison, ; k

A variéty of methods exist in industry for the fast or slow reaongentratien;

of water-soluble solids, The choice de?ends upon other factors such és,weight

and spaae tplerances'fcr large sterage tanks écmpared to the high cost of

performing rapid evaporations discontinuously., In an auxiliary system, a

~solution of a solid in an appropriate solvent would be particularly a%tractive
if the cperating‘pressure were low enough to preclude loss of poison from the
core in the event of an external rupture.

 Method twelve, the slurry systeﬁ; has esSentially the same~features as

‘emulsions, Methbd ten, exeept that in this case the problems of abrasion and

erosion are encountered, Abfasion~isxsérious only if the;solid‘is hafd relative
to thé surfaces under consideration, and ercsicﬁ~is‘seriaus only if the effeetive
density of thé selid is far from that of the 1iquid; Gryétalline growtﬁ may
occur:since‘the léop‘is not issthefmal, Solution will gensréllj be at the
expenée of the smallesﬁ particleskbeeausé of their higher’surfaee free energy
and growth will take place~on the 1argast crystals by virtue of their lower
(relative) surface freé energy. Bywpaas mmnitéring through,apprOpriaﬁely sized
screens will remove exeessively'1arge‘partieles; the size of the by~pas$
depending upon the rate of crystal growth. Particle deposition on the core
surfaces, as seems to oceur Qith cérrosion "erud®; would be unfavorable to good

heat transfer,
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§~speciéi case of Method t&elvegislurriesg ceﬁsisﬁ& of a paisan
surroaﬁded by an inertksolid prOteetive coating to produce poisén partiéles
wzth altered physmcal and chemlcal properties whlch may be apyllcabl@ under
specmallze& conditions, :

The fabrlcatleﬁ eosts of slurries for Methods thirteen, fourteeng and
flfteen may be hlgher than can be gustlfzed compared to other availsble methoés.‘k

The final szkaethodsg sixteen through twenty&oneg are not defined as
applicable to the primary coolaﬁ% sysﬁem becausé of thé?speeificatien of the
solid non-poison carrier, Thisg inferé the use of positionméontrolled reds#
filledéwith a poison, or acting as a solvent for the poison, and as such a?e ﬁot ‘
consiééreé to be chémi@al control, | |
| In reviewing this liét of %wenty%oaé methods for reactor cqntrei with
poisons, those eighi methé@s ghich do not proviéefvariable greyness control are
eliminated from priﬁany consideration becaﬁse the improved heat generation and
heat transfef achieved with greynessicontroi represent prime objeetivesg

Féaﬁsé Method eight, are eliminated from primary consideration on the basis
éf their pressure aﬁd t%m?eratare senéiﬁivitya The coated poisens,kﬁbthods
thirteen ﬁhrough fifteen, are also'eiiminated from primary consideration because‘
of their probable high initial cost, witgoat compensating advantages.

The remaining nine methods warrant further consideration, pendihg the
availabiliﬁy of elements and compounds suitéble to the requirements of the
particular system. These methods are the gés r@dy‘duplex gas, gas lift,
fluidiéed solid, soluble gas, soluble 1iqmi&9 emulsion, soluble solid, and the

slurry,
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Poisen~6r0$s;Sectiéns Regﬁire& fOf Eaéh'EEtﬁod

In considering Method one, compressed gas in an auxillary system$ the
maximum poison ccncentratzon w111 be obtained at max1mum‘pregsure and minimum
temperature, At 2906 p81a and 810F an 1&&&1 gas has a max1mum cancentration
of 5.5 gram atomlc weights ger'llterﬁ For a given reactor9 a minimum mleTOw
SCOplC absorpﬁlcn cross-section can be computeﬁ for uce in the selectloﬁ of a
sultable gaseous neutron absorber., For example, shutdown of an STRmtype r@aﬁter ;
mlght requlre more than 0.02 em2 absorpﬁlon CTOSSwsectlon per em3 coreg and if
the aulelary gas is limited to 2 volume percent of the care volume, then the
minimum microscopic absorptian dross»seetion is BOG‘barné per atcm* ?hus,
the separated 1sotop@, He~35 and naﬁural BFB can be con31dered for use in the
control of such a reactor.

Since both of these gaées can be used for lesk detsction with modified;
eomme§¢ia1 leakwaeﬁecting~devicesg ns’need for a tracer'gas iﬁVleing‘the dﬁplaX~ 

gas meﬁhod (four) is indicated, For this reasons type four methods may be

~ellm1nated frcm prlmary cons1deratlon¢

To achieve greyness control in Method fiveksyStems, more than half of the

‘ auxiliary‘system within the core is presumed to be occupied by the carrier gas.

A minimum macroscopic absérption~erGSSmSe@tisn‘ferJthe liquid poison can be
calculated féf a given reactor and auxiliary system, Assumiﬁggkfgr example;
that more than 0,02 em® absorption arcssmsection per @mskcore, and thét less
than 2 volume percent of the core valume is occupled bykﬁhe auxiliary fluids,
the macros@opic eroSS«seetion for absérpﬁion must be grester than 2~am2 per.

Cm3¢ MErcmry satisfies this requlrement an& can be ccnszdered for use in

@hls type ef ccntroi g‘:y:aﬁ;e’azmF
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fype'six sy}stemsy fluidized so0lids in én auxiliéry system, are subjeqtu
to the éame minimum macroscopic cross—section, and roughly to the same:earrierwk
gas proportion, A Wide siatacn is pviiiatle for solids that exceed ﬁhis
minimum‘requiremente ‘Boroa, cadmiﬁm, gaéoliniﬂm éndémahy others in either
elemental or solid ccmpound form may be eonéidéred for this applicatiogok The
changes in the character of the fluidized solids w1th 1nc11natlon from the
vertical may be dlsaévantageous to such a system in a meblle reaetor. |

Frlmary-coolant p01sens may serlously affect the moderating effeet:ef the
water if the poison aoncentr&tieﬁ exceeds oﬁe ?alﬁme:pefcente~ To proviﬁe 0,02
om® absbrption;cross~5ection per cﬁg core, at 0.5 water-to-core volume ratio,
and not exceed the above mentionedeOﬁcentratien €a1u99 the macroscopic cross—
sectlen for neutron absorptlon by ﬁhe pelssn must exceed 4 amz per cm3 based
on the pure poison. wsteruseluble eompounds are knewn for several elements
which exceed this assumed 11m1tat10ﬁe Lithium borate easily sat;sfles this
exampie calculation and is under serious consiéeratiqn for this application,

If reduced moderation is tolerable, so that highér concentrations are permissible,

‘ more compounds are available from which to choose a primary-coolant poison,

Qaterwinsaluble compounds, for systems using emulsions or slurries, need
to have a macroscopic absorption cross~secﬁlen in excess of 4 cmg per em3 based
on the pure poison, as in the case of the soluble poisons, This minimum may be

reduced in the event that more than one volume percent of poison may be tolerated

~in the primary coclant a8 in the case of the waterwscluble poisons,

The foregoing dmscussxon illustrates that eight systems are worthy of

‘further consideration for the control of nuclear reactors by neutras absorptlon‘

These methods are the gas rod, gas 1ift, fluidized solids, soluble gas,‘scluble ‘

~ liquid, emulsion, soluble solid, and the slurry.

e E. i3

ssacee
°
[y
0000
20 nen



. | . WAPD-G-171

The example éaleulations are Qverly simplified, but;are included to
illustrate the general typekof‘ccmputﬁtions that can be~made9 onge the reactor
chafacieristics are aésumed, to eéﬁabliéh minimum criteriakto 2id 1 the
selection or ?ejection‘of otherwise acesptable materials as chemical control
substances,

Since fo? gome of the systems warranting’primary eonsideration, more than
one chemical material may be acceptable from the ﬁeutron:absorption point of
view, it is emphasized that certain expérimental work may’be‘earrie& férwafd,
independent of the nuclear properties of the active material. For example, the
effects of inclination from the vertical on the character of the fluidized- ’
solid system might be shown to be negligible in tubes of less than a eertaig
inside diameter, without referenée to any particular eﬁemical compound .
Especially'in‘thOSe cases invelving the separated isotcpesg such as He-3 br
B-10, the natural forms can be used for all studies not involving ﬁheir nuclear
properties,

ﬂatufally, such studies which involve specific chemiéal or physical

properties will have to be carried out with the true compound.,
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B.

Methods fer‘Beactor:Gontrbl by Variable Moderation
Rsaétbr control by neutron absorption is wasteful of neutrens in that
some of these neutrons otherwise could be used for fast fission of U-238,
Control in this 81tuatlon 1s achieved by varying the moéerator efficiency so
that an ad;ustable proportlon of neutrons are thermallzed. -
In water-moderated reactors, the reactivity of the core is decreased as

the mass‘of water associated with the core is reduced, This reduction of water

‘mass may be accomplished by several methods. An incresse in water temperaﬁure

decreases the density of watér, such that the c@réicoﬁtains less water mass and
the reactivity is reduced, This negative’temperatﬁre aoeffici?nt of reaetivity.
is used in STR, Mark i, to provide stability against disturbing transients,
Additional control may be achiéve& by adjustable displacement of water
from the core volume, Five of the previously discussed methods of eoﬁtrolkk

uéing polsons may be considered for control by moderati@n changes, These

- methods are the gas 1ift, emulsion, slurry, soluble liquid, and soluble solid,

in which one eémponent is water;and the other component is a substance having
a low neutron absorpticn cross section. : |

. The gas 1ift, in an auxiliary system, conld nie Beihim bubbling thr@ugg
water, under pressure, such that more or less water is in the core volume .

depending upon the rate of helium flow. Steam may be ﬁSeﬂ,iﬂstead of helium,

" in which case circulation is not required, Control may be achieved by

adjustment of the total volume in‘a relatively constant pressure system, so
that an adjustable water density is obtained.,
Emulsions, slurries, pellets, soluble liqui&s and soluble solids may be

considered for use either in an auxiliary system or in the primary coolant.
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Bmulsions, slurries and pellets wonl& prsbably iﬁtrsaace fewer englneering

complleations in an auxaliary system, and are considered gr&marmly in %hl&

o '«respect.~

Soluble 1iquids and solids in the primary coolant system for moderator

k @éntrml w@uld;hévé to be presentViﬁ‘eohcéﬁt?a%icnﬁkappréeiably‘great§r~than one
, ?clume’per@enz\tc pf@dﬁﬁe a'Significantkdegree of éoﬁtr@lgy The effe@t3~on 
pressure drop and heat transfer of sach coaeeﬁtratlons wen4é requlre deﬁailed
‘kznvestzgatlen to evaluate pOSblble deleterlons effee@s,;

Thﬂ dlsadvantage asscclated wzth the use of & poison in an a@x&lzary
ontrci system vherein pélscn is lest from %he core in the event of an external‘
frupture is ellmlnated;wzth nonupoisanous moderator caﬁtrol, An externa;‘
~rupﬁure weuld permlt expu1310n of m@dera%or'by flash evapcraﬁlan and wouli

result ina ﬁecvease in reactzvmty. o

An internal rupture could result,in an unsafe condition if primary coolant

repiaced the inert material use&‘to~disp1aeekmméefat@r, The rgsulting increase

@

in moaeration would presumably zﬁ@rease the rea % ivity of the @@re,‘
In the inﬁeresﬁﬁ‘@f overall neuﬁreﬁ\eesnomy and.peﬁential‘aévantages in
reliability and simplicity, the use of an adjustable moderstor for gontrol

would seem to warrant further consideration,
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s

III CHEMICAL PROPERTIES OF NEUTRON ABSORBERS

It has been estimated above that the ges 1ift and fluidized solid methods
would require a minimum macroscopic absorption eross~secti¢n‘of‘2 em? per‘amz
of poison ﬁéterial. This is the'minimum’value for all the:methods diseuSSed, |
and is basea upon the given assumptiéns fof an STR#iype CoTe,

A, DNatursl Elements an& Gomgounaé

Twenty natural elements have macroseopic absorption @r068wse@tichs in
excess of this minimum, and are listed in Table 2+ Separated isotopes will
be considered below where specific advantages may warrant the increased cost.
Gas Rod

”The chemical suitability of a particular neutbron absorber depends é@os
whether it is to be considered for use in the primary éobianﬁ or in ankauxiliary
system; whefher it is supposed to be soluble or insalﬁbie;‘et@o The pressure-
ccntroile& gas rod has been discussed, and gasecus BFB haskbeen shown ﬁé have
adequate cross-gection at 2000 psi. The dry gas is not corrosive to steel,
copper, or brass, and is stored and shippedkin commerce 33 @ontacﬁ with these
materials at pressures up te 2000 psi. Mercury is ﬂSed for liquid seals, and
petroleum oils are usedkforklubricanﬁé in systems handling‘gaseoas B?3°;
Satisfactory theﬁmal stability is indicated by the fact that BF; is produced
at about 1000°C, ‘

: Howevef, BF5 reacts with water to produce an acid solubion, so that an

internal system rupture would produce a corrosive primary solution,
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TARLE 2

NATURAL ELEMENTS HAVING MASRQSCOP%C ABSORPTION
CROSS SECTIONS TN EXCESS OF 2 om — @ 0,025 sv,

Element ; Symbol Crosg Section

Gadolinium Gd 1380 em™t
Samarium ; ; 180
Cadmium , . 110
Boron 100
Buropium , 93
Dysprosium 35
Iridium ; 31
Mercury 16
Bhodium ; 11
Indium ‘ 7.6
Gold ; ; ; £.5
Hofnivm : 5.1
Lithium 3.6
31179? L 8 3 © 5
Cobalt . , 3el
Erbium ( 268
Thulium ' 27
Holxmium ; 2ol
Lutecimm 2edy

e
T
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Rare earth, type 4f.

Easily reduced noble metal,
Easily hydrolyzed in hot water,
Neutron absorption increases with
gore temperature, Very desirable,
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Gas Lift _

 The gas 1ift method of control was discussed above‘withireferen¢e to
mercury as the absorbing liquid. The crgss~seetion of mercury is adequate for
th%%égpplieatian. The‘resistanee to amalgemation of pcsSible‘materiéls'sf
coﬁétruction needs‘experimentaléverifieatién. Helium is well suited for the
motive gas, having low neutron absorption, and excelient chemical inerﬁness‘

and thermal~stability. The incresse in the size of the helium bubbles as they

rise through the mercury, due to the decrease in hydrostatic pressure, can be

minimized by operation at a high total pressure. Dtheégise the tube would
be much darker grey to neutrons at the botitom than at‘ths top. kﬁqueous

1ithium borate might be substituted for Mercury.

Fluidized Solids
Most of the elements listed are suitable for use as fluidized,solidsg‘and

S

~ any cempcunds are available to suit thié application. The choice méy %etter
be narrowed by other‘éénSideraticns such as cost, residusl radioactivity,
abrasiveness and density. Powflered boric acid might be very suitsble, depending
upon other factors. Generally, the compounds are cheaper than the elemental
forms.

Solutions, emulsions and slurries may be considered for application
either‘in the primary coolant system or in an auxiliary sjstemn With reference
to the primary coolant system, chemical eompatibility;bé%w@en system materials
and the poison is complicated by the fact that some of the structural materials
have no equivalent substitute, For example, all poisons which attack

zirconium may be eliminated from primary consideration because of the desirable

use of zirconium in the core structure. Fluorides ars in this category.
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The structural material for an auxiliary system is not predicated upon

previous éevelopmenta although in addition to being strong and chemically

compatible with the poison, the absorption cross-section preferably should be

Soluble Gas

low for that portion within the core volume,

In the_above list of elements, suitable for chemieal eontrol by neutron

absorption, none is a gas at normal temperature and pressure, and only boron

has compounds which are gases at normal temperature and pressure, according to

data given in the HANDBOOK OF CHEMISTRY AND PHYSICS, Table 3 lists the

gaseous compounds of boron with pertinent data affecting their suitability as

nuclear poisons,

o | TABLE 3 -  CHEMICAL PROPERTIES OF GASEOUS CCMPOUNDS OF BORON
Melting Boiling
: Formula  Point %  Point %C Remarks
By Hs Br ~104 +10 hydrolyzes: HBGZ + HBr + Hy
BC1, =107 +12 hydrolyzes: HBO, + HCL
BoHg 61 = ~78 (18mm) highly unstable |
BF; =127 =101 hydrolyzes (hot): HBO; + HF
B, Hy -165 ~92 hydrolyzes: HBO, + Hy
Thermally unstable
. These data indicate that none are suitable for addition to the primary

coolant, It is concluded, therefore, that no suitable gas is available for

use in solution with the primary coolant, separated isotopes excepted..
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iﬁ an auxiliary system, the halide gases may be applicable~pr§vi§iggra’
compatible combination of solveni, structural material,‘and,gas can be foundg
The hydrides decompose at core %empérature; The possible number of combinations
is so great that comment is deferred 3nﬁil a detailed investigation is

warranted,

Soluble Liguid

Mercury is the only suitable element which is 1iquid at normal temperature
and pressure.. Rhenium oxychloride (Re03Cl) and five compounds of boron are
liquids under these conditions, according to the above reference. Table 4

lists these liquids and their pertinent chemical properties.

TABLE 4 - CHEMICAL PROPERTIES OF LIQUID NUCLEAR POISONS

Meltin % 30111n%

Formula Point ¥C Point C Eemarks
B Br, ~46 90 (740mm)  hydrolyzes: HBO, + HBr
Bs Hy A 0 (66mm) hydralyzeszyHBOQ + H,
. Spontaneously flammable in air
By Hyq ~123 65 hydrolyzes: HBO, + H,
By Hig =65 0 (7.2m)  hydrolyzes: HBO, + H,
By H5 I =110 0 (78um) hydrolyzes: HBO, + HI + H,
Heg =39 360 | Insoluble in water
Re 03 C1 bob 131 ; Unknown - probably hydrolyzes

to acid solution
These data indicate that none are suitable for solution with the primary
coolant, Again, the large number of possible combinations of a non-aqueous
solvent, structural material, and liquid poison preclude rigorous comment

without detailed investigation,
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Emulsions
| Mercury, being inscluble in water, and a liquid poisoé may‘be considered
for use as agkemulsionﬂ The resistance to amalgamatioﬁ of:pGCQSed system
materials, and the stability of such an eﬁulsion are unknown an@ require
experimental determination. Emulsions in an‘auxiliary'system, where the con—
tinuous phase is not predetermined may offer & wide selection, ‘Here’agaig,‘ﬁhe
f&irlYEx large number of possibiiities~indieates more invesﬁigation,
Soluble Solids

In the primary ccélanﬁg where water is the éoivent9 the sulfates of the

rare earths and of cadmium, indium and hafnpium would hydrolyze and form an
acid solution, Compounds of the noble metals, béing easily reduced, would
probably be unsatisfactory, since deposition might take place in the core and
prcduée an irreversible shutdown. These afgﬁmeﬁts reduce the list of suitablé

elements to cobalt, lithium and boron, but‘experimental determinations may

show that compounds of cadmium, for example, do exist which do not hydrolyze

to pré&ace an acid solution, and which meet all the other requirements, Thus,

altﬁough boron seems to be suitable and desirsble, other useful compounds

should not be ignored in the developmental program,
Soluble solids for use in an auxiliary system offer a wider choice because
of the possible large number of solvents which may be useful. Furthermore,

the pH is not restricted to that of the primary coclant.

Slurry
_4'The‘use of a slurry either in the primary coolant or in an auxiliary
systam immediately raises the problems of abrasien and erosion, Slurries havek

a compensating advantage in that the control of concentration can be
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accomplished with devices‘whiéh consume liﬁtle power, Such éevicss as a ‘
centrifugal separator, filter, or settling tank may be used to reduce the
concentration of poison in a slurry, Increases in concentration are easily
accomplished by flow rev@réélrursimilar low-power means to reintroduce a
slightly'thickgr slurry into the ceﬁtrol stream., For these reasons, it seems
‘tc be advisable to continue consideration of slurries, at least for an
auxiliary system where fewerkgoving pafts are subject to abrasive wear. An
ultra-fine slurry may be stabilized sgainst rapid settling out upon flow

failure,

B. Separated Isotopes

The main objections to the use of séparated isotopes are their higher
cost and their limited availability., Further consideration is warranted
because lower concentrations may be important, anﬁ in ecertain cases, the
natural mlxture does not have a hlgh enough crmss—seetlon to be considered
at all,
Since feurteen‘natural elements have microscopic cress-sections’(@ 00825kev)
in excess of 100 barns per atom, only separated isotopes having‘cross~sectioﬁs

in excess of this value will be considered. Table 5 lists those iéotopes

which have microscopic eross-sections above this 1limit, and above the cross-

seetion of the natural mixture,

In addition to the isoctopic cross-section, the abundance of hhe isotope
in the naturally occurring mixture, and the cross-section of the natural
mixture are tabulated. From these values, the ratio of the isoﬁopic to‘ﬁhe
natural cross-sections, and the proportion of the natural cross-section con-

tributed by the normal presence of the isotope are given,
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TABIE 5 ~ SELECTED HIGH CROSS-SEGTION ISOTOPES

Isotopic  Abundance Natural Cross-Section Cross-Section
Cross~ Z of Cross =  Ratio Due to Isotope
Isotope Section Natural Section Isotopic: Naturel % of Natural
He-.3 = 5,000 = 0,00013 0,008 625,000 100
Li-6 950 7.5 . 70 14 100
B-10 4,000 18,8 : 750 563 100
Cd-113 25,000 12,3 - 3,100 8.1 99
‘ Iﬁ“‘lls 197 95 08 }.90 1.0 99
Nd-143 290 12,2 bl 64,6 80
Sm-149 50,000 13,8 10,000 5.0 69
En-151 8,400 47.8 4,300 2,0 93
Gd-155 70,000  14.7 36,000 1.9 29
Gd=-157 160,000 15,7 36,000 ek .70
Dy-164 2,700 28.2 1,000 ~ 267 76
- Yb-168 11,300 0,14 36 310 bt
- Hf-174 ~ 500 0,18 120 e ~ 0,75
HE-177 370 18.4 . 120 3el » 57
Ir-191 950 38.5 440 22 ; 83
Hg-196 2,500 - 0.15 360 ; 6,9 1,0
Hg-199 2,000  10.0 360 566 56

Note: Cross-sections for 0,025 ev neutrons,

A high ratio of isotopic cross-section to natural cross-section is
favorable toward the use of the isotope, and a high proportion éf the natural
cross-section due to the given isotope further enhances its Value, For
example, helium-3 has 625,000 times the cross-section of natural helium, ana
10@ percent of the'eress;seetion of natural helium is due %o helium~-3., This
makes the use of helium-3 very attraetive; Both factors must be considered,
In this case, natural heliﬁm has far too low a cfoss~section to be an effective
neutron absorber.

The ohly elements which this list includes which were not considered &8
natural elements are helium, neodymium and ytterbium. Thus, the choice of
elements has not been greatly increased, but rather, the necessary concen-
tration of the element has been reduced,

R L ON

ee o0 e




S e O]

o L WAPD-C-171

Neodymium and ytterbium, being type Af rare earths are exﬁeete& to have

chemical properties similar to the other type 4f rare earths, gadolinium,

in particular, The cfoss-seétion of naturalAgadolinium (BéyOOQ barns per atom)

is higher ﬁhan that of‘any other natural rare earth and higher than the i

4separated isotopes of any of the rare sar%hs except samarium§149 and gadolinium,.
HéliumFB is uniquely attfaetive but the low abundance and~strétegic

importance dictate against its‘practicél application, -

v EADIATIO& AND RADIOACTIVITY PROBLEMS IN CHEMICAT CONTROL

‘A, Residual Radioactivity
There are two problems whicﬁ eecu? as a result of residual radiocactivity
of poiéon substances as induced by expésure to the neutron flux. These are:
(1) the possibie neeeséity for additional shielding of equipment external 1o
the reactor but containing the circulating §eissﬁ, and (2) the possibility
that the interval between the time of shutdown of the reactor and the time
when access can be had safely to the reactor compartment or system piping
(@aecessibility'time") may be increased.
| Table 6 lists gome‘of thekmaterials proposed for use as poisons and
the approximate saturation level of raéioactive disintégration activity to
be expected from each of these. The activities given in the table are best
used in comparing the substances with one another and cannot be teken as
absolute values. The activities were calculated approximately by assuming a
cyele time of ten seconds, one second of which is speﬁt in-pile. If the
halfwlife of the radioactive nuclide is several times the cycle time, the
approximate saturation activity can be calculated simply as that which the
suﬁstance would assume in a continuous flui givenvby the average of the
o3y 931 |
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actual flux over the cycle period. The values of activity which may be
encountered in practice will depend on the various times involved*, and more
detailed computations will become desirable when the values of these para-

meters have been specified‘

Tt may be pointed out from Table & that only B, Na, K, Ii andHe-3 show
activities per ce of coelaht 1ewér than'tge combined €F19.ahdfﬁalé*ébtiVities of
the ceolanﬁﬁwatéﬁgﬁ§hi%ﬁ#ﬁ@ fhese substances will certainly pose no additional
shielding problems, (Suifat@skand nitrates also are not likely to be ﬁrbubla¥
some in this respect,) | |

k Unless it is possible to drain the active psiéon solution o a stprage;‘

tank and decontaminate the drained system easily, the accessibility time will

‘be prcpdrtional to the half-lives given in Table 6 Again it may be pointed

out that Li and B alone pose no additional problem in this respect as the

‘half-lives of thelr actxve species are less than those of either 0-19 or N—lﬁ.

Sodzum and pqtassium‘might be easily flushed from the system, however, and thus
might be used in a sitaaticn where storage tanks are available or where dumping
ié‘permiﬁte&, The 1ow~energy‘beta activity of tritium from water ér‘He?ﬁuisfno ‘
problem unless the tritiumkis‘éen3tantly Eeing ingésieﬁ for long periods of

time (as could be the case on a submarine),

# The saturation level of activity for a given species in a
ecyclic aetivation and decay process is
r~)\{;

Dzslnte ratzon rate (per co-sec) ® R(3 - ) L5
g (p ) ! e "'"(“* @)

where R = rate of activation of the species per ce-seec in
the reactor, V7 = transit ﬁlms in the reactor, XA = decay
constant of the speecies, = decay time outside reacﬁorg
t = time after last pess ﬁhr@ugh geactcr,
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B, Badiation Chemistry

Table 7 lists some of the kinds of radiation chemistry pﬁoblems that
might occur for any material use&k as g ehemiéél conbrol poisén., In‘: the body
CEu i e e e e s
for the poisons ’eonsi&ersdﬁ . | . | ’

Since there exists data in this field only for HBBGB and LiBO,, it is
clear {'.ha't experimental work is reqﬂireé‘u Substances must be "hested w:.‘th
regard to i;?ne 'problems Iisﬁeé :‘in Tablé 7 before they can be gésseé upon with
regar& to usefulness in water 13'1 & radiation field,  Hence an extonsive
‘experimea"té,l program, usingmackeéwupreéctor mdiaﬁions and, :"msef’ar as
possible, the conditions and mé,ﬁexﬁals of the practical application should be

kuxlderbakem A part of the program is unc‘iewayat present.
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v METHODS OF em@mm aogmx;
The means asea for csntroillng the aoncentraﬁlen af pelsan in the reaeterr .
wmll depend on the pOlSOﬂ and ﬁhe physiaal 3ystem chosana 'Howaverg w@ can~mak9 
ﬁhe fellewing point 1n gsneral w1th regard to the perwentage shange 1n poiso& k
@oncentratzon requlre& to brmng about a glven perceatage change in %he mulﬁlu
plicaﬁien ecnstant of the reac%ora ‘ . -

Aeeordlng to %he slmple theery for 8 homegeﬁecus rea@torg the varlaﬁlon

~;:sf the multlyllcatloa eonstant of ths reactor, keff9 wmth peison ccnsentratmon3' 

f§ (cmg/éms of core vaiame)9 can be wrltten as

where a anﬁ b are ccnstan%s rsaghly 1ﬁae@enéent ef’é@ if the p@lsan aioms have
no important resonance peaks betwgea 2 Mev and thermal energies. We are
ﬁegleeting here any change in the mséeraﬁzng preper%ies of the eoolant as a .
result Df 1ts pomscn content, This w111 be permzsszble 1f ﬁhe cencen%ratlen

does ao% exeeed one volume percent, We can then wzzte fsr the ratio af a .

frasﬁzcnal change 1n'2b ta the resulting frae tional change 1n keffs

dln% w(fé'i'bz . . |
&ﬁkﬁf ; . . k‘@D:

We can get an appr@xxmate idea as to the order of magnitude of this ratio if we,ki
1nsert ﬁumbers basad on STR in the clean, cold @sndltlcn»w1%h a 1oadiﬁg af 18 kg
ﬁ,vyih?‘egﬁstapt b is 0.053 @mfi in this case ané.ip is 5,018 em ™t for kere
:equai to one, giving ' |

din Zg' = =3.95 for kepp = 1.
‘d‘ln k@ff , o ‘ :
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kThis means that to 1n@rease the k off by a given pereentage we mnst decrsas& the
‘pcison concentration by'feur times %hat pereentageo It alse can be saeﬁ ﬁhaﬁ
if the Sp requlred to hﬁl& the rea@tor in the erltieal eondltlan is decreased,
the percentage change 1nj§c;san concentration requlreé to hrlng abeut 8 given
kchange'in r&activify will be igcreaseé¢ ‘ k |

A, Agueous Sei&tlons

A number of %he possible @hemxcal,contfal systems involve the use ef
kaquﬁous solutlons af nen»vwlat&le seiuﬁeso Genﬁeqnentlya we will ecnsz&er these |
;1n some detazlg parﬁlcularly wmth regaré to eselan%wwater §01$0§ systems¢ ‘
:Amsng +the stanéard Operatzons used to ﬁhange ceneen%ratlsn in aqueous smluﬁlensg4k
we may list the fellewzagg élluﬁ;cn (ﬁfeed and bleeﬁ“)gkevaperatlsng electro~
. diélysisy ion exchange, éleeﬁrelysisg‘crystéllizatian ana precipitation,

8 Bire&

1« Rates ef concentration @haf*e?:
Each of the abeve method& has the aharaater&st;@ that the

péreentage redu@t;sn of poison @on@eatratlen per unit tlme 15‘&1?@@t1y:~’

grcportional‘ée that rate at whi@h pﬂiscn;seiutien 1s withdrawn from

the @iréulating~systemg That isgto sa?a prncessingka given fraction

cf the éystem velu&e per unit time will redéﬁé the poiSOQ‘ecneentraﬁicn

by the sane ffa@ﬁioﬁél rate, Inasmuch as it is generally more

éiffieuitkto reduce the péisqn concentration than to in@reasekitg we

will consider first the ra£e$ at which it may be Teqﬁi?e&:ﬁe reduce

gcison een@enﬁzatisﬁc ?’Thasitﬁaﬁicﬁ vhich r@quir%é the maximum

rate in this case is that éf evermriaiﬁg xenon. We can estimate the

rate by requzrang that we hol& kéff equal to one while ramov;ng

poison to compensate for xenon formation, Then
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1 = bHF 42, " f | (3)

where 2{ is the mac;fascepic :cénon cmssmseeticn;é‘ is the macroscopic
ercss~sact10n of eontrellable poisong, a and ‘b are eonstan‘bs and f + |
. 2 f where f is the total m@mseopw cross-aeetlon of po:.sen
requlmd fmr @mtlcalltyc Thus we ea:l write

. 51‘ f? = ajf = 1 é fg
& {'“a»e B o <4;>

P X

fer the fx“actmnal rate at which é mus‘h be 5eereased to holé. k ff;.. 1,‘ .
If we compute éx and ééx/d* as f’un@tlens of time for the pemcci dnr;mg
whz.ch f < is 1ncfeasmga we can plot curves of wdiné@/at agaz.nst time

. for various values of épa. A set of such curves, based en STR parameter&,,
is given in Figzre 10 Curve A is far ‘the new reacter wh’en é é (max)
s at its largest. Gurve E is for t}ae end of llfe when é ? (max) is
zero, and curves B, C and D are f’c}’r’ the cases when é é}c (max) is 1/2;
1// and 1/8 ﬁ;s value for the new reactor, It can be seen %hat the |
peréenﬁage chance in éc per se@an& (?rbper%iomi to'k the rate of withdrawal
eff,s;siaﬁoﬁ from the ‘circulaﬁiﬁgsysﬁiem)‘ goes to ihfinity as the
eéﬁéeﬁtm'bion of coxﬁrellable poison goés fo Z8Y0s (Acﬁuallyg the mmmﬁum
‘rate necessary for @¢mp1éta removal of : pois{m is eqﬁal to the flow rate
in thewprimaxy system, ) ’E'?videnﬁly theziy for any rate of withdrawal at
j.ess} than i“ull flow of primary coolant, there must ‘beA & bérta:‘in amount sf !

" ‘poisci:ﬁ 1éf’t in the system when the xenon concentration r’éaches its

meximm, How much poison is left, and how much aéditionaiuranium is
nec;éissary to compensate for it (for a given useful life éf the reactor)
will depend on the volume of the system, the mte b withdrawal of poison
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ksolutmsn whmch can be achieved aﬁ& the way w1ﬁh whleh the éé ne@ess&ry
 for crztlealxﬁy varzes with tlme during cperation cf the reactor, ‘ ;
1 should be emyhasmzed thaﬁ the curves glven in F&gure 1 are 1ndepenéent ~k~k
of the partlcular pozson useﬁ g0 1ong as the salutlon is dilute enough so H‘
|  %&&%~3@8 moégratlng preperties are essent;ally that of pure water§ ;The~resnlts .
are aisc épplicable ﬁs‘either auxiliary‘er eéolanﬁéwaﬁer §éisoﬂing syStamsa‘
As a numerzcal exampleg suppose we can aeh;eve a flaw rate of 20 gpm as a
 ;pract1ca1 11@1%« Then,;w1th the 5?3 yvolume of 457 ftg the Eax1mum rate of

-3

. perceﬂtage change of,pslson eeacentratloﬁ w111 be 9.8 x 10 ~ percent perkseeend; -
fTﬁéﬁs ﬁy’Figure~lg‘we‘see that~f6r a given 1eaéing‘of U-235 there will bé no

“~§er13ds énrlag whlch the reacior will be 1acpenable untll slighﬁly more thaﬁ
:abeut ?/8 of the excess reaet1v1ﬁy asssezateé with length of llfe has been

;esnsume& Far a glven 1ifeﬁ3me$ the amcunt ef 6~235 would have to be 1nareased.

“Just how much extra uranlum wwulé be nee&ed depends on the core ée51gn¢

;2; EEthods cf cgeraticn

A generallzed schematic élagram ef a ceneentraﬁlonweonkrol sysﬁem is |

. shown in Figure 20 é part of a eoclant stream is w1ﬁh§rawn from the main l@opf
,thrcugh §,a£ thé same tzme as an equzvalent velumek@f~selntlon of‘észerenﬁ
coneeniratisﬁ is;injectéé~frsm §;k~‘The~$izés bf the'steragé;%anks‘and other
 equi§meﬁtkéf~Figﬂre 2 will depend on the fate and type ef‘conéentrati0n ‘
prcceés’eheséﬁ, In the ”feed and b¢eed” pre@esa %he eoncentra%or is not
necessaryg For aﬁoﬁher process, if the aancentrator is able ta hanéle the
full stream frem ag the hcl&wup tank W is not reqalred an& the sizes of

tanks G and D are greatly &e@reaseé as the
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atréam tob nee& be~oniy partiyfarawn~frvm~séeragea; In evaperatlen9 if
the eencentrate dis held in the evaporatora the concentrator an& %ank c
are the same piece of eqnlpmenﬁg |
The tlme variation of _poison coneentrailan in the reactcr wzll depend
on the polnﬁs of the mazn loap vhere the gonnectlons g,aﬁd b are made and
on the reiativefcyclingkperioas fgrzliqaidkiﬁkthekmain‘locp énd in the
poiééh‘100§o For instance, if‘the time‘reQuired fcr solﬁtien ﬁo pass~‘
thraugh the concentrating equ;pment is iong ecmpared with the txme requlred
for the eoolant ﬁe make a eomplete cireuit thrcugh the main 1oop9 the
polson~concentratien in the reactor w111 vary~1n.a stepwwise fashzsn 1f thek
flow from the poison loop is started,ln a time short ‘compared w1th the main
‘fkleoy cyclzng perioéa Flgare 3 allustraﬁes thls argnmenta If it is
desarad te avold stepwwlse changes$ it is neeessary to 1nerease the flow
’from the poison sys%em,daring & tlme equal to er greater than the Eaan
loep‘cycllngypericd¢ Stspwwise changes can be teleﬁated~1f;thek31ze of‘%he k
step istuch;that~thefperiod with which the f}nx‘bﬁilds up as é result of
the change is about 20 tinmes %he main leopﬁeycling period, Then %he change
 0£ flux with time will be essentlally nnlfsrm. , : :'  l
(a) Prebably the smmplest method Of changzng ﬁhe pols@n con~
eentration is %o add ceneentra%eé solutlon or élluent water from
make-up tanks while egectlng an equal volame of soln@zen of the ‘
concentratlen ex1$b1ng in ths coolant 1@9?0 If the poison 15
relatxvely‘lnexpenslveg there is no point 1n;concentrating the
‘1ejécte§“soluticns eﬁéept‘that iﬁ §SSsibly'may be desirable to

. reduce its‘volumeyfqr convenience in gtorage or disposal,
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’We shall call thlS type of eperatzan ﬂfeed ané Ele@dw The meﬁhed
'¥requ1res a storage tank fe? makewup wa%era a source af wa%er3 a tank
‘ f@r makzﬂg up cencentraﬁsd ssluﬁioms of yolsong meﬁermng pumps for -

:1ngeetxﬂg anﬂ egectzng selﬁtlons at a @entrollable rate aﬁ& a
‘ regeneratlve heat exehanger for reeovery of heat fr@m ﬁhe egectea
. aeln@ienq Sﬁorage eapaczty and a soaree af pure waﬁef are ne
~preblem far a Zané«based pewer plaﬁta A seawgolng plan% mast be able
1o make 1%3 own pnre water fxam sea uaﬁero It 13 sngges%@d that the ;
~ Ien1es$ Ineﬁ electroélalyzers to be ﬁiscusse& 1ater$ be used to

.{ grcv1de addltzonal eapaazty fer the freghmwater plantg Thls &evlce .

~shcal& be satlsfactory‘lf used in an aeeessihl& 100&%&0& so that z

“~ma1ntenanee can be performed cn i% The s%srage reqair%ment fOr

‘pure wate? wzll be a fﬁnetzaﬁ sf %&e gureuwater recovery rate;k_‘,k:~‘ k
fSﬁorage requlrements far 901son molntxom shovlé noﬁ be tco greatg
as the saturatlon eonaentratlan of the solution wzll be many txmes
che hlghsst eonceuﬁratlons empieyed 1n‘the 1oopq Sal;ﬁ chemleals‘k‘
“far‘make»up can be stsreé dry 1n a small veigﬁeg the*ﬁaﬁa} qﬁéﬁ%i#i@é“f

kn‘  imvo1ve& be;ng qnzte smail«k

T&e pswer requlred for &ﬁgeaﬁlag 26 g@m agalnst QGGG psi is

;‘23*3 HP or 17e£ KW, assﬂmlag 1&0% efflcven@yo Qne pess1b3@ mathed ;: 

kfor 1ngectlﬂg ﬁhe pslsmﬁ w@mld be the use of a gazr of twemsﬁage

rotary gear pumps ora @air of dlﬁpiacemenﬁ pumps, pezson helng

‘;adﬁed o the system with one pump while bezng wzth&rawa frcm the

syétem through,ﬁhe oth@r; If the shafts could be @cupleﬁ t@gether,‘

tha seeond pump could be useé ag a hyﬁraulic mo tor to help drmve .
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the first and to insure that the volume of solution in the coolant

~ system remains constant, A&ditienal power w@ui& he;reqaireé only
%o make up for the'ineffi@ieacy of the pumgsg kﬁeua%ing~bath recovery

'of pauey by the h&ﬁraulickaétcr and the efficieney of tﬁe Fumpsgy

dravzng power prﬁbably would n@t exeeed tha figure quateé above fer

‘ ‘23 gﬁm at l@@% effxelen@ys Thé gnm§1ng aﬁé meter&ng Sygteﬁ wmﬁld L

faml ae»msﬁ It ﬁ'ﬁl@ be ~operated at 1aw'ta§peraﬁareok
A 11§§&éwliquld hea% sxchangew for ﬁgalzng the ege@ted pslsen

solution wa&lé be expe@teﬁ to r@eaver at leas% 8@% of the heat

'@antaat of the efflneﬁt s%zeamq~ ﬁa.%hms has;ss the y@wer lcﬁs wanlé‘

. be‘ziz by f@r*291g§m§ Smﬁee this 212 KW is 1ewugrade heat power and

is r@qﬁzx@é Qﬁ}y 1ntezm1tten%1y9 thls f&g&r@ is @Q&g&?ﬁble ﬁlﬁh ﬁhe :

L ;:~a§§r9x1mately 2@ KW of slec%rmcal pswer re%girs§>cent1nﬁeﬁsly;by a17

‘ :fhll se% of control ?GéSa:

(b) Evayaratzon zs o&e ef the mcs%»wlﬁely'aseé methaés ef can—~j

;lyceéératxng aqﬁeeug $eluﬁ1@n$§ I& can be dcge at @snsﬁant gressure cr
by flash ex?anszon at @@ﬁsiant‘enthalgyg Tha gecagé ef ths twav
| methods can be made much msre,faplﬁ ﬁhan«ﬁhe first, the rate sff;
1;evapﬁratiaarbeing11&@3&9& @ﬂlykby*%hs ares gv@#ided fer tréns§sr% .
 @€ @&§9?~£§¢& %h@~liqﬁi§ p%aééc, Iﬁ yriﬁﬁlpleg howeverg flaah
4eva@orat1@m wzll r@qﬂlr@ more gow&rg as the eXpanaion is an
irreversmble cngb Iﬁ F;gure 4 are plotted the saﬁuraﬁzon temyefatnre: L
 ‘,ané prassure of waﬁex against the ratio of the weight of water fed k
c ﬁe [ flash evayora*or t@ the wezght of liquid ph&ae remaznmag»
:f:‘:(Tbe elevaﬁion ef b@ilzmg §@1nt hy éissolve& matérial‘has been

‘ﬁnagle@teay but we wzll be deal“ag onl wi%h quite dllu%e golutioﬂs,‘
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so the argﬁmeaﬁs here are approximately cerrectﬁ}: It can be seen

that, if the initial temperature of the water is 636°F, the concen—
tration can be inereased by a factor of 1.4 %eforekthé temperature
of the liquid has fallen below 460°F. Thus, one method of operation .

could be to take the feed to the evaporator from the system pressur—

dzer, maintaining the lemperature of the flash chamber st that ef the

coolant, The wvapor could be condensed by isothermal @égpressign;
The stream which is to bé fed back to the cooiantkmould~alreédy~be
at system ﬁem;eﬁataregybnﬁ iﬁ voui§ héVe to be injected against a
aoasideraéie~§ressaré heédq Thé‘powef for thishprocess would be
supplied by hﬁé‘pressurizer heateré ané the injection pumps,

| High pressure eﬁapofétien has the advantage that the heat of
vaperizaﬁion per pound falls off rapidly as one approaches %hg
critical‘pcint» Evaporation at csnstén% high pressure eould be

carried out in the part of the a§§aratus whieh funetleas as the de-

gasifier, preasurzzer and surge tank An abbrevaated élagra& of a

pressurized water reactor, including the degasifier loop, isfshowa

'inkFigure~5o The similarities between the;degasifier loop and the

p@lson concentrating scheme shewn in Flgurﬂ 2 are apparent, If

the direction of flow through the éegaszfler is reversed, so that
vaper{pa351ng from theflzqulﬁrphaselzs condensed ezternally, the
liquid would become more concentrated in aissalveé;a@lidsy thus
re&oving the material from the main loop. The latent h?aﬁ of vapor-

ization could be used to furnish the heat losses fram‘the equipment

by péééiﬁg~%he vapor through a jacket surrounding ﬁhé'evaporatér
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and through the shell side of the regenerative héat exchanger, The
hot condensate and fhéfreﬁaining uncondensed vapor would be bled

into the hoﬁ leg of the main coolant stream‘for‘ultimgﬁg recovery of

 the heatkinput to the evaporator. The increased power consumption

over the present degasifying unit would be the result of degradation

of that part of %hekeleétrieal power input to the evayeratarAheaters

 which is recovered as heat power in the coolant stream. A éisadvantage

of this methed is that surges from the tank might causeymixing of

eoncenﬁrated poison with the more dilute main stream unless adequate

wvolume is provided in the surge line, To use the device as a

&egasmfzer during reae%or‘cyeraticn at constant power level, it

 would be necessary to mix the condensate stream with solution drawn
from the liquid phase in the tank so that the concentration of the
sclution fed back to the coolant stream would be equal to the eon-

 centration existing in the coolant. The potential advantages of the

methqd;arejﬁhe combining of funetions with existing equipment, the

k impossibility of withdrawing péisen from the reaeﬁcrgat an'unéafe

rateg and the fact that sufficient poison to shut down the reactor

is aetually in the system and can be added rapidly to the main body

,sf coe1ant;waterﬁ

'(e) A concentration device has been developed by Icnicsg Ine,
using their electro-dialysis apparatus., Studies have been made on

the transfer of lithium borate from dilute to cpﬁcantrated solutions

as a fanctiom of the lithium to borate ratio of the solution, con~

centratlcn of solutionsg¢ﬁemperatureg and method of reeirwulatien

and flow rate. The method has the &1sadvantages that the‘apparatus

<imaifi?§ﬁllﬁﬁﬁﬁiuAa.n

adpee
ve
9
2900
o e
censee
e
»
saey

esseen
03

09080
vesen

S
XY

e

[
deveee
P
eenesd
eveasa

s
88 0

°



 bencenmesaashored i

S ;ﬁ A£§ m; k~ - ‘ :‘ “Eggggﬁfgigézl

must be kept at & low temperature and that the lower limit of the
 volume of the-aenmentraté s%cfa@e:tank‘is se% By‘the pfﬂperﬁi$s of

‘the‘éialyziﬁg membra§és§ w%ich,liﬁit %hé caﬁéeﬁtrati@ﬁ that~@am~be‘ .

aehieveae The rellabllzty of the equlpment? particulariy ef the

‘_eXperxmeaﬁal ézalyzzﬁg membfanesg is an unknown facterG The &evxee

should ne% be useﬁ in an 1na@cessmb e location wztheuﬁ f&rst unéerw

fgelng an extenszva s&r&es ef tests aszﬁg actual plant canéltzens and

. crudwcanﬁalﬁang waﬁero The aévaniages~of the éevzce are relatlvely‘ |

,{.;

_ low size an& power requarements and censzéerahle ease of control,

B

a) Ien.exehanger& do not look pr@@iszng in vxsw of their need;‘

for regeneratzon or replasement {limited ca;aczty)g the reqnlrament

that«they be kept at 1@% temp@raturesg aﬁé the low veloclty of 11@&1&

. whlch must be malntazreé in the exehangerc 3TR weuld reguire a

mlnlmnm of 50 fﬁ3 ef resin fo% each cver&raéang ®f~max1mﬁm xeﬂen¢ 

(e) erstalilzaﬁzeﬂ methcég are alse ﬁat ccnszéereé to ba too ;7 .

aﬁtractlvag par%icuiar&y'%e@ause %here exisﬁs the possxbllity thaﬁ
suye?saturatisn may aceure The rate cf gr@wth of eryatalﬁ is slaw aﬁ
best9 solutmons S&metimes T@Qﬂl?&ﬂg dayﬁ er w@eks ﬁo reach their

equilibrium sclub111%y after having heeﬁ ea@led frem 8 tempefatar@ i

at which they were ﬁo* satmraﬁeﬁak‘

(f) Electrelyt&@ and precxpxtatlen meﬁho&s wzll depenﬁ

specifically on ﬁhe @hemas%ry of the snhstan@es used as poms@n&a

~ There are very few~p0$81%iiit1e$ as pre@ipltatlng agentm~snlﬁable

: for borate peasonag cadmzum and baraum‘belng the mes% llkelyu

Cadmium pozseng cculﬁ be precipitated as ﬁﬁﬁ even.lf presen* as

csmplex ammines or cyanléesa Tha pre@&plﬁa%e w@uld have t@ b@

[ X %
e

o
@
soaw
o e

doeeans
snoedn
.
assses
seneee
reaEsR

&
€. see S



*

- - 47 -  WAPDC-171
removed by a filter, The‘selubility‘and‘tendency toward colloid
formation of the preeipitates at egeratiag tempefature‘mﬁst be
known before such methods can be evaluated,

(g) Oniy ineft}gaseous poisons are compatible with water.

The degasifying apparatus couldkhe used conveniently to control

the concentration of gases soluble’in the coolant water.

B. Other Systems

1. Suspensions, slurries and other coarsely disperse systems can
be separated quite easily by filtration, settling or eentrifugatisn‘
Filtration is probably the Si@plest and most werkabie method and is the
only method that can be used when there is little difference in density
between thé poison énd its‘carfier; k

2. The methods of changing concentration in gas-1ift and other
fluidized-solid systems are inherent in the system and do not neeé’
geparate discussion here,

3, Auxiliary systems, in genergla present few difficulties, as
the volume té be processed will be quite smail@ This means that ﬁhe'
rate of change of concentration can be made~m0re rapid than in ceolantu‘
water poisoning systems, and it is practical to consider chémical scram
and recovery from seram‘in a&di@ion to the etﬁer control functions,
Electrolytic methods are quite feasible for aﬁalgams and molten salt
or alloy systems, EV&pOé&ﬁiOﬁ is p;ac%ical fér any aqueous soluﬁion.
Non-aqueous solutions, such as éiphenyl,bsrie acid in biphenyl, can be
distilled with low power requirements. If gases are used in an auxiliary
system, control of density by varying the pressure is the most con-

venient method.
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VI CONCLUSIONS AND REGOMMEﬁBﬁTIOES
The gotential feasibility of chemical control of nuclear reactors is

indicated by the following factsy

(a) The neutron capture cross-section of many chemicals is suffieiently
high that reasonable amouhtswwithin the core will céntrol the excess
reactivity of an STR-fype core,
(v) SeVeral‘physicél methods are proposed which will provide a £luid
sysﬁem.within the core in which the’nuclgar poison concentration can be
adjusted auteméticallyo Both the prié&ry coolant system and an
auxiliéry system have been discussed as suitable to accommodate the
poison,
(¢) An adjustable concentration can be achieved with well-known methods
of the chemisal-industry,
(d) The radiation hazards ?hieh require shielding and delayed access

~ for personnel protection have been discussed. A few nuclear poisons ;
present no hazard greater than that already existing éﬁe to the neutron
bombardment of water, | k
(e) Proposed system materials are chemically compatible with some
nuelear poisons,
(£) Safe failure éf‘ghemical‘ecntrml is inherent in several of the

possible methods ef'applieation5

The development problems related to chemical control consist chiefly

sf’the following:
(a) Thermal expansion of nost chemical control fluids opposes the self-
regulating effect of the negative temperature coefficient of reactivity of

a given core, The cross section of cadmium increases uniquely wi
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core temperature to éffsetﬁﬁhigﬁdisadvaﬂtagee
(b) Péak power requiremenﬁsﬂin a&justing chemical ccnﬁfolkmsy
| exceed the power requirements of mechanical ceﬁtrol,
~ (s) Some desﬁrable nuclear poisons are chemically incompatible
with proposed system materials. |
- (4) Some nuclear poisons undergo rapid and undesirable changes in
the neutron field, an& some poisons inérease the rate of dissociation
of water,
(e) The use of Qhemicaluceatrol may require extra fissionable
material if (a), above, cannot ctherwi#e be accommodated by core design

alone.

(£) Recovery from chemical scramfmay be slower thah with mechanical
scram, ’
(g) Diffieult core‘design problems ﬁay be created if Ssth
‘~~mechanical scram and auxiliary syatem‘ﬁhemical control are required,
; (5) The problem of maintaining the coolant water free of corrosion
products and fission products to minimize shielding and aécessk&elay
may be complicated by the use of g nuciear poison dissolved in the

primary coolant,

These serious problems aremnotkinsurmOﬁntablef and the attendant advant~
ages of chemical control are not beyond praéticality¢ It is therefore
concluded that the development of chemical control should proceed with every

reasonsble effort, Ka; S
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The arguments and data contained in~£he bédy of this report point to
1ithium borate, dissolved in the primary coolant, B e il e | .
method which is most promlsing for both PWR and SFR,

The unique advantages assacmateé with the use of lz%hlum borate are that
né extra shz@ldlng or addltlenal access;deiayAis requlr@éw

Improved flﬁx distributien,'sim;lified core design and safe failure are
unique advantages asseeiatediuithfghe usé éf thekprimaryk§Colant~as the vehiele
for the‘yoisoﬁ, |

The one major disadvantage aecoelntod with this method is the necessity
for changing the core to a less optimum - configuration in order to preserve
a desirable tem§érature coeffieignt of réae%ivitya. Such a chénge in core
design would proﬁably require a greater loading of uﬁaniuﬁe

Gadm_umAls the one maﬁerzal which does not suffer from the above
dlsadvantages since its mlcroseaplc eross-section increases with tempersture
as a result of a resonance peak at about O»l? ev. This 1ncrease& cross—
section is gust about sufficient to sffaet the expansmoﬁ of water, thh a net
result of no change in the reactcr ﬁ@mperaturewcoefflcient, 6aam1um, however,
suffers from the magor élsadVantages that most of its water~saluble salts
hydrolyze to an acid solution and are not compatible with stainless steel,
and additional shielding and access delay are required. Nevertheless, there
does exist the péSSibility that sufficiently stable cadmium eom?oénds may be
found which are applicable to a cdolaatmwater poisoning systemgfyAlternate
matefials later might be developed which are compatible with cadmium solutions,

For PWR the‘édditional shielding would be inexpensive, but for SFR the
additional mass would be objécﬁionableo Furthermoreg access delay would

be more serious fbr SFR than for PWR,
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 An auxiliary Lokacr syeten ton caduive wouid mieiniae ke s of
ghielding required, énd would inc§éase the accesé time of a éméller pﬂrﬁiaﬁ
of the reathr\plant,k Materials which are éompatible with cadmium.cémpaunds
can be ésed for an awriliary éystem without affecting those of the primary

system. Heterogeneous mixtures can alsc be accommodated by appropriate

degipn,

An‘auxiliary syétem is not inherently fail-safe, since control can be
lost through an external rupture. However, with proper éesignkand~application,

an auxiliary system may be made to fail safely,

Paster response to control demands is possible with the smaller volume

of the auxiliary system., Chemical scram is possible, thereby avoiding the
complicated core design which otherwise would result from the simultaneous
application of auxiliary system chemical control and mechanical rod scram,

Moderator control for ruclear resctors has the ﬁﬁique advantages of

higher neutron economy which results from avoiding the use of a nuclear

poison and the elimination of the problem of extra core loading.

On the basis of the foregoing discussions, the Chemical Control Task

Force submits the following recommendations:

(1) Lithitn Borte th the srduary coolint Bhould be Hoveleved o5 a
chemical control method for PWR and for SFR,

(2) In the interests of economy of fiésionabie materialgka paraliel
effort should be made on the development of a method employing
cadmium, |

(3) Research on ﬁhe use of an auxiliary system is proposed to

~achieve faster control response,
(4) The possible applications of moderator control are recommended

for further study on the basis of enhanced neutron sconomy,
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,éltheugh in mak&ng the abova m@@mmeﬁdamcns - 1%: was recogm.zed

tbat the éavelepzaezﬁ; of a rel:xable me'thed in time fer 5.4553 application

te NR anci SFR should take preeeéexme over the ﬁevelcpmen‘!s of a
petentlaliy more i&eal method ghieh may ne‘%; mae‘i; the s@heéule,) the |
_ same reesmmemdatiene would have b@eﬁtmdfe in the ‘absence of such &

 restriction.
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QUANTITY OF POISON FOR CRITICALITY®
G.A./1000cc G.A./1000cc g/1000ce G,A;/iooOea'

& g/1000ce  1b/457 cu £%
Element €p=.022 (1) Zp=.0108(2) =.022(1) Zp=.0108(2) per see, (3)

per sec, 522
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Ag
Au

B
gl0
gé
Dy
Er
Eu
Gd

 He?

Hf

Hg
In

I :
xaf3

Iu
Re
Bh
Sm

o
Xel3l

1.50
957
012
.0225
0268
Q(Mil :
054
0199
2002

L0173
o778
«236
o473

0204

4329

'1028

»0986

- W827

1.07
+597
»0093
764,
2749

<975
Qéil@?
.078
0147

- L0108

<0534,
351
<013
,00133

Lol12

+507
0154
2307
133

#285

829
0643
o542
+696
39
0048
494
o488

161.8
188.7
1.30

0225 -

3,01
lgclé '
90,29

3.02

o314

0519

138,95

: 47934

5428
39.39
36.44,

8.6
#592

'144*7 '

19904
6lebd,
1.4
12904
98.1

"105;2

12201 ‘4
0844'
147

1.21
8,68
58,69
1,98
+209
,,§6336
90.55
30,9
35423
25,68
23,66

- 5.0

«386
94,85
129.7

: '40#14

122
'83a68
63,93

'Pile'éold;'QO’kg”undeplete& fuel; all rodsyéutg
Pile 4609F; 20 kg undepleted fuel; all rods out.

24h, x 1076
155,

19.5

3467

'2'69,
13.4

87,8

3.25

633
2.81

1y,

38.5

76.8

33,3

e
207,

'1350

174,

97,5

012
123.
122,

750

o871
.006

,001

009
062
o419
20141
.0015

00024,
$647

8RR
6251

P a183
: .168' .

041
0028

<673
2924

‘285 S
0051
593

oh55

Gram atoms polson per 1000 cc per second and 1b poison per second for Mark I
to compensate for Xe burnup during startup at maximum Xe concentration.
(Temperature 460°F) , , -

#*This information appeared as Table III in ,
WAPD~C~159, Chemical Control, by Paul E, Brown.
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