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. ' LALTIl PEYSICSd

3
.

'T 1.0 Introduction

I Eealth Thysics is a profession devoted to the protecties of =an
i

f and his enciro==ent f r== udiarrscted radiatioc expcsure. ' The health
is a persen encased in the study cf problems and practices,

physicist', of ptoviding radiaticc protectien; he-is cencerned vith an un(er-
~

-[ standing of the secha .13=a of radiation damagc. *rith the develeprent
and i:F ecentation of methods and' procedures eccessary to evalustel: hazards and eich providing protection to san and~hisradiatic:*

enviran=ent f re= u: wa=ted; radiation expcsure.
?

.
'

?uttieg the above fer=al definition is Nre practical ter:s,
the applied realth Physicist is concerned with one er care of the,,

folleeint aspects of radiation protection.j
.

1. Personnel nonitorin5-
.Ra iatio:: control,

d2.
3, ,Conta=ication control ,
4 Bioassay .

5. Envue = ental. radioactivity levels
6. Transpoitatic=. of radioscrive caterial
7~ l'aste disposal.

B. Cse of ' radiation producing =achines. ,

9. shielding.
10 .~ Laboratcry design-'

11. Experitect design
.

i. ..' ~ 12. Dosinstry
'

', 13. Ins t runesta' tion
*

! 14 Deco ta=ination+

15. Protective equip =ent.and clothing~

..
16. E=ergency planning

* 17. Biological effects of radiation,

'

18. Ventilation control
!' 19. Calibration of instrd=e'nts'

'

}
,

The fo11evin; notes are inter.ded to be used in conjunction with
| the progra==ed instruction book Radiacion 4:sitoring by.J. E. Made andI

G. E. Cenningham, the text Prine'ioles of Esdiatien Protection by K. Z.+
Morgan and J. E. Turner, the series of National ~ Bureau of' Sta=dards
I:andbooks, and the Radiolecical 1:esith Handbook. Laboratory; ~

de=ctstrations and fil=s will be used to supplenent the information ,

and de=onstrate i=;creant techniques. Shielding and basic ato:ic and
nuclear physics are covered in other sections of .this manual and will

, be only briefly cencioned in this section.

1.1 The Atoa-

The aton is the basic building block of catter. It consists
Theof a central nucleus around which electrons revolve in orbits.;. nucleus is cocposed of protons and neutrons. The proton has a

g

,

\
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positive
charge c.r.erically equal to the c!. art:e c= oat electro-2.(1.6 x 1; 8'

' M 1 a:J coulo bs)I and a cass of 1.037553 a:.: sic . ass units
i'

I
'

|1.65979 x 1T ' Srs=s). The neutro is 4.lectrically
-

g
! seutral ,and has a =2ss of 1.002922 a=u. The electres has a i

,'
negative e..ar:e sed a = ass of 0.9??519 a=u. The :acleus isex t re:cir sesll a .f very dense (i.e. , a- sphere v". : the d1=ensiensof as cr:1; ary :.ardle and the same density as the :4:leus vould|

*

Le1 h an net5 !.O.C00,003 tons).,

large et rsared to the size of the nucleus so tha:The orbit 'of the e.*ectron is very(
.

i
| the ato: the vo,1ume of

is :.ostly e:pty s. pace. i
-.. -

i
t

1.2 ''ohceules.

-
,

Mel:dules are the s allest divisions of catter vich tae
1

sa e cE.h al and' p.ysical characteristics. Ucler les :ay be Ic: 70ses :: c e or ::re ato-.s. - As eleme:t contai::4 |ctly ato s ,with the , c,. e che=ical properties e.g., irec, lear.. silicos, ,

cxy?,en; P :::;ges. . Melecules are us6 ally designated by checical.
'

sytbels with su~as'eripts to designate the cutber ci ato:s of eachele e.t pect solecule. i I

D:0 - water mole <:ule co- posed of 2 hydroce.. and I. oxygen s'to:s
hC1. - salt =clecule composed of I sodiun a-d I chlorine atos

.

;

CaC".3 - calcius carbonate co= posed of I calt:==, 1 carbo:s and3 czyge= ato: s j'

og exy;en molecul-
Lt co: posed of 2 ato=s of 4 rygeo

Ne - =cos colecule co: posed of 1 atom of nec= {
'

1.3 _Isotreses
- i-

.
,

f

h
ass. cf the.e.lectron.=ay be ne-lected acd the mass. of as ~ace:,esti nted in ato:ic nass units as simply the s.:: of the nu=lerat ;rctses
c..1 tedtrons. The = ass nueber of the at : is design. ate <iby a cpu.t : ript

(or a sune::etript to the right as is older usage. Ts'').added to the lef t of the element s'--bol, i.e. , 3'Fe
i

The nor=.nlataa has'a correspondini orbital electron for every proton in'thenucleus so the net _electrica.1J harge.is zero. The checical
,

j p ecp e rt ie's df an ato:
electrons 1.:nd their confi;Qration.cr salecule.are deter =ised by the ou=ber of. ,

Thus, all ato:s of a r,1ven. elecent havv2
of neutrons the sa:e scher of electrons and prot.-:.s. Theinumber g

say vary, but the checical properties are not strongly
~ i

affected by
[the veta,ht of the acco. The nu ber of 7:: cons or

che:1 cal sy ;.-tol, i.e. ,acc !c h.;. r, is ir.dicated by a subscript added to ::e lef t of the
Ilie (irou,. 26. protons and 12 neutrons for

a total ate nc weight of 59 acu). Atoes of the sa:e element with-
dif fere-t ru=bers cf neutrons are called isocoses, i.e., ||Fe, .|[Fe,'![Fe.

::cr=al tron is cceposed of a cixture of isotopes withthe folicwit ; aco:
percentages, '.82 % ** Fe, 91. 66% ' 'Te, 2.19% ''Te,

s
,

h

I .
'

. - - _ -
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and 0.33; 5'?e. Ate =s vich .t<he .sa e static cass cu .ber are called~~ ~
is oh rt , t:ss e wit h th e sase nu=bgeof.neutrous iset:nes.

~..__/ M-
. . . _ _

!
1.4 Radi- a:tivity

.;
So=e ato s are unstable and are transformed to a ciore stable

.

state by t a spe=taneous disintearatien of the rnicleus with the'
,

ecission c f radiatien. The-Je ato:s are called radicactive. In
ge:eral. : e process cust have a ceasurable lifetime (10-" see to
!O ' yr) f:: the at:: c: be cc:sidered radioactive. The transition8

to a stable at:c cay take place with ene or a series of separate'
disintegr - h .

~ -- ' ~~ '' ' ~ ~ ~
.

- . - . - - -
.

1.4.1 Alp a Ladiation

A ra:iisactive atoc ray decay by e=ission, f rc thej .

nucir.a,cf a ; article co:.s.isting of 2 protees and 2 neutrons
(helic: cucleas 'He). The'; rticle is called an alrha

part:.:le or alpha radiatien-(3) . The process invbives a
decrease of 4 in the'=a.as, neber of the nucleus and a
decreas e of 2 is, the a ccic ne:Ser.

X> T+}He,stsy, >2 Pb + c
,

1.4.2 Leta ?s11ation

lf a weless; decays by_ecission of.,a_ negative or
positive.elettr:n the . process,,t,s callef 5e,ca decav. ' The
part:.:les .are called beta pircicles (5. o or tt). . The
posit:.ve ele:::: say' a.'s'o be hilled i positron.

~~

. N ".-.. .'
A A

X > T' + S*
Z' 'Z+1

_-

..-
-

A A Y + S+
Z > Z-1X

|
.

- '~
;

1.4.3 Cacca Radiation .

Af ter the emission of particles such as alphs or
beta radiation, frc: the nucleus, the daughter or product - .

cucic_s say be lef c in. an escided state. The transition of
~

.

the :re .leus to a stable or cr N1d state is 'accc=panied by'
; rays. Thethe c ission,ct,hi;h <=ctgy ph:tcos. called ca--a
/ ga==.a ecis sio: usually takes place i=cediately after the

particulate ra:iiatign is e=itted (within a time too short to'

! nea.n. e) . In se e cases the excited state of tho. nucleus
| cay have a re'.atively long lif e before *the'giE_~a ray is-b

_ . - _ _ _ . . - _ _.. _ . . _
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c=it ted, is which cr.se the two ene r ;y levels of the n cleus !
.

u >a re c Alled is zir s .' ~~~~.
- 'j

; A
-- .

_ -

!

.~_

Ag, _3 y,YC Z Z
s

}-

! 1. 4 . t. Orbital Electros Capture !
t

i Another type of radioactive decay is absor7ttem ofj an orhit.41.eItctrca.by. the.cucleus or K-caerure. This is ,

usually accespar.ied by the e.cission of an X-ray. f:

- - - g- _ _ _ . .
;

^ t + e~
,

> IZ1 !
1.4.5 Internal Coeversion,

,

icternal ccnversicc :.sy be , described as the e,ission.
f
,

,

i

of a gnctes .f ree the nucleus, which.causcs ejection of an~ urbital elect pn"."' It is probably best described as ., type ,

'

of gaa=a decay even though an electron is e=1'cred fre.-:t e

etc. ;ston. .

|,-

!.1.5 Io.ia-tion
;

Chaged particlas passics through =atter trans fer et.a r;y to
the :.atter and hence ,radually lose ener;y and are ?'absorte (''. n.e
e .ct;;y lost =ay appear 45 excitation of the elcetrcns in t . .olecules. ,

That is, the ortzital electrens say be raised to, higher er.e rry levels
,

,

and e.xist is a. excited state. If ecou;h enera.y is absori.=4 an
-

electrea =2y even be ejected frc-. the nelecule. ,Any precen such -
as this C:1ca causes the neutral ate: to lose oc gain electrees
and acqt.irg a net charge.is called IF.itatio . B e .egattuly ,

charged electron and the positively char ed nolecule' are c41cd i
an M g. Le energy required to cause ionizatien is altmt |

D-15 electron volts (ev) for oost colecules. i.osiever, becaase of
f
[

the
energy Icst in e2 citation and other processes the aver:, e.ecercy

an ion pair, the W value, is considerably hi-her. [required to for:,

For air ,the,*.! value lor _ electrons.is .3J.l.ev an'd for alpha articles i
-

2

,

li cv. The electro:s uhich are ejected by the incidest ractation
'

*

have relatively high energies and can also cause ioni:stion. hey
are so=etizes called delta raws or secondarv radiscios. L41stics ,

tehich is uscharged (3eutrons and y rays) produces ioni:atia by
,

L

| indirect = cans. This usu. illy 16volves a reaction or intera tion in
f which the uncharged radia'tien produces a charred particle, such as

an electron or proton, which then causes ionization.
,f

.

I 1.5.1 Photoelectric EffectI k
3

| In the photoelect-ie ef fect a gacz:a ray interacts with'

an electroc and the.phetes disappears and the electrora is
ejected with a k_i.n..e. tic ener.gy equal to the enerr,y of the ga:x:a- -

raycicus the bicdin ecercy of the electron. The probability
_ e

.m.;

'
$
:

-
__

_ -

,
g-

aA W**
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If or photcelec:- :.c tyt.. absorption is highest for 1.: . e:iergy

| radiatics and fr: hi h ate:1c nu:ber =aterials, va_- -ing
~T about at I- 8 a a I*,j

I a

| 1.5.2 Ccepec= If f ect [
V

.

', Is the ::pt..a process -a ga=a ray interac=s with
an electrca a:c is v ettered. n e scattered Sa==a ray has*

j less energy t'.2= the a t:1 dent ga==a ray and the el u::ron is.

. ejected with :24 diff.recce is er.ergy. De scatta ed photon
cas unde.rco f t.--her ro:pton or photoelectric 'icters::icas. p

'

he probability fer e .epten in:eracticas decreases s. lowly [With increasing esetry of the photen and is relatirtly .
.

10dependest et c: rx t , nu=ber. It is the predo_inz:. f'

ab so rp-ica pr:.~ ,s s f a tiderate energy photens and r.11 but >

very high a:ce:.: : u:- r 24t e rials , i

.

'

1.5.3 Pair P n :acelun
i

At phc::: .es.rgies is_ex;ess_ of,J.0; Mev Orcir f* .

pre hetics 6 . icia lace. .In this process i photi: is ?

cenvert_ed,co e, elect. q and a pesi:ron. The phc::m =u.rt
,

; 1. ave _ as energy -f at uast_1.02 Mev_as this is the ::r.-bined ;

rest-= ass ener ; t equs %1ent of the_ electrc:r-end pcW:ren '

force'd." The :i:yy t cxcess of 1.02 Kev appears' 4.a kinetic
energy cf the ; trtic:.a. The pcsitron annihilatii':*ith !
ans:ner electr , up.11y citer lesieg all kinetic c ergy, ,

formin; tvo 0.51 .:ev eu t c =.s . The nobability..fer. .pdr
piciactics incrt eses .31c41y with.ecergy~but strore r vith i
increasi-d 'acc : r_.W. e.r .C 2 ) , j-~

.

. -

1.5.4 :teutre: Inter.'tionsc

I
::cutrer_3 are .lso uncharged and cause iosir.ation by |l . ' secondary charg ed par t icles. At thertal energies . 025 ev) i

& the cost. i= ports:: r = tions tare the abscrption cf c neutron . I~
8 by hydtcges fc-_-ing J wterium with the emission of a 2.2 Mev i

ga - a ray (IH4: ,y) 'st) and the abscrption by nicr:cen forming ;
radioactive IM .zad n.ttting a 0.6 "ev proten (3 *N ;n.p) I'C]. ,

i At high cacrgiu the s ellision of neutrons with th.e nuclei of f
*

ate:s, especiaZy hy.h osen, imparts. kinetic energ:>. :o the
,

cuclei which 5.e :: e t i.arged particle radiation. T.':ses e*

**reccil nuclei" :ausa a great deal of ionizatico. 3any otherf
types of inter 2:: ion., producing a variety of ioM M'

pcss t,le with neutrons.radiaticas , a 2 e

1.6 Ur.i t s

In 1925 the I:: t: tat l..r.al Coc=ission on RadiologicC Units and j
Measure:en: (ICE) via orgm.1 zed to develop internatic"C 'y acceptable,

. quantities and units f raJtation and radicactivity,. prec:edures for

q c.e asu r e::. cat , and re- end, tions for application of proca.dures. The

f f
I. . |
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followi .g ur.its are taken f:=- the IC71J report on units, number 10a,
1962 (also available as 1:att :ml Sureau of Standards Fandbook 84).

_

.

1.6.1 Activity

$
ne activitt (.L) t'f a quantity of a radioactive nuclide *

is the quotient of C; "' At where CI is the cu:bar of nuclear !

tran.sfor=ations w* itch i.s: cur in. _this quantity in time 4t. '.

:-

. _ . _ _ _ _ .- - -

, ^ _ _.. .>

. 9 .s t^ * .A * g i
.s

.

--

\ <

<De special unit o.f ac::vity is the curie (C1).
.

s ~ ~E W . --- .

.

N'.- .
--

% ,

,1 Ci = 3.7 x l' ~' s-" (exactly) %'
% . - . - ,

50TE: In accordance P. *4 the forcer definition of the curie-
,

'

as a unit of quaraity ; 'adioactive natlide, it was custo=ary Iand' correct to say: ."I curies of P-32 vere ad inistered .. -.. . . ." It is still ;.iruissible to =ake such state ents i
rather th.in use the Ic .g er f or: W.ic'h is .ncv correct: "A _. I

quantity of P-32 was ac:.:ntstered whose ' activity was T curies.''
.

- . . . - - . - . . - .
_ _ . _ , . _ . _ _ _

1.6.2 Exposure i

The exwsure C la the quotient of 4Q by a=, where AQ
is the sus of t'.e elec:: .' al charges,on all the ions of one ' '

siga prc41 aced in air e.e, .ill the electrons (negatrons and ,

positrons) liberated h' ;'.hr tons. in a volu=e elecent 'of air i
who:se. cass is ,'.a. are a: . let ely stopped in ' air.' ~"' ' I

'''

-u .
- -

x=M
' t

-- ;

. . , , as , -

ne special unit o_f ex :*euqLis the roentgen (R).s
,

~

' 1R = 2. 53 x 10-''' /kg*
..

~~ ' j% _.
f

,

i*Th; unit is n.perical'.9 tdentical vich, the .old;one defined fas 1 e.s.u. of charge p*er .031293 gram.of air. C is the
f abreviatiois foFeoulocE~ '"- ~ - ' ~ ~

!

"0T7.S : (a) The words "': hor;cs on all the ions of one
j

sign" should be Onrerpreted in the mathec.atically f
~

'

% absolute sense. (h) ne ionization arisic:; from
's'se'e absorption,J' tre=sstrahlung emitted by the jth

c'o'ndary elect:bne is not to'be included in LQ. ,

'

Cxcept for this wull difference, significant only ,

at hi:;h energiaa , the exposure a. defined above isthe ionizatiet. *-!.+1 valent of _.the kerca in air. (c)| t.'ith present tecuniques it is dif ficult to =easure
exposure when th.s photon energies involved lie

,

*

.
- '

i i

__

.-

_-
-

- - - . -

A/ 60 2 fl
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(d) As in
-

abcve a f eu '.!cv er belott a few key.'

the case of terg- (1.6.5). sete (:) it =4y oftes ;

7be ecova.ient to ref er to a value cf exposure or of
exposure rate i= f ree . spact. c:.st's ;0 int inside a f

+

caterial different fre: air. In such case 'th'i~value - [,
J vill be that which would be deter =irei fer a stall (.

quantity of air placed at the.;st;.t. _c f_1 te res t . It j
' is, however, per=issible te ca.e.e a, state =ent such,as: .*

.

%~ '"De exposure at t'.e point. ? inside a cater phaccon'

' is _
^ -

- g...

L
I1.6.3 Absorbed Dose; I

* *w. ,
ne abserbed dese (3) is the qu=tient cf 1E by 12,g i. ,'

-- ar:;ed. by ic. ni:i.n.;f. dist.on t.o. the
rawhere it.i is the e_nergy 1c - . -

..c. l = . is the =as s o the =atter in :J.tter is a,velu.e, element,
that volume elecest. |,

,

.._ :LE
, 3 . -- $. '%

t's,.02- .. ,,

The special u_:.it cf abs..c_rb e.d. dese is _t.he rad.
_ _- ,

{1
I r.a.d..= 100 er*,/; * 109 J/.kg ' ,'

--
,

- .

;

:;0TE: J t.s the sW reviatics for Joule. }
- .. I.

. '
1.6.4 C:se Equivalent

r

.- |

1. For protection purposes it is useful, to define a !
: quantity which /ill be termed the "4:se.tquivalent", (DE). j

~ 2. (CE) is defined as' the ;roduct' of abscrbed dose.
3, quality factor, (QT), dose distributio: fact:r, (DF), and i*

.

other necessary . sodifyin- fccicisT ' (CE) ?=^ D''(qT) (LF) .... }- .

f*,
- - 3. The ' unit o.f. dcs e e3utv. alen.t. is ..t.he. "_re=". The

N-dose equivalect is -u -rically equ. l to r. .e dose in rads
- -s. -

a!

,' \=ultI.pUel'oy t:ieTppropriate c6dif f.ic[f act5rs.~~' ~~~
- - - _ . . .. . _ _ . ,

I4 The ter: "T.TaE dose" has in past ;sblicatices of the I:

! Co=ission not been included in the list cf definitions but was
nerely presented .as a "recogni:ed sy=bol". In its 1959 report f-8

the Co=ission also expressed isgivin,;s over.tne utilization' f
of the same term, "?JE", is both radiobiclogy and radiation j

protectien. It nou recc= ends that the ter= ME be used in |.
radiobiology only and that anether ca.e be used fer the linear-

c energy-transf e'r-dependent f actor by yhich absorbed deses,arei to
.

| be cultiplied to obtain, for purposes of radiatios protectiosa
| qua:tity that expresses. en a -cc .on scale for all, ionizing
[ radiati:ns. the irradiatica incurred by exposed persons.' The _

| na:e recc= ended for this f acter is the cuality f acter, (QF) . -
!

| Provistor.s for other factors are al'so =ade. Tnus a distribution "

|
-facter, (D7), cay _be used;to express- the =odification of
biological ef f ect due to sen-unifers distribution of internallyi a ,

...- . ....... - .
,

I

l
..

i
| } -c

.i
-~ -

,

*. 1 m.e
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' - t
,
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! deposited iseccpes.. T.ne pr .:uct of e.bscrbed dose and'

codify 1:~, f actars ia.:: terte.1 :4c dese e:uivalect, (OI) As -

a result of discuss 21er.s bem.ee: IG.*J ar.d ICTJ the above f'

j for=v.lation nas bee == agreed ;poo.

f The followi=c is cc. :e fro: * "' CT?. *.* a:d gives the " pali,ty.

f actors" or P.!E values c: 2=e=1y us ed. L

!20.4 Units of rac1Lstion de se r'
i

-' i
,

; (a) '':;:s e ", as use-a 1: this ; art, is the qua:tity of i
\' radia tion aise rted, pe- -- of =aa s , by' tre bi>Ty~'c~ F 'b'y 'T=y portion ,?

of Use.To?y".'~ '. hen 'the re; alattees in this' ;srt soeejfy a dose during
}

'

I
-

*

abserbed, pac',uilt of, = Ass.[jy cpe , Ey or_: par.tity of radiatico
a perici cf ti e, t .e dosit sar.s td.4 to. cal t-~ ~ ~

y,acy_poitio: cf the body [i

; during suc'a period of tisi.. Severs._ 'dif fere_t units of Jose are 1: -

: curre t use.' 3efini ions of units a.s used is this part are set forth !
| to paragrapns (b) and (c) cf this section. !

!i *

(b) .Se rad _, as use-cd in thi.s part,'., f

cody cd .sp.e,,s itt .ar=s c.,sur.e o.f th, e_do.se .cf.hs,e:arjy absorbedi
i_s _a _ce_a -

_

t3d._10:121.:' .rt. diar.ien ts
! per unit -.asa of 't.Le,tiss a . 0:e Ad is the d:se~cerresrc= ding 'to' the

' ns..rptit:._cL.W. c r;s .Je r. _-ras cf tis sue . Nee cillirad (: rad)=0.0Cl !' ' ' - ' - ~ ' ~rad.) -
. - - _ . _ -

- . p,

6

(c) Ite _re=, as uses: io thi.s part,.it.a.: essure of,t*-e dese..of *'

any icci:1=;_ radiation to ucd . tis c.e,1: ter s of its esti=4ted7, *

bicir:1:41_ .c f ia -t . r ela t * v a to, a d +e of oce reentte: (r) cf X-rays.
.

'

(0:4 cillite: ( res)=0.GJ1 res.) 7..e relati:n' of the. re: tc cener. '

do,se.ccits. de ends,,_u; on er.a ,biolo;; al efist 't::dcr~cbnsideratlon and
( ups _;'.w_ce-diti::s c.f irrr.piatics. to'r the purpose cf the retulaticas~

.

in this ; art, any3Ohc :..milovis; t.s ccr.silered to *.2e equivale=t to a, ,
' ' ' - - ' ' * - - ' ' - ~ ~ ~ " - - - ' '-- '-

!.dese of e.~se ren:4
- - .

'"''~~~" '
| r 1. L-- -'-

_

f' 1 r duw to I- er <:a=..a radiation; sA dose o _
~

j

{
2. A dose of 1 rad .uue. to I . ;ena, or beta radiatien;>

. 3. A dose of 0,1 raa. due to .eutrons er 51g5 energy :rotons;
} 4 A dose of 0.05 r .td due :: particles heavier than protors

and rich 'suf ficiu .t e er : v to rea:*i the len.s of the eye.
- . . . . . - . .

,/

|
'

.- The ke r' .a (~~.'. is t'.e uotient rf ACk by f.m. t'here lek
is the. sum of the in:c.tial ki:stic ener;ies of all the charged,

earticles like' rated y icdir+:tly ionizin; particles 'n a
volu=e elet.e=t of th.--~ - . -- - . specif Led raterial, f:n is the _.iss of . <
the r.atter in that vruau=e element, j

.

m .

t . _D ,8s
t.:s

NOT S: (a) Since f.A.,; is the s := of t'a initial kinetic energies f
of the char: e.s.d partic.ics liberated 1y the ladirectly p j.

ionizing part:icles,1: includes no..t on .charr.ed ; article.s expe.'d..lyin. t'.e hi ecic .

,-

energy,these n collisions Sut !
r.

, t
!
I
i
f

% -_ _ _

.
___

-

.
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I-
also..that .cnergy _they_ radiate in ,bre=s s trahlung. 'The <

| ener$y of any charged particle is a*_so included when ' ,_.y"~",.-
.

. 3 these are produced in secondary processes occurring ,

' ' ~ ~ ~

vnhin the volt =e element. ~hus the artergy of Auger
electrons is part of f.Z .g

-

>

I (b) la actual e.asure=ents f.m shcult be so scall that
its introduction does not appreciably disturb the

, radiatien field. This is particularly necessary if the
|

,

j ', = edits for which ker..a is. deterzined is dif f erect from
the .chie t =ediu:; . if the dis tyrb_s.::._e__i_s. -. app.re_ciable

I .
. .

.| an a;qrop;iate_ correction must be ap,* 1ed.
t

(c) It =sy of ten be conve tie =t to ref er to a value of
ker a or of kerna rate for a specified caterial in free'

space or at a poict inside a different caterial. Ini

such a case the value vill be that :ch would be obta.ints:d'

if a scall quactity of the. specifie.i :.sterial ver'e placcmi
,'

at the point of interest.- It. is, he sever, per:1ssible eca
: =ake a secte:ent such ass ''The ker z .f or air..ac the pet =t:

P inside. a water phante: is .'..!"~re: C 1:ing that this'~

is a sh'erthand version cf the fuller 2escription. given.

-

s>ove..

(d) A funda'= ental physical descrip n-: of'a radiation
field, is(in the'~1c'te=sity"(ener;;y' f L.: de.s'ity)~aiall- ', . releva.: points. For tha' purpose. cf ,desi=et;ry, however,
it 27 he cc:venizat t.o.Jescribe t.he , field of , indirectly

specified caterial'.~' A suitable nate.6al'uculi. Ior a
ient:1=g particles ir. ter=s of the h :a racej

be air~

-I fer electrecognetic radiation of' med trate energies,-
~

tissue for all radiations in medicir.e er biology, or

i any relevant caterial fot' studies of radiation ef fects.
j - - - - -

~ . _ . -
,

_ , _ _

Ker:a can also be a useful quantity in desi=etry when
| charged _ particle. equilibrius exists at' the position and i

|
,

in the':sterial' of' interest, and be.e:ntuhlung losses
are negligible. It is than equal tb the absorbed dose
at that point. In bea:s cf x. or gac=a rays .or neutrons,- .

'
whose energies are coderately high, transient charged-
particle equilibrius can occur;.in t_ is condition the ,

kerca is just.slightly less than the absorbed dose. A t- i

very high energies' the difference be. c es appreciable, .

In geseral, if the range of directly tonizing particles i
becc=es co: parable with the can f ree path of the- |'

indirectly ioniains particles, n.o eq dlibrium vill exist:. -

1.E . 6 The. careicle fluence or fluence (O of particles is the !

quc tient of 1;: by *.a. where f.: is the nu=ber of particles chich- i
!en:.er a sphere of cross-sectional area Aa. !

. . _c.x
.

.

!. ^*
.#

I

i
.

t
',

I
-._

_
- . . _ _ . .
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} 1.6.7 n e particle flux de siev or flux de.sity (t) of

g parti ~.es is the quotient of 17 by it wtere 1; is the particle ...i

fluence en time it.

? i:
-: : --

ts s
,

::0TE: Sis quantity say also be" referred to as particle

fluecce race.

j 1.6.3 Se enerev fluence (T) of particles is the quotient of

iEg bw 1.a. waere leg is the su::: of the emergies, exclusive of*

rest c::.ier;1es, of all the particles which etter a sphere of
' ! crcssm.ett10nal area ta.
. !
- ; ' AE g,
i E = 44

. i # .l.6.9 he eter y flux de-eity or i= tensity (I) is the quotients

of af ' y it wnere LF is 'the energy fluence in the time 6t.r

'. I=
.f

-

- ~. - - . . ,
.,.

::0TE: S.is quantity =ay also be, referred to as energy fluence rate.
---

.

} 1.6.lC ' ne = ass sto: pine oewer. 5/o of' a =aterial for char;;ed
j particM 1.s tne quotient ' cf d's D7 .the.p,roduct of di and 0,

where 4 is the avera e energy lost by a charged particle of
; specif..ti energy in traversic; a path length dl, and p is the

densit' of the sedius'.* '

"!
dE.

.s , 1, _, s,'
.

.> p dl

- | , it, denotes energy lost due to ionitation, electronicNOTE:
excit a:= :: and radiatien. For so=e purposes it is de.sirable to.

censidtr str;;1cs power with the exclusion of bre=sstrahlu g'

losses. != this case S/p' =ust be cultiplied by an appropriate
factor .:st is less than unity.

1. 6. Li ""he It uer ener: .' tr== fer (L) .of - charged particles in

a med:..:.= is the quotient of cE , by dl where dE , is the average -t g
energf '. cally i= parted to the mediu:s by a charged particle of'-
specif ed energy in traversing a distance of dl.

,

,
-

41

WIES: (a) The ters " locally imparted" may refer either to a
axi u:s distance f ecc the track or to a max 1=u:2 value of
11screte energy loss by the particle beyond which-losses
are no longer considered as local. In either case the

( li=its chosen should be specified.

.

|

l

1
-

-

\
' .

.
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(b) The cencept of linear energy tracsfer is differest
3 fre: that cf st;;;is; pcwer. The for:er refers tz

enersy imparted withis a limited volt.=e, the lacca: to
loss cf energy regard 1 css of where this energy is absorbed.

1.6.12 The :.erare ene-tv ('i) expended ia a gas per ion nu.ir
fer:ed is the quotiest of I by 2(, where :( is the averags
ut.=ber of ics pairs for:ed when a charged particle of ini:::.al
cuergy E is ccepletely sec; ped by the gas,

u-#
v

!.XTF_S : (a) The ions arising f'rce the absorptier. of bre=smtrahlung
==itted by the charged particles are not to be cetented is N,.

(b) Is certais cases it t37 be decessary to consf der ..

the variation in '.' ale:g the path- of the particle, and
a dif ferential cocee;:t is then required, but is so=
specifically defined here.

1.6.13 A nuclide 'is a specles of atac baving specified ===: bars d

of neutron in its nucleus.

1. 6. lt. The specific :,a==a ray constant (T) of a gas.a-eci.:-ing
nuclide is the quotient cf 12 LX/ar by A. Where S.I/at is =te
exposure rate at a distance l' from a point source of,this nuelide

) having an actlyity A.

2_1 ._z
'

Ait

Special unir.s Of specific ga==a ray constant are M*h*ICi"or
any conver.ient multiple of this'.

MTE: It is asou.ed that the attenuation in.the source c:nd '
alcog 1.is negligible. However, in the c c.se of r..cd:.us

5 the value of P is deter =ir.ed for a filter thicknesa, of
0.5 : ofare b*h"*platicu= and in this case the special u=: tsglor any convenient cultiple of,this.

} ,

g 1.6.15 Directly tori:ir e particles are chargedlarticles
(electrar.s, pratens,.c prticles, etc.).having su m a .3e.

| -

--r v to produce ionization..b_y collision.ki -e*e

. - ,-_ -

.. , ,
.t 1.6.16 I .directly ioni:ine particles are uagAarged particlies

(nuetrecs, pactons, etc.) which can liberate directfior.*f,-4 g
I particles cr can i;.ir121a .a_puciear transfor Ta' tion.

.

- _.. -... .

1.6.17 lenizing radiation is any radiation censisting of b
directly or indirectly lonizing particles or a cixture of 'noch.

--
.

- . - -
. . ,

i
,

1.6.18 The enerr? !=:crted by icnizin; radiatien to the .zatter ;
a in a volume is the dif f erence between the su= cf th:2 energ .ac.s of

,

all the directly and indife'ccly ionizing particles which htave i

!
.. ,

,
^

.-
t

f

t :

\ -

i
_ .

'~-'' ;---j- - *
'
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' .

c=tter ed th e vol=e set t: ic s u: of the energies ef all those
- -

vr.adh ._. _ ,le f t i t , si=: s the energy ~ e<;uivalect of any..av e
'j int:rease in rest sass t n took place in cuc. lear or elesectary

|paz ticle reactic=s with:: the volume. -

.. -- . -
. , - - . 1

,
- ||

.

i1.7 Ie sization Cu=5ers '
. .

Ii
i .t' ~he icrr.1:ation of a gas it the c>ethod most cet=sosly ued fer (' detecti=r and ceasuric; radiac ma. An tenization ch r-ber 1J 'as !

iinstr.=<.--- for cellecting the .ans produced by ra.fiatics in a vol=e
|of gas. -i th 30 r,as a:plificarzrn. A . typical icci:stion cha ber ' jconsists cf two electrode.s vit=c a pote::tf al dif f ere ce so as to cellecti

the 10.: - 'ct:ed in the gas bettres thc=, Cc= c: shapes fcr the c;=ter
. ele ct ra:.is. are parallel plate, :711sdrical, er sphe-ical. Tr.e e_ neat

caused be the ecliection of c:a iorm is near.: red to detereise the
.raunt ori radiariam,

e

-

. s.ny -

(/ff \
.

,

\
'

h- ;
1, i '

|If the voltage en the electrei.es is icsufficient. s'cce of the ions
i

cay rec- mise bef ore reaching :ne electrodes. A.s s%vo in the figure I
b e.lcv t .u catreet icerease es the voltage on the elcetrodes increases
until 41; the iets are. collect.44 a: d saturation is reached. The voltage ;

,,

whica ' saturation occurs inc: tases as the dose rate increases. |
at

*

I
e

' i
:

;-- 2 R/hr i,
i

Currect: -
.
6

?
1 R/h'r,

..

--

f
.

i 1 <

4

1 -

( Cher Voltage

The ef fec:t of reco:bination is also dependent upon the size of ti.e
d.Jd, e r rd the design f eature:s . A scaller chechar requires lessi
volt' ate :o achieve saturation. Likewise, ef ficient design to redcce
%ad sp:nts'' or areas of low e'ectric field can also reduce the
s.;turatL a voltage.

f
\A variety of gases is c.s ed in ionization chrhers. Air is '

} ccc:sonly used to semure apo'c:.re in stedgens beceac the Roents'es , y'
'

is.definued it terms of ion!.zac:.ns is air. Bort'n trifluoride =sy be 1,
med -is :. c!>ers ta tea 2ure ther..al neutron radiatian. Argon or arge s j

. ~ . ,
. %

, . |
t

i
!
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,
_
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i.

=1xtures are co:conly used ec : trease the sensitivity.of cha:bers. I.
m De sa:e effect can be achieve.d by 1: creasing the size of the cha=ber.

1 or by increasics the gas preaswh
I,

De response of an ion :=.s=ber is very dependent upon the1

caterial of Wich the valls an sade, as =ost of the electrons which I
cause icai:stion are ; reduced :.: the vall caterial (because the vall !
=aterial contains uch cure ca.n than the gas). Thus, cha:bers are
designed with air-equivalr .t c; tissue-=quivalent valls depending oni

their i= tended use. ~~
' ' - ;* "

i
~

3ecause of the very smaC currents in ionisatics cha=ners, the ;
resists ce of the issi.lators cust be very larse, ne high i=pe:iance j,

makes to:izati:n chr ters sens tive to hu=idity and other ef fects iand the reepense is alev. A:Q fiers to ceasure the s all currents
{

.

are relatively co plicated ar.d exp=asive, which is reflected in the
} ionization cha:bers used for r L:.iation naasure=etts. .

; r

L.S , Propor-iccal Counters
;

If the electric field st e:gth is large enough, electrens can
gain enough energy to cause fu. ther ionizatics. D e electrons thus-

. forced cause more lent:stion a .i an "electren avalanche" is initiated. iThi s p rim * M us__.m ' * pt:P:Jir:N eiger <ueller, counters to.

"a:plify" the n aber cf electr- 2s for:ed alo%r.hipath of the ioni:ing
PM*Ud e.

The ras .:ain_ or3:DtW cTQaifIn~afient:atics cha=her'
'

r _:.ficatiEin a eroportic al-couniac. is
lcc::c- d er 10' (recall c ' ;

,
*

is ur.it;). In order to achieve high electric ' field strengths a very !
s

scalT~2~12 eter acode wire is und. The fiald strength, Er, at radius |r for a codnter voltage Vo is ;;ven by
?

t
V

Er =
. rIn (b/a)
a

where a is the radius of the vLre anode and b is the radius of the
collector or cachcde. It is 1. the region very close to the center,

i vire that the electric field strength beccces streng enough to initiate
.' the electren avalanche. Each electron frem the pri=ary icnization,

initiates such an avalanche. Is the proportional region the.avalanchea
j are small and do not overlap. Iince the number of electrons fot=ed in

each avalssche is c nsta. t, the. total number of electrons collected is,

| proportional to the initial m- er of ions and thus to the energy
absorbed in the counter gas. ~ scri=ination between radiations whicht

g cause varying nu=bers of pri=at ions is thus possible. If all of
| the radiation is expended in tb4 counter, the nc=ber of electrons
! collected is a ceasure of the ec.ergy of the radiation. As the volt'aae

is increased the gas gain increa.ses to a point where the avalanches
| overlap for radiations which cr e.ste large nu=bers of pri=ary ions. The
*

counter is then said to be' oper1 ting in the region of limited proportion-
|

| ality (propertional for lightly ranizing particles but not for densely
' ionizing ones).
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k
The elect ::.s are usually collected very rapidly beca: se ofThe

their prcxicity to the cester vire and their high cobility.cellected =uch cere sicvly. 'The pulse fr== the |

positive ions art !
proportic al cc.:::er therefore.ccesists of a very sharply _ singbut
te:ponect irce :.e electra:s follcwed by the sicaly rising,The actual shape ar4 size of

:: the positive tens. ,cajor, part due dependest upc= the associated electrooics,the pulse is ve.-
especially the er :.e constant. - p,c . .

I

l-
I
t
i

Voltage ;

r K -1ps

/g_ E - \
l/y 's%o.2as

Time
.

'-

The avala:::he is ter=inated when all the electress h.rre been I-'he cc ber of positive ions
'f

propertienal councer.collected in the shield the cc ter vire and pravent furth.t.: operatico-

is i= sufficient : ~he e.xcited ate:s cay ' emit ultraviolet raiiation in I

; rov.d state, which can cause tha ejectice of photo. f
of the counter.
returning to the Electress may.also be , ejected itc::.t'he
electrons f rc :1.e cathofe. *

O tre electrons |'cathode during ,2.e seutralliation of the positive ions.
cou15 therraus4 -S ther~coutti.~~To prevent the abeve, _"qu eching"

^
?

gasefiie ~id4CThe (Jeichir.g gas colecules absorb the ul:raviolet
-

dissociated instead of ionized. The que::. i.rg gas.

pradictico and artalso hs a levc:-nci'zafios potential than the counting gas, so that. '

icnization is aL trat.sferred to the quenching ga.s during Qe drif t
ceutralizing. the cathode , the quecching gasto the cathede. W.e:

dissec14tes ics s:sd of alleyir.; electrons to be forced so : .e ceutting
In the proportional cocater quenchic; =ay beevent is termica.:ed.

.

p.efor asce is usually better if a q'uenching ;as suchneglected but CE and 90 r

as : ethane is sc.ad to the usual noble gas, such at 10: tolecules !
typea.cl quenching gases, crga:s:

Ar. There are .:_s-se.nalhalogen colecules recombine af ter disscelation and *
I:.:and halogens.

are_Act "uhd up " ad"is thUas~e sitti~the or;anic gase.s.-
.

!

Most gases . vith tl:e exception of elestronegative one=s, can be
Tissue equivalent, organic Isses areused in proporti.::al coucters. -

~

used_1u dosicect s to ceasure tissueYo'se and bcron triflueride gas
,

Oxygen
3 _s cc::enly usedan thermal neutron counters.entiched in #

-
~ even air

and other eliccEssejative gases should be excluded, althou.p:
cay be used in J. e applications 0here performance standar:s are notthe gas a=plification takes place very closetoo ri'gid. The fact that
to the center,r. s cakes the proportional counter relativa~y insensitivei

and counters can be tailored to fit a var .ety of uses.I

to cathode sha;.
Cylindrical, hapherical, bell and disk are sone of the sha' pes

I

coc=ocly used, i: addition to the sphere.

Nru; .a p :portienal ecunter it is possible to diser:.=inateThe discri::inator on
| of dj f f erent energy or type.against radiatt:: , . _ . . _ . . - ..

9
,
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a scaler ray be set
c.:ur.t _ocly these. f r:= .hi;h energy alpha partit.".es.to exclude all pulsas duc a beta radiation and'
1.s then said to be operati=g on_th "M-hm. pir. eau".The instruzestSimilarly the
a " beta pl. ate.a.u" is observed.s etti;.;_cm..te edp.stad s.2 that both beta. asd. a.lpha are counted and,

. - .y.._ .
,

s 6 Plateau.
' J

Ccunt P.aee #

# # "'*
's Plateau

+ PMS Setticg
[

1

Counter Voltage or /cplifier Zai
1.9 Ceirer e eller Counters

.

As the voltage is .a. propttional. counte f.:. reas<s,: the gas2. .::eas es to the point tri. era ar. elect:=r. 4'talace. c fro:
els:tr:n sprcats all aleng_thq_ anode i.4re. even a single

T..:. - is the ar,ea of=.,r:.:ungas_tsin and all._;ulses are of approx 1. tel j;he _sase :,1 e '~
' l

re; rdiess of t'':i n- ber cf icttiaI_''Tenz-ferg.geghe ecuater., '

, } Icnization Prepcreior.al 11:Ates. ctger
_

'Ischarge0

.j Prup

s ~'
t

{ ]!;cer of
~. ors

. ,
' '/Collected "

}

|
/ t

I
-

,

,

Cuur:tsr W.1L.:ge

The sheath of positive ions around th. anode sht. elds it
rar. zinder of the cour.ter and skes the C-!! ccuc-.er insensitive to

fro: the
any further ionizing events until the positive :. s have irif ted

,

te trd the cathode.
to adiatica is_ called the "d_ead-tir.e" and it rgrThe U=e durir.g y'l chA_c:sunter_isinse:t;1tige

i

f0 ;tM._s'~hundred zicrojects. .ds. At high ecu t gary,.fts_m 1 ems thy*

rates correctioncus t be csde for eve rs not recorded durin3 the .ead-W:,a." ^

The C-11 cou ter is very sensitive to secer.isev e-Q
__

ele:trons tre:
ultrevielee or teutralirstion of esitive ions.c u t_t t!ith-

af 4.r every event,quer. chir.e ns the counter would Ro i=to s ..:.:essive dischare,e7.j
f.lectrecic devices to cocect.x,11y recuce tiie'-'-

a
!

l
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(o_11 e c ti.:-- v21tage cay gused i_n,Jlace :f or to supple =e t _the,

quenchin.? g as.i

g . nis procedure is ter=ec extersaLgue:ching,~
-

| The ;masin rc . sic.s.: elative 1y e:_.c eact for several
hundred *.:lts abeve the threshold of th.e OciEer regior,. Be counc'
rat e' Is't. .a ' cas tant and a "0eiger platt.zu" is ob=erved. Abevee

; the platad a"coatinuous disch'arge takes place.

5
[< ,,lateau >|

Coucting L te
.

t

*

.

Counter Voltage

l<10 S_ci: :.11stion' Ceveters .

In r e-tain materials t.he abscrpti_q of, io izing radiatian
can g.r:duj; "sc!.stilletiens" or pho tons -j, light. This light can

f be detects : ~

;y. photocultiplier tubes and :r :verted to en electric'

signal. 7:e ' pro erty of e=1ttin: licht zen e.xposed to ic iaing
radi.stiens is called le=inescence. If tt.e e=1ssion of light is
f ast the p :eess is callec flucrescence,. If the e:ission is
delayed er4 p ocess is callec phosphorese.cace. The-distinctica
between 'fi-. rescence and phesp.Serescence :.s not ver/ clear but is
usually n *: as a tice of about 10-* sc.: .ds. The scantity of
lig R e=*;:t1 is usually' proportio.al t the total ener;y absorbed
fw: the t.c. ici g radiationi Thus, the 1 ght ;=alse is proporticcal ^

'

to the e.-lerflh~s76e'd or to the er:crgy ci the radiation, in the
case of cut-letw absorption. Th e e=1s s iir.- of light; should be of'

very shte ;.ratica to give a shorp puls.e f intense light. This,

| also redue u,. interference between success tve pulses. The
. scintillat r shcald be. transparent to the light e=itted so there
| 1s einim: 1.2scrpsies of the light befora it reaches the photo-
} cultiplier' t ie. It is also advantaseous if the seincillator can

~

| be obtainec in large sizes' and of relatirely hi;h density to allow
for naxist= abso.rpt. ion.

.. ..

The t -Qi,lla_ tion detector nay be cr. erat,ed as ,a pulse ccunter_ -

or the toca. current can be integrated ace used as a seasure of. the
radiation Y F:
ccde_11 uw fo{ure or dose {ai.~1n"an. ionization cha=her.

-

The, pulse
~ r counting or a:ialysis of .ne energy of the incident

radiatica. Tae'c'JrW at mode'is socatines sed in =cnitoring devices.
~

.

The at m ' 2 of 'the scintillation detiectrr over the icnimation
chachar--hv in the higher density of'the cet'ector, allowing : ore

~

energy abw : tics, and the high gaie of en.e photc=ultiplier tube,
abouc 10Miese factozs ecchine it procs:e a cuch greater electrical

~ ~

signaIM the sa=e inteesity of inc.ident radiation. --

.

*404

'

. _.

+



.

|

|
\

%

1

|*

1

. -

. ._ - _

{ i
t
s

1-17 *
I,

|
'

|
nere is a g e=e: al class of sr -'d ? 1't. rs ccep; sed of orgar.i.c-

c ry stala_.cr. p.d e E ',t these a ;p_" a a is the bes t. kass. These
detece tts.n eM-[ u:,u:.i:.l for heta " ''stite detutien because is '' r

even tais. layers tet:. ;, articles are ::=pleta.ly atac:hed..butyt==a [.

ray abs o_ r " ~ a-~

A -

4 va:- loy_ a..i caus e.t ?4* M e_interferect.e. Sjiuticr.s.
.

e _w

of orcanic sci:tillar:.ns 4y be_2re;t ed in licuid cr.&olid (plasy.:)?. 1
*

fcr :.7.~.e"~'s?'JEI'5~ . .it pcuref '.r.idr cas t 15 a:y sh. pe dis.!' {
*

theref ore find use 1: :::y special an *ications, especially those .; i

|reqkiri:g'a large7alu::e.~ The ~6se cf liquid scintillators has beco e~ - "

the : il:fc:b~JF- *--_d of radiati: ..feWW .Ts'' the biolegical ,'
~ *

'

fiel.i. Sc=21 dis solved ri;- t ic. the._scint illa::c . -1 %.-in-
~

!

'

for very th.es =ay 5-ef ficien::y'ai:1 r.ej!Tfih_e_ absorption cf 13v c:erty. beza
p at:1_c le s . 5ecause E the 1.a.ry,e_hy_c :;en cen.;.e..t ,;;rs tic sci:tillators ,, S .'.

.
f as t =eutros ca ectors, utili:1='.,, the recoil !are sc:eti es used as,

.- i-_

_. /prctons ,p g .- ._ -.-. .

\.
, .

.s-
,

The 5;anic_ cr-/ttals are the :.est ef ficient detectors of , g .0 .!
,'

*

'
2.ma._;_:.d.i.nic becas.. of the hid ie..:si. t.y and conse.quently t,he _

-.. ::g,, ,rgy, : _,cs c cases **activaters, -y f
a m .r_.. -

.

tw. , ... ~<
.

*

" te e en e ce incrganic ystalm p:oduce lu=inescent . ; ;cpe 1
.,

?chaliiu . p;-(to sch lodide, the ::stcenters. A exa ple -
_._-

5popular 1 ;:rgaj.ic sc =t .-llater. Zir.:_rulfide is. n : W parett to j' '
its ca_.Daliatics but ,-:i hea ci is. cry thiq_ layers. In this far= 1

it can cc.:_:_l_e_c_civ <- - - - a l-h a__. .* * * * '.< s wi..th i:s i =.i._fic.an_t _ab.s orp tion
, ,

'* ,-
- r a -. . t_ -

'

of beta er g22:a red:...t:.as. It. thereitre, is wiSly_usoc. is alpha. y
.,

detect:rs. lithi.: ' :::,de enriched it .'1Lis. an;c:tcl.lant .dctector , . .

for the.real neutrons aw:ause of the . **_1 (n,:), ' Heir.eactien vnich
?- Q

i

produces a la gejlp., w.ich li~easi"I' dis,tinguished fro sa=a \r

r a. dia t ion. ,-- _. ,

. . . .

'*

Scintillatoes e:.:r. also be f abri sted frc s various . glasses .,
''

cc= posed of the oxides ,of boron, s111::3, sodiu:, alu=intco, lithium
az.d =aguesiu= with a: :tivater such a cesite: czide. The glass -

scintillators can be .fmreed 1. acy'st.; e and also closaly natch the f
refractiye index of tane phote=ultipitar tube. L'he bcron or.lithius \
coatest of the glad.:.:n be varied te ':ake it' sensitive to ther:al
ne ut rc es f qr s p e ci al at= 11 cat ions .- ~~~~~ ~ ~' ~ '' -~

~

a a very eure 1*de* N o ed.f,t_i t the prey. cityThe n,cble gases -

of lu=1cescente aid-- be used as sc2:tillat. ors. Thair use hewever,
has bie'a7v'ery_Iisited. Sociuse of 'th~e~17w'ile:sity, casecus.scintillators !.

~

.

are really suitable ons.y f or heavy ch.2.rged particles such as alpha i-
radiation. |

I

i !
t

1.11 Photocraphic E=u isions [
I

Ionizing radiact r n, like visible light, can produce a latent !

-4 1:43e_,.in_A_;totogra;ht ;;_g:ulsign. 'Thipath of char;ad.partTiiles' passing i
- -

n the (through ,as eculsi_cc i:2 record ed as a .=:b.p_rj s.i_l_v_e._r_ eg_aic_s_.w.he.f .-
'

?
,

fils .is_de_v e.l.o p e d . 1:t sete.. ins.ta:cet --* a m n1.gath is. exam.ine-
.-

cass_a._an._d velocitycicroscepically to d.et. :e =.i.ne. su.ch,this;s, a__s_.cha. r.ge
. . u

of the particle.. Ts ::ne case. cf X c r gac=a radiation the blackening,

cf the fils by a larga cu=ter of. indi rtdual tiacks~ is u'sid "as an ;

indication of- the 'expouure or'"" Jose.- t
.= -. . _ _ ,

*
f

I'

i
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, _ The phat:; i-He rulsien cc:sists of silver halide crystals* (A4 r) is.gelag. *he silver halife .grair.s. rtry.1:. at:e for.5
I

differe:t e=1ssio:s (0 3 1 crees cuclear track :=ulsions; 2 microns
- ' '

.

Isray e .alsions) e=1 the weight f ractica of the silver halide in
the e=ulsica cay v2 y fro = 0.3 (photographic) to 0.6 (nuclear track).
The e=ulsions are ;coduced in a variety of thicknesses but

,

the usual
emulsion is 10-25 :Across with a thin gelatin cover (T coat) of about;

! 0.5 cicron.
I
i Raitation cas excite _electre=.s in the silve: halida crystal andI

raise,them to the_c-^ Mio: ba:J. These ele g e,.s then t, ravel.tose:sitivity cc:*e,rs in the crystal _gonsisti:g etJ:;sritica.or.

def,orcities. The electrons- can then neutrali:e the s .111 f raction of*

silver icns !ree to rigrate in the crystal. Thus, a clu=p of silver
ate:s is for=ed is tae silver halide grain. These c1=ps serve to,

catalyze the reduction of the silver in the crystal during the process,

of developcent.
{*

The developer is a gbstance which vill reduce the silver ino

the graits_costain1=g a latent i=: ace but do's not effect the u. exposede

Thus, the for:ation c"! a f ew silver aters can cataly:e a {g raits .

reaction leadir.g to the reduction cf a cuch larger tu:her of silver
.

.

ice.s.sivili':21pplic'atten of aboUt 10 f. The c: developed silver
!

8

halid.-ie dipgcN4 a (Ia:neved f roc thE mhien leaving the grains
cf. silver to fm.the_1: age which serves as a =easure of the radiation'

to which the azuiston had been_ exposed. ' ~ ~ ~ ~ '

. -

The nuclar e=ulsion is a very valuable radiation detector by
virtue of its s:all si:e, si=;1e cc:straction, ru sed:ess, sensitiviry,
and long sensitive ti e (itl is always "on" yet requires no pover).
Acce dif ficulties eccountered.in the use of photcgraphic e=ulsions are
-le large energy-depe_-der.ce, f ading of the latent i=. age, fe&31ng, and
sensitivity to te:perature .acd hus idity in stcra;e, use, and developccat.

The depende:ca on emergy is due to ' the large amo.unts of high I
i .aterial (Ag5r) is the e.ulsien. This is very i=portant if a deter-

_1:ation of dose in air, tissue, or ether lov Z caterial is being made.;
"'sually a shield is chosen to preferentially absorb the lov energyi photona and snooth out the energy response curve.

+

Tor the case of sigb_ep-gac=a radiation a number of filters '

or shields is usegusually an "open vindou" or no filter, a plastic
,

filter 'and rne or core =etal filters. The beta radiation will beI recorje.d._,.b_ehind'Ehe_c;es.u6.but not behind the plastic filter.
1

Twever, the plastic filter _ vill have little effect on the caccas. Thus,i the differe=ce-betvers.t.he plastic sh.ield and open vindow density should
-

te an todicatien of _the, bet.a dose. The density behind the setal shields
; .-ill_be an indicatio,g_ot.the gacca dose.: " ' * '

e

The ratio .of_the.f.ils density behind the plastic filter to the
fi.ls density.bM-f the metal filters can be used as an indication of
the average photon. c: era,,y. However, it is very -dif ficult to distinguishlm gergy X-rays !re: beta radiation. ~ ' ~ ,

_ .
-

i

. _ _
_

_
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_

76360
. _ / o 9.3 r 0 6 c .?

~~

.

1

I__ _



. . . -

_ _ _ _ _ ~ -. .. - -

f

I l-19e

i.
'

fast neui:.; ; f * ' d 31:etry. _s_usually doce by counti g. the
t ra cks_N%ee**il-;.:::::.s ,*

n
, ~~

~ is cethed i's gos..o.ly fer high.,

c; c :;;:. ac.::::s 1M. 5 J-v). te ca w d.A rratcs.'_tf a~cis. ar e_. coo .shdt
3to dis ti ;u.ial. f rva c:dimary ills fe;ging, at lov ecer;y. he ethod

i is dat.iv:ly.1:le.n31;ivt. sci.:eMr.eSA 4esious 310:05 copic, exs:t-- ,

! inat*:. gi,:.hs._;-a si:s. [ad_in; ci theJatent 1:a;;e is :Nch : ore
i rap id th a c f o r b e t s-g --" e:ulac = . 1: 33 davs at_fqE "- ersture

!

f adips' =sbeje2se'~i!-Tn2.7r~ c~f' : ad.s i v 5%, 31acienir./: of,the
~

. '

fil=_by ga=:4 rc:iatier. sy c.i.e 1: useless for neutron analysis.,

t

1.12 Solid State tecters

Sc114 state detectors i=cluda a variety of types. Ocly those '

which are or ano." prc-ise of being .=pertant in the radiation pro-
tection field will be discussed. O.c s e-1::nddter tu;ic3.12: Je.tecters ihave beq::s._ veri._tp:: tant itsacet;;;scen and, heavy charged. particle '

.' d e t e.c_t i_o_n.A seciecaductor ju.ncti:- detector is anal.o..gus to a solid,'
s u c__,g:ia 11 n c'.c h r. The ic.es_._:::p___ radiation p.r.oduces _el_e.ctyons. ;a:d ";;2.i tive 3cle.s" in a dep_l.e._t__ic_ s .

__
.

De electrons an-d positive holes
._.,.re.;1on. cr.eated by a reve.rse , bias.

produce a detecta7!e current..c
The r.ou=c of c:;rrent is Jc;c.$nc anon the_n.::bcr. af. elec tren-hcle (.pairs,_f;r ti_ r_.the e c:;Ansc:tec. :;t._t.he, depleted region. If the

|1e 1:ir.;_ particle is c~;;Jfl.elv aba.: sed in the depletics regten the
puis e ig,j[cMRQ,te,.th _g xr,;._ ;f ,Th~e7artTcle'. ' The 'scall' a=ount

-

{
- 3 .

of eperc7J.5'~elte. ; reduce _a . ig pair (M ev in air) a ,d the )1gh ;
de. sity cske _the silices device cuc- =:re scesitive th.c 'a gasechs '

ionii'a'tien c_Lsh E of
depletion regic . or . "the sr.e sib'~~~The p' roble = lies in producing a f.

'

~

se.sitive v.clu=,t. which is very large. The siliceu. .

e

devices are used ; ritar!Iv' f cr"alph.t detaction a=d spectroscopy as the f,
al;ia particle 'cas~ % ~ce:pletely ae s.:: bed in the s=sil volu=e.

.

}
In order to increase the sen.s .:ive volu=e of se=iconductors

d e t e c to rs , 11t51tn is dif fused ict: the silicen to increase the'

rgjis.livi_ty, and thus the vclure, of w haleted regica. This is;

being done with cer=aniuc diodes, a id lithiu= drif ted ger:aniu=e

detectors bave becene the preferred device for gac=a spectroscopy.
| The ecercy resolutten of such devices far exceeds that of scintillation
| detectors. They are, hw.vur, very czpensive, i=. sensitive because' of

the s=all volu=e and, in the case c-f lithius - drif ted gernacium, must.

f, be kept at lov te=peratures. Seciemnductor devices find some use in
, therapy because they can be inserte:i inside probes and used inside the
8 body. $r:icceduct e rLJ: Axe ic= d 1 " * ' use.as_ neutron detectors by
} applyipym _ h,ydrogenous material to :.e surface and detectin; protona

reccils or by using"l'ithiu= sandu-c.h" and detecting the reaction
| products frc the A a) reaction uit- lithitci. Another tvoe_of. solid

~

state desi eter uses the pec;.er,t_y_cf_radiophotolu=Inescence in glags.
Ioni:1c6 r-2.fation.. produces in cert.:_: glasses stable lu inescent,

g center,. If the glass _is then exci:e? 'with ultraviolet . light it vill
y e:1.t_ a lichtefJ;ertain.nveleccch. -'he intensity of the luci'nescence
. is a fuoc_t.ign _qfJcse ictcc stante:::itatic=. Silver-activated
f phosphate glasses were first used f:r this type. of desimeter, but a** variety of types is new available. The effective atocic nu=ber of

I

,

t
._ - ,---

.__

m. _ _ . , _ _ _ _ . .

A/.6 3 4 I Ogj ;0 6 0 3
_ .

.

-
. - -- -.



-

,

. . _ . _ _ _

_~

l
i

>

'

l
l-20

the gl.iss say be v .r- ' ~' . to take i t co.e.rt_y i_ndepe_:J_e.:c o r .aterials
,

'
ad de F e e- =--o-

it --" * crlcJs_ sc .:::cs.sessitive. _ Class d:si=eters
.

t

are use.f ul- crer a . r .de rt:ge (10'- 10' rad) of deses an'd are scable_ ~
~

and rag;ej. Classv.. sise t e r s_ have been us ed .ic . s c..e ,iss :.1xes_as
,

.

isu;;1c=c.ts to fil: : for long-ter: perse--* : r.i~ * ;. tey cac
~ vir''scall si:as fcr medical 42scre= e ts, jalso be'oSc11'n W i: /

'

I u.adio *

the wl.n16ucent . ::: :e:ers (71.3) shov =uch precise, especially for;

f perso; . ele 1't'oE: :. "I:i TLD devices elec:rees are raised by iocizi=;
'

te.iic:1:a to higher : c:ergy levels and trapped. 1|pon he2;its (or othar
excitatiec) the ep;: :ross cas_be. freed frc= the traps i:T drcp back to

-
.

_. I

r,he ground.s taceg.::: ..the _ecissios of light! 'Th6 a=cuct ei light !
.

c=it ted is a f uce:1-- - cf :he dese to the crys tal o f thertalu=inascesccater 12!.^ n e tv: >

inos; hor ca:erials ::st videly used are Cart and1.17 Calciu: flucrt:_ e is =cre sensitive to Icv doses tha: lithiu=.

tiuoride bu: the 1:. ateric ==ber cf lithiu= fluoride ::..as it core
'

.uitable fer leup--r ry_ desinetry. 30th caterials have very vide
. ra::ges (10 *- 13 rs: . but lit undergo s se=e damage at very high dese .

'
fAlci r suit;;;te activated with manganese is a.very sensitiverstes.

TLD and is a: etimes used 'to =casure very lev doses. The ;:scess ef.
,

"readi:g" the TL3 : ::: roys the lcinescess centers and the Ievice ayt,e fe'.ie'3''~The TLO de.-ices are small, rurged, s table fer le:g periods
of .tisc asd are thr: ra fore well suited for personnel ex>ait:-in;;,' although' i

|
this ti:e such u. u s is ot videsprea.i. _ .

!at

'."' . ' '

~ . .- . _ . _ . - - - - - -
- a * .w3 :< , - - (, b,'. ,

'

l Another Be t .: ecos so:etimes used for dosi=etry is the change 'in '*

color of_ optical. d::::.:::3 cf materiali with exposure to radiiticio.
Clas s es .5

j such as silver-fr.: -- - . ate glaas, se=e plastics , arvi dyes is vazes, gels,
.plastics or_;*1 asses cre,so eti:es used fn this type of desiseter. In i

.

general the se-iltih- :- is Icv and the caf or use is feund i: =casuri=g...'9 - 10' r Irather.large.d$ses.}
~

to =easuring large =.u_=ctron ?. .ad9 The clear plastics are very useful
'

oses associated vic.h accelerators.
> .

i ,

1.13 CSe icd Detec t :: ors

Chmic.al _ chat:;n:1 ind.aq.ed,J:s solutiens =ay be used fer radiation
esitetrJ. In g er.e r.-- ' 'these syste=s are.useful ecly fer 1 trge doses.
Creat_ care _er.A sk.11*. - ts :,eeded. for accurate results becauae cf the
interfere =te caused . , y.seall quantities of 1: purities.

.
. Thitfzi_claj O21.;,qcMas been 1 .: use for about 40 years. It seas .:res the exidation

| ot ferre n long (rr ri: 10: in acidic ferreus sulfate sol'ation. It has [
-

a range of about 4c 13 to 1 x 10' rads. For higher dosea, 'the ceric |
8

s u l f a.t. e_2c_s ire t e r_1_:_ .m..ed.'~~This syste= utilizesE the:
=.ay be used for doses up to 10, reduction of ceric

._

ion to cercus ics.a : rad. Anotherc l a a s o f che=1c a.h d- - - eters utilizes the productice of hydpochloric.
ac.id 1.a.ch.1,orinated ' ydrocarbo:s. O,ther che=ical reactions u,.ted are
oxidatios-; > duction .' tith color.iodicators, productien of decc: position
products, p roduc tion or destruction cf fluorescent substances, andpolymerizatToo. '

1.14 Calorimetry
.

|

Calor 1=etric =eca: hods of dosi=etry are used cainly fer calibration
-purposas. Te~ iI.: c. 's: ~ htage is that it is a direct .easure of thea

,

1

.
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-l ec,,e r gy ab s o rb ed . Cther sechods, sj,ch_,as .iccimation, depend up:s a
s ecen tar 7 ;:L: ess. ihvever . the >- "scci.e.:2vich even 12 re%

f dose.s cL za.iiation.1s.Yer7. 3;.111 a-d_ch4,Ceaedecent Wust 5^ v~e[y
sensitive. Thus, this tec~=,1que has,beeg. cent:. sed to ocly a f ev
laborarories cterested,_1: oricary sta-dardi::n:1en7 : fore rece=tly
with 1: proved te=perature :. .tsuring devices i: has been used _: the.

medical field to =casure r : ;t.iu'hes.es in tissue. I.:.e
j method cavdf. u.1:d to Ceare.. e beth radiatio: :se rates or eccal

emission frc a radioactive source to deter =.:.:m th'e activity''---
~

,

.

1.15 Hesith P5vsics Ins t- t=. ants.

,

[ In the fo11cuits par: graphs brief desc: antic .s are gives of
the inscriccats ce==only used in the health r:r-sics professice;.t

'

Operational characteristics are stressed wi:t .:ne purpose of a:4.sisting
in the proper choice of an stru=e=c for a g.aen applicatice. Mea sure-

-

ments taken with the i= pre:W: 1sstrusec: or b s-gly interpre:e:i. can be; da:gerously cisleading.
,

1.15.1 Personnel :tonn:oring instrueent:r
1

1

Perse::el ca tors include any evice which can M
carried ca the pers.m to indica:e or =ex.aure the a ount 'ri
rs'iaties. Such devr. ses, sh.p,,uld be lign: __iA veid!t,'ruy;ed_,d,

,s t e_.bje zer *a g ane c11ov__I t ;p e ::::a =stien to be .'

[ ohtficed i:=ediately. The fiAtal.;e LJ :se_ est videlz
used_do'.'.iE:eter, alth:c. ugh it !ns T're dt.:.a?vanciges sucs c.s
Tizited_Ien;e and th.: : equi _ e=es t__{or_p: nces sing to .obts: :.
the dest fcfor:atien. ~he hi
uted'in'~ film also' sap the re'gh ate ic :n=ber =aterials

' .

sp5:se ver- =uch dif ferent

fre: tissue ~ FQt.ers. :an be used for e=igy_j;y deac dence.
, Fil:i cas te used for :=_tamor neutr= radiation, buc_

< *eparate, naulsions ar: required.' For yr.:ross the s.essi-
,1 tivit d s 1:v, the energy spa.s.d.etectes .4:211, and the .d.;:se

range very limited. .. ;ha radiation o .
. . .,

pa r.t_i_cle.s._f.r_ic radici ..'to;.as . such as a r ov-energy beta1
.

. _ . - -C.. _8'S, or_3H iv11~.; . . .

r.ot penetrate the pa:n.: ~vra
therefore, not be'.~de:Je:ted.pper arou=d :::ie film and vili,,-;

| eristics are. ,^ ~ ~
ijpical f11= 7.adge charact-

,
- - - - - - -- -

1

.

I

-- p
.

*

Radiation Eser rv Detected ':tmee Range
-

ica==a - .02 .- 20 Mev . .01C - 500 rem
Beta

iu Neutron' 'Ib 10 Mevs .n' * - 10 re.m _

> 1.5 Mev .01 ? - 1000 ram- - -

,

- ~

}L
The. pocket _ch. :bar is.a ;en-si:eed ienization ch.;cher

which requires an ex:2:::a1 charger and :tader. The cha:_,er
is chstged to a fixed wcleage and iens c aused by radiati,=
are collweted causic; a current flow in :ne cha:ber. and

;
'

reduct g the voltaget The drop in voltag.;e is a seasure':fa4
the iccization or ra.1: r. tion dose. Fockar. c.ha: bars are ac

| ,_ _ _ _ . .

_ _ _ _ _ . _ . .

i
I*
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'
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*

1excellent s :;1e=ect to fil: :a es because they ::n be '

qul'ci t v as . sesily read at the a:4 of ac expcscre period.
however.' ti.. ::r=al N. a.;e curre:t li=it requires . daily ' {Irg.sherging a=.d the'y are sersitive 'to shcck and er- atic

~ greadim.:s7-'i.e usual rr.:;e of :Le pccLet chacber : s 0. P.,
o

Pcch.e: d.o_.si.ceters are si:1.lar to poci.et ch.=hers excep:-

that t t.ey r: tain a built is e e:::cscope whic_h.ca: he used, ,

to re..t the a::u:.ulated dese at any ti e. nis 1.s an advant-
!i 45, . .n. c:a 2:se infer:atic: is needed an the jc site. A

j sep'ar at e ch.a. ger 1s req 0 ired as with :P.e pochet cc.a .ber. {
~ ~

: Podee Jestaie%n:. ;ers coce in a varte:y cf ranges f t:r 0.2 .- 10MII e: fat rrEs f5?h:~ and thermal caarrecs.e -~~ _. _.. . - -

I
Che'- '

or solid s: ate c siee:ers say be :.eed in placei of er *a a s gylecent to fil: hadies f':r persenne' conitors.
: Class .nd ''_1. cosize:ers ' ppiar :: Le = cst precis g in thisa'

if.2 ' vide recze lup s I' re:) of -* 3 and glassrespeit.

.f desirrt ets. =ie. stability, the 1=v a:e:1c nu ber.: and tire ease
,? of re.* -ouc Are so e of the aivu.:a;es. - The =ajer drawback a -

! the Fr. cc: :.=e is the Iack cf ca=:er:ial syste=.s with the {
{ flexit 111ty I 'dils' badges fer ceasuring beta and p. .ca r

radiat ton cf vario.us.,er.ergies. 3.

.
t

.

i
1 A nu=.er of s all electr=.ic devices usi=.x ,t . tube

detect..rs a: s ' available .as ,perse- :.%:e A:Eito rs . D csc instruze::si
i

',
may e=1t __ a -- '"M e. cone or toca rate as an icdica tion of doserate _,yc @ s_.a ;alsr:_ hen, a. ;re-s et d:se'has bee . received. -' heyw

*

are v.s y, ua t(ul,for work in areas where' the dose -' ate may cha:ge
6

'

[with t two cr '. cation.
__ - . .

),

j Critic,Qity detectors are scueti:':es used 10-
,

e
_ an}unctie

. with f ile..b,ft:.;es or,.other._ perss :el ccitors at ni.icar install . }
4

ation . , .he+e d,evices are desi; ad to coasure the large doses g
of' nevi rong ,:r: ally.. associated .1:5 cri'ticality a :idents,4 inev Lu.s uall y co:::.a : 6f a nu .ber of_.; .reshe,1d detecter.3 such as indi.=24

{ bare g *l4. ca.::1_us, shielded goJdgand sulfur.~ ' ' ' " ,

.

_

-
~ . . _ - - -

1.15.2 Port tCe Survey Instrumeses
(! -

r-- ;g\ using .aae :.- re etRadia=an surveys foJr2:=2 ,radiatien are usually perf:::ed
\

. tonItation cha::er. he rane.,e f these inst:.e'

ments to.05;r. a.u ts'ciist'~s'uifed fer such surveys. As noted is
' ''the 7 . eedi.=; sTction the ica_c.:.:=5er is af fected 2 y hu=idity and} f

has a slow rtroomse at lov dose ra:es because of thee high i=peda:ce..

The us, of V:i,ratir.;-reed elect :=eters has greati-r irproved :he
pericp.ince ' ' "ese instru=ects 4:f'eli:1cated the. a plifier drif t.:!os t ch.cbers are equipped uith a t_hin vindow witn a removable capfot lev enen gn.=..sa .or b_e.ca _radia:icn. The calihr .cion is not

for a cta ra31ation or carrow beas ga=ma radiation. 'So eaccurate
l

instru .nts a: e capable of measurt .g an ' integrated lose in ad?ition
to dos rate. The condenser ''-:e:er is a very acce. ste ioni:atisn-

.

!

cha=her usi =. 's separate charger a:d reader. "It is used for.very _
i

accurat meascre=ents and calibr.ation., --- .. .-

f

!
1

.

,

__ .. e-_
-

I
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% .4I 'd S_cictillatten !ctectors have h4.:c .e ::re cor=>cn for, ., .r, r ._" 2
-

...o- . *cys. U:ed is t.: . theseare very = =;J' ill.ve and c =gElje_ .v
.

1 A'

tr.struce:t:'.
5 =easure dose ratesT ,1cu t';

17 :'./hr. 'They can also De used 17.1*.le turren_tb _% :6_de f e r ve ry n ie C'''a r ra te.s . One p:rtable 1:strument .<
_

-

usic; a plastic set-t a llater has a us tful ra: ;e of Col -P &^ The ene ; / respetse of suDevice.s is, however,
'

.

not very good at low ca.orties. ,-
! ,-,'j

Cefter- w 's ifa" ' - - ' - " * * ' /M 1:e .isse rates /js
altheu-h _the_resync ie.Mually..Vt:L.cterry -t;ar.de=t. - ()4

.
Verys ajl__G 't tubes have recently beca

in si=ple cir'c'Cits at e6se rates 1:ce*: e. loped w .ich can be used
,

V, .,

<:=.: e s s o f l ' 3 ?./h r. This
type of tube is socctir. s added as as 3;xi112ry ::icar to [,

.
g ''

ex r _n '

e ' m _ an p -c.f. a < er'Len t_1 erg l .Sur- *y e t e r. The usual / h, . -
, _ . . _

,

1:ts t ru: n t f er_y- m w cc teninc.11;. is. t.heJ ed,;e.r-ihellee
-

3

J
k survey sta:._er C"s" ph_a,_y4c|e et * 2.: u t 12* - IC c/=.

* /
S ,

03/c=I) or this' end-"ir.dw (cica .wird m.ts.h e cav be ei t t.er thin-usl@ lvall thi:!ne's's A30
',/The G-::

*
-'

^,

I j1.4 - * cr,/:=*). The - fI than end-vi:d:r tube is needed if .al:.7.a cr ic t ener;y beca
radiatics is to be dete:cted. For lar;i ascunts of fixed con-
ta:10ation'the ica cha9.et vith wind:w,

used. .::ver rcc:vad can be
; Preportional ccm.ters are avaria.:le usin. either air

or prepane as the counting gas. The c- unters u.sier; air are
socevhat u . stable a id acnsitive.to hu:* :1:y be:aase the oper-\- ating valta;e is close to the treakdev-. volta,e. The counters; usic; are;;4ne are vet i .:cecrjsble butr

. Pr.:-
s. - e. ha t .7, liv be c."sGJs'e'of the rJs_ f~! ;c.e. .-- ~~

of lar:ej l.- A g r,es,an.t cn;.12 ;1 c -- m ~have
.

the ad.v..an.tage
-

s ia,.'gir. :es [.j_ ~pcM: givin:gq exc el' Ting _sergitivi:y. "thile crici .al.2;._us__efi- .;v_for.al;ha!
radict.cs. .they._r(fy, g, , t.a.d.apted to h t ~ p-s

y g
N os t_ sens itive b e t a su r es y re ter s avat_.- .a..d..et.ecit_o._a.n_d a.r.e;.the. . \

. ___ _.
,

, .w: le,. . re_tr.t ill: tion- ,

detect 3rs'' arc also ~uied fer qc_n,ca: int:j.fi ncrveys. -

{
g j s.jedi== .lodideis a Verv sensittve_~a- m ratiatien de:e::ct a=' rine sulfide is.

- '

;
,

.
'used to detect alpha ra.:ut

Plastt: beta se:-tillators are
~

svailsble but are :ToEa= 's.io:.od as Gm1 er tropi?ETs41Tedste~rs \ *K '' (
..

~^

becal.~sTo'T~iL ar e I~aMfo'Eiif d'o6nt at.e a.T:'-Tlow s'e~ns'itivity
The 1 proportic"..il counter an, the Li i re.CIM s

'

Y;
~

'\s%_ __ 2 . '
-

~~ ~ 1
s

-

intillation ' ,.

counter are. the test often used n.eutre / ,/
-

se rvey__: e t e rs . The ,SF_atube is sens_itive to the r a..l _neut rens. 1.7_ surre'.=idi.b- it trich
-

-

a paraf,f.in or pJastic =r#4ratgr i_t can .e usei_f::
'

*

f_ast reutro_ns.The major disadva@. '''t'If relative L:sensitiMty to
intar:edist e ener:y neut rons, y_h.i.ch. c-'Mse__a '.' ran_Jart of

_,

the IcFagE rTdiat1Fa'~Trm t'iolo
.

a

also haue to be made_to scr. vert' gical s'.selds. Csrrecrion's ~t
~ ~ ~ ~ ~ ~,

t'.e flu =,de tecred. :o "_re 2_d.pse
* ~~~

usin; app _ropriate Tdt va:wes_for the dif ferent e erry neutro:s.
, u
|

It hasTee..n. .founf~tVaUn 10-12 inch pol're_e_ty.lEpYere**.-rIl
,

!

oder. ate...ne. ut ren.s. .i= s.uch a way that the coun_t_ . .ru e f or a
-

r 3,
' _. .- - - -

'het:41 neutron detector in the center cf such a sMe_r_e_ villapprcxI:i'ac. e the..i.h_v~Erse of- C.c at,- - ..f_
.

Thus,
.e c_ou.n_t rate

; curve.
f or such an insc_rt:.s.nt can tat _ cc vertad e. arac-tly_t.2 a dose _in

,

i .
_

_
_

,
--

|

|

r 4

! I -

- i .

i !

. '_
_ ..u-

,

|

*

|
,

g
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re s. The detecter cost ef ten used is a L1 I scintillater
-f l'Lt (2,:Nie7~7-Tof "t}:e ajer problees uitb = esc

~

gn.au_t_r_n 1.J t ru= etts. is the ga: :a .b. ackg rou=d. De Li I-

I detector ca: discriminate against ga==a radiatica up .to
about T T./hr' and. the BF ~ tube up to about 13 ?Jhr. 3

. _ . .

| 1.15.3 Area Tadiatica 1:enitors

Area =enitors are usually fixed ins tr.:=e=ts to
cortticaeg;v occiter the radiatio =, levels in 4.cartain
locatien. Bey say have an audible 13,dicator, rec.:rder,
res:ie,1.fi: ster, =d alar: attached. Scistillation

i detecters_us* n3 the current code and high-ras;e C-il tubes
I b.we lar,ely replaced ien cV=bers 1: these instru=ects
{ becacse of the st:ple and scre reliable diectre:fes. The !

i

4" usual .rs.::;es are withis the s.eas of .001.'- 10.. F./hr depending |-

. - .

j on the a;;I'Ection. Characteristics" ecessary for such
Iins tru=ents are reliabilify, los drift, ra;iC resp.mnse,

| calibratics stsbility act, nsa-saturati.cn in hi:;;t..r.2diation j
i. fields. Any als :. circuits should Effil-scie. trich respect I!

to detector p:rser.'c.r. elec:tenic f a116re, -n

-.

f ., g 1;15.4 ' Air Monitors
j '\

Air cc itors say be desig ed to filter the partic~ |, ~

ulate caterial free the air and detect.acy-cc::acination in ,
,

tie that fer: Oc,the a:tual gas nay be cbnitored. 1:or.al bact.- !-

ground activity associated with ?.= and Tn in the air .is a
;

prpble-. is any_ air _r.o:itorin:; instru=ent,. In sc e 1:strusents
I tne raturel_e.ctivity en.thC filter is allsved to decay before ,

}:casure ent. This, of course, del'ays the -indication cf high t
Icytis.;,f ac.11viay. The ratio of beta and alpha activity in ~

ti.e backgreuM activity can be =enitored and any deviation used l

as ao i=dic: tid 5 of oth'er conta=inants. ITnere'enly one cajor
conta=inant is present sose'identifyinc, characteristic suel. as ,

beta or ga=:a enerCy can.be used t'o distinguish it f ro:s bach-
r,round. For ca.sceus< cen'tasira=ts the s1=plest eenicer is a
r.wiiation-detac:cr._is a_large volt.c:e of the gas, e.g., a C-M
tube in.a_tas. of the,ges or in the exhaust stack of a
building. De air is a facility can also be contintrously
flowiM~r.hrough an ionization cha=ber to ' detect lou eriergy
beta esitters utich e,e et be filtered, e.g., I'CO , Hz.8

2
Such instru:sents are, hcvever, insensitive and are subject
to interferener from dust, s oke, etc.

1.15.5 ' dater Monitor

hitt_ ce?;or.1'ng ,instru=ents are. used to continuously
conitor ef fluents frcs nuclear f acilities- or recirculating
re-acitor coala'nt. 1:i sc e' instru=ents a C-d tube or other

~

.

detectEis';1 aced in. a shill'sa:ble cha=ber to :nonitor the
[

~

uuter.directly. Such instruments are too insensitive for '

:ost uses, especially af fluent streass.- The sensitivity ' - "

!

.

J

-
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cac be igcreased by es:::estratic; the :adisactive.= ate. rialj m by fild rM;.l G O:'. "- ^ _ > ~"-f :ociraries the. filter or; ieu exca- r Jed. The cetector is..e- 21r a. Ma L
| scinti1_latie'a_uysts1 st: to_ detect.a specific energy ..a==ae

ray _'to f urthe:J,e: duce cac;.;tec:4 and i= prove se=sitivity..
- . ~ _ .- i'

1.15.6 Laboratory Inst:rusects ,

1 |
p '.ealth ph; sics lahrratcry ins:ru=ents consist =ainly

.

.

of se.sitivc_detz. :::s c =easure the lew levels cf radio-
,

'

activity usatiated v:.=h s.. ears, wipes, veter and air. .sa:ples,
+i'

bioassay sh:1.s~~~asi c:!f~r~o = ental samples.- "here discri=-w
ir.ati:. c; isst differ:ent energy beta particles or bcca and s

{ al;ha radiatien ,is reujur.re.d. the gas-f1:w proporti:nal counter
is usually ,used. his _ay be in the f := cf an e:14-indou,.

two P1,he isphere, or =c~- D' s;teri:a*. type. Li pid scintill-i

,' atio:.ccu:EcE t.vec ;sdful fcr lipid sa=ples, *E, and
'

sa:;1es .there_. bets e:e: ;v dis cr4-% ::.:i is necessary. Forroutine s=e s r_co- "- .:04 = *--le end-vindev G-M. tube isusually suf ficient. A
~ lew background ccunter is required forI

accurate 6Eerdisation of Icy activity sa:ples such as 'are
co . on in bioassay cr .er: viro == ectal c::1torio;. Cas eous

. sar.:les araa.aually.4:e.:.y==1 in io izaelosicha:bers using yery
g' ' se.nsi_tive electroceters.._.

1.lb !!iole t eal Ef fects of ''.mdiacien

The absorption of radias: ion in bioloa.ical syste aia .d the associated
losi:ation, excitation, heacun3, etc., can cause significant chan';es.The absorpticn of radiscien c.:en fer: che:1 cal species such as tor.s. free
radicals, and excited colecu' us which cas cause extensive dacage tp- thecell. Ldiation can also do
splitting molecules or da:a;una,'gesetic material.4: rect da: age t'o cellular co:ponents by

'

Da=.ge to genetice

sacerial nay effectively be ::a .nified by the c. xact reproduction of an _! abnor=al cell for sacy tecer.t ions. Che:ica* chtnges initiated by| radiation da= ace say centinue for relatively lon:
.

periods of time after-j the initial evet.t. The sensi.::vity of, cells is variat,le, but in}
~ ge=aral, c, ells with a high =waholic rate and which reproduce rapidly
I are more sencitive to radiati.cn. The sensitivity also varies with

.

:

} certain chenical ce=centratie ns in the cell; 'Lorce acounts of oxy:;en
jcan increase the sensitivity 'to radiation hy.a factor of 2 or core.! Many biological ef fects are d:r>se rate depende .t..
!

't lov dose rates
[} A

the cells can undergo sc=e es'.nair of da ate but larca doses in a short-I
tise can kill the cell and ** -+ . ate any chanca of repair. Thus .for|

given dose the effect is ustually less if the dose is delivered over4
' ,

a lon; period of time (months or years), j
ii 1.16.1 Acute Radiation ~ Syndrome
,

For h:::an exposuare ' to large bhole-body doses in a -
short perted of time enu. sy:ptoms of raiiatien sickness are1

/

characteristic and foll ow a definite 7.attern. W e ters 1.3se

1 . -

) !
t

i, ;
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i
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is used to er. press the dose which vill result is death to ;
50% of a sa=:le. ne ti=e span for animals is uuually

|
. . . ,

gives as 3* days. For him es 00 days is probab'.- equiva- ,

lent to t.se sa:e period. 'fithout medical treat =cet the i
Osa for a2 is probably 450 - 500 ran if the exansuro is j
sasured i= 1.ir or 303 - 4C3 re: if censured at the center i

cf the tru m :elcw 200 res the prebability of uesch is loi [g
} for normal wrso s and soove about S30 re= death. vithin a 4

i short peric.: of ti=e is probable, even with the mest availah'.e i

{ =edical cart.. Uith good =edical care the Oss L: probably I
; about 500 re=. ne f ollowteg table su==arizes r.me ge=eral ;

j sy ptons cf the radiation syndroce. *

i
Sy- ens of Acute p.adiation Syndr:re'

.

Time after
.

'

g ,.
Exposure

100C '500 Zi ,

Firs t Nause.a and ver. icing on first day'-9eek .

.iausea, vc=iting, diarrhea,
fever, infla==ation of ,

throa:. prostration, de- d

'Second bydra:1os-
.

Veek
ecaetazion leading to i

death
a

.

.

Third General =alaise,
'

/|
'

Week loss of appetica.*

loss o'f hair he=c2 r-
hage, pallor, di.u rhea,.

i fever infla=atio :. of -los.s .cf appetit
*

! throat, e=aciari.sn loss : f hair, i
i leading to death .1= fla==.arios of r

{ Fom..a 53% of victi=s throar, pallor,-
,

Week he==o-- age, :
.f diarrh.ea, I

;

P.e cev=.7 b egi=m ;

!.

1.16.2 Eff ects on Individual OrCans !
t
ine =4ture blood cells, with the exceptium of the e

I |ly=phocytes, are relatively resistant to radiatium da=a'ge'
Covever, the progenecive cells which produce the Llood cells .'
are very rad:.esensitive and easily destroyed. As the blood t |
cells are 'gesfually used or eli=inated' there are no nest cells i
to replace t=c:s. Be red blood cells (erythrocytas) have a

[long lif e spa = (120 d) and do not decrease rapidi, . Other
blood cells s~ch as.graculocytes and placlets hav e shorter .

lif e spass ,a:ad the decrease say be significant is. a f ew }days. These cells cocbat infection and aid in bimod clotting !-

t
o

i
f
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t

! so their descra :!ca leads c: infection a:=d he=:rr aging. The
' !m =4ture ly:phocyte cell. are t:ry sessic *re to radiatie and i

evec s all deses can cause a s.oticable ra-: action in the . j
1 :;hocyte ceu :. ne vascul e networ!. ::r.: also be daceged j3

,s by radiation lesd'Ag to seccchary ef fect: :aused by insuff,-
icient blood su ply. 3

!

!
, Transplantation of bcc s =arrov h.u been used on

!several occasi::s to replace ::.e blood fc- ic; tissues in
{

-

persens who r.ad received verf ~.arge "hele tody stposures.

:(103 - 600 red . The rejec::.::: by cae My of any farei;:n j
tissue e.ahes this procedure vsrv risky at:: it is used only t*

where it is fel: that recover-- :suld. not be .in vichout it. F
,

For doses of F - 1000 re= d.=_c:5 is usua.~.17 caused by the
da age to the thod forr.ing : .psns (usual ~ y because of the.

resolucic; infection or i.e:ce agins).
}

-

,

The ski: is also secs:.-ive to rad i. tion and will '

shou crythysa (reddening) .a.f t te icses of '''**-1031 rad. -
der.ending on the lecc: ion, ec.s: ry of radia:ica, coc;1axion, {.

'

etc. The skic :.zy develcp a blister, or 1.r the . case of
(
,

large doses, t h. sk.in is descr. red, requir na, a grafr for .
{repl a c e=en t. Nyelop=ent of s.>::.: cancer 's not unco:::=ca in. .
8persons uno hav. c.xperien;ed z. ; "bu rns". Doses of 2 % -
|M3 rad can dacye the hair f:llicles and :ause temporarv iepilatica (loss :L hair). Grs.n er doses c.:= cause per anent- l'loss of the hair. !

'

Radiatic. dacage to th a a.astrointes :inal tract .

destroys the pre;ecitive cell:s vhich predt.::e the lining of j.

the intestines. ~he linire is. ::stinuousti removcJ by the }
3incestinal centeers acd witheu:i replaceme:: cells cl.e

; intestines becc=.4 ulcerate'd 'a:c. subject te ishydracipn. i
inf ection, and he=orrhagin ,. s:ses in. excess of 1000 rad
lead to death w:::in weeks be-e of da:a.;e to' ene GI tract...

i ne nerv:as syste:a is n.latively r*r- stant to radiation.i
{ F.miever, doses Of the order of 10,003 rad . rase 1::cediate danage

I
i to the central ce:.ous syste: eading to c.r sea, .vcniting,*

'

convulsions, .ucc: :scioascess, d death vi:::in hours. '

l.16.3 Other F.ffects
'I
I Radiatice daca,e can ist:rease the ; obability of cance'r
|

in organs such as the skin, bl:cd~f orming =1ssue, bone, luc ,
thyroid gland, a:.f connective ==.24ue. Rada.s: ion also has a'

degenerative ef fe-et on body ti.a sues which h.sve received large
doses. This appears as a pre =a::ure "aginc* of the orga: or
tissue and less cf function, tn:cher effec: of radiation is

g on the growth a:d develo;x:ent c.f persons ex.,: sed to radiation
g at a very ycung Me, especially in utero. ~,enetic effects -

have been observed in plants a:td 4:1=als at high deses. Completea

,

.

.

. .
-

.

. . - -

A./ 3 3 6 9- /093 W I3. . ..!I
.

. .
- - - -

+

6



r
l

s

|
4

- .. . .

. . -
-

i
I

'

1-29 .'
,

The above li its have been adopted . as a federal regulation in !
|10 C G 23 and as state regulations in moste of t.'sse states tith 'm

I radiation protection regulatices. Limit - on coecentration of radio-
/ active =aterial in air and water are baas 4 c: the abeve 11..its for ,

the orgass involved. D.at is, continuousdy ver*r.ing se t' e maxi::nza j
; Permissible concentration wculd give t' e .sa:e integrsted dose to an )i

t organ as f ecx: external exposure at the d:rse limits above. j

b :

5
1.18 Population Exposure '

,

f8

?adiation exposure cf the pcpulatito--at-large is due to'

*atural radiation. a:i-=.ade sc arces., and. c virc:=ecesi cents:ination. <
.

'.f.stual sources p.roduci:s exter .Al euroosurc are' cos=ic radiation,
~

radioactive caterial in the soil, and ra::en and thoro in the air. .

Icternal sources of radiation ,are radies end radiu:s dsughters, K-40
and C-14. ;

.

Natural Todiation.

IAn.u al Ccnad Dose ic =resSources a

I External i
*

Conic 29
Terrestial 47
At=ospherie 2

Inter:21 '.
**K 19 ,

"C 1.6 |
2n-Tu 2

(33 for bone)Ra -

130

.Maa-sade sources of radiation inchu.e occupatiIrnal exposure,
lu=inous dials, television receivers, et: ., but are sostly medical.
Ostimates of sa:-cr.de exposures are: ,

.'
sten / fear honad) !,

I |'

IIedical-diagnostie - 20 - 150 1
,

*
3 Medical-the: rputic 1 - 30

[::edical-inter:21 <1
Occupational <2- ;

i
Enviro ==eotal conta ination is cai:rly from fallout. The j

, '' average acaual dose in probably less than -1 cres.
' *

-

i *

1. 19 Coerati:g Procedures

.I t

| The following are ;,eneral suggestitons ,for nor=al operations. D.n e ;
recou:.cs.istions will not necessarily app:.:y to special situations. !!sw- ;'

I
', ever, if the reasons for such procedures are borne in cind, nethods fctre ,

' r

i
i

!
;
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! I i

k dealing with ai.s:st .a:w situatien vi '..be obvicus. ,

I

i
! 1.19.1 'Arrh. in ;"': .tr.isated or 7.adiatics Areas

a,

.

n

%

; e of tr.e first rules 5:r werhin:; vi:: radioactive !
sterial :: 1: h.: ;h-level radi. :ien areas is c: eli:1: ate the i,

u:e.xp e c :a.:. . Pla= :peraticas ahead of ti:e, a4.:.e sL:ulated er*
'

du==y ru:.s . a .d p redict the ccc.d: ices of the z.. ration to M
'

'
perf or =d ss that adequate prep c:ation can be -we. Scx:e

f allcvance snould always Le r.ade f er use.xpected .,ecurrences
such as laus, brena; e, etc. If verk cust be :..rferred i=

-

t a cer.ta:12.: ted are a' adequate persenal protecti:.:. In the fer:
, ;

j of shoe c.,rers, e:veralls, glo res , respirators . etc., should '

be ;revided. ne :peratics she,Cd also be cc :7 ted is sue: '

, a way as :: tim -- -a the s;reac cf contamisati;.:.. C1cves
,

; should be over: v=== handli=';,ce:. asinated sacer.41 and this ;
1 is espect.Cly i=;. rtant if th' rt are acy breaks In the ski:.a

| o f the has.: s . 'I.:.u e radiation * zvels are hi;h rvery = car.s
should be sed c: reduce exposu: s (time, dista ,r, shieldi ;)..

{ Ef ficie::t :lacni=; of opera:1cc:a can, dras ticall' reduce the i
cxpcaure ::.se, asi use of all a r r.ilable shiel.6. can redu:c ;

*

radiatice. .evels. Re:aote handle.:; s'ill-usu:ll' i educe pers:- . el
cxposure s .;nific :=cly. Were :.:.e extre:ities a an be espes+4
to nigher . r.41sti. levels tha: :ae test of the Vdy, supple-.

'

cental :: :.:cri:; should be pr:-r.:ed. W.en lea. :n:; conta=1r.a ted
areas alur.-s was.- the hands cod : neck for cen:.:: .natic cc rz=ds,'

j feet, a..2 dethi ;. *.?.ere ver' - ; time lisiti :.*ve bee: set.-

.

they shcu : be s:rictly followe. . ,'c.y unu.sual .r ents or,
.

j s uspected everex;csures sl.ould M. reported to :.:.r health physicist
. i=se dia tely.
8

.

.' 1.19.2 Sc:veys ;
I !
n

Sveveys should be peric: .el'as of ten as. 2= necessary to,
*

assure tha: radi a .cn and. conta==. cation levels ar e *richin the
; vorLin; l'= ts. Centa:ination su: veys with a st :vey c:eter are !

] greatly c red by e.irphoses or c=ner audible icd:.. ators of
counting t:e. 24 survey teter should, of ccu:*a'*, be sensitive
to and cal..:rateJ. f or the radia::.sn present. F ' cixed fields
of beta. Sm, 42.2 neutron :adi.c:ios uore than ane instru=at: !.
cay be cecusary. An'instru:,e=c cith suf ficie:: ran;e to cever

|
~

the maxi:.n.=: dose rate expected s.:iould be used. I ns tru:ents -

should be c.cecLed :o see that they are 'operati:G properly !
before ec:4.:ing th e survey area. :;ormal GMSM i stru ents sh:uld j
not be us ei is hi;: radiation ara.na because of ::.e saturation :
effset. E.r.'ever, =may c'f the ce.,er CMSM instruchents have circuits
to prevesc :nis effect.:

,

*

1.19.3 Decanta-4 = tion'
.

'

Deconta=1.t: ion procedures should be des.1;ned to
prevent the spread =f contaninatf eu and to produ. the leas:
a: sour.t of . as te ca. serial whil. effectively clean.:n; the $ 'l '

i
f
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'
3 conta:1cated area. The availabla cathods for deconta .inationt

are too .acy to lis t. In :. cst ca.ses of serious ccuta=ination
f a =ethod designed especially fo: that case is best. In
a general. cleanics is done fro = ca.e arr as of least contaminationI
I to the stre highly conta:1 sated 4: eas to reduce the spread of

radioactive =s terial. Cleasing s.:1ations and scrubbing agents
| cust be c..aered of ten for the sa=.e reason. I

j
k} Skin decontacination is senetimes very dif ficult, because ;

j the =ethods used ::rast not injure :..4 skin. The usual procedure
is to scrub with 2114 soap solutans first and then progress to'
stres;er cicar.inc agents as requi. ed. Easd lotion or oil should ;
be f requently applied to the hanc.t to prevent dryinc, and irritation. -

:
1

't
*

1.20, Reaulations i
|l'se of radiuactive =aterial, nucl.u.r reactors, and radiation [

procutir; equip:=r.t is closely regulatu by state and federal agencies.
~

,,The basic reralation. for persens e=ple+cd in the ato=ic er.ergy industry {
is Title 10, Code of Federal Regulaticca , Part 2G (10, CTR 23) entitled [

i
StaE1ards for Protection Mainst. Radia:t.os. Other i= porta =t parts of
the f ederal regulations are 10 CTR 40.Ia:e: sing .cf Source Material
10 C77. 53 Licensin;; of Prod'uction and C::.lization Facilities; 10 Cf?. 55
Operstor's Lic eses; 10 CF3 70 Special ..gclear.';.aterial; 10 CFC 71 :;

[Fac' a;;ing of T.adioactive ;;sterial for Ira.:s;.cre and 19 CFR 103 ;eactor.
; Site Criteria. ;.

,

' .

Part 2*) i. .includes, the =aximu=' per=: ssitle doses and concentration
flic.its f or occupational exposure and fc; 'the er.eral public. Requirer:ents
j

-

f or s .rveys , perso==el cenitoring, post:::, labelin,, storage, records,
dispcs al and reportic; of incidents are a.lso.gtven. :;o atte=pt uill be .

,'

.ada :s su.=2rize the re;ulations here 2.s it would only resi. Lit in t
1 The reCulation is i=portac; enough ro be studied in' detail g{-

dupli ca tion.
j in it.s legal for= and a copy of 13 CE?. l''' is included for that purpose.
1

'

g

The shipotet of radioactive =aterit.1 in interstate ec=::erce is
'

regulated by the Depart ent of Transpor ction (DOT). The reculationsf' are c.c.dified under Titic O of tM Cods af Tuderal T.egulations parts
171-170. Agent T. C. George's Tarif f ;;c'. 19 lists the regula61ons foro

f trat.a:ortation of c:cplosives and other d.nscerous' articles and the
specifications for shipping containers.

f'
It should be noted that all the abe ve regulations are subject L

to
conti=ual review and change and care shcu.1d be used' that decisions are |
based :m updated copies of the regulatiecs. Subscriptions includin6 'll

. ;

supple =ents are available for 10 CFR and T. C. George's Tariff. j
p
,

,

I
i
' I.
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da t a en 'r.=.ms is la * g bu t c anies in ses ratio vere
noted i= the descendasts el the survivors of the. ate-- - bombblasts 1: h pan. ...

#

|

1.17 Txposure Li.its

Twcc== ended li=its for exposure to radiation have been; reduced' significa:cly over the past 40 years. *he reccandatios by the ICTJ'
in 1937. of a limit of 0.2 R/ day hWe de : eased cver the year: to the
present limit of $ re:/ year. *oce of :nc reducticas has be.:n .adei Secause of evide ce of Jona;e f rm ver ni=; at a:y ef' the li==.cs. Tw-
ever, as .cre data ha.s been accralatx. o= the effects of raciation
and as the cu-ber of persens exposed. Las increased ir was thcaught vise

; to reduce the licits. The basic res.s.==.m- being that expos :; a large
| czber of people to a sr.a.11 dese is ectedvalect to expcsing a, c-sti
4 groap to a It.rge dose. The treiching at becefit and risk has also been

ccasidered. Thus, the population-at-1.c ge does not benefi: .ns =uch
froc a radiatien source (i.e., reacter as the radiation wer ner and
should act be forced to take the sa.se .- sk.. Definite reco~-facions.

have act yet been made fcr exposure l' -'ts for dele popula .'cas. This
will have to be ccasidered in the cear future 1: cc:jucctice with the
growing use of uclear energy for elec::.-ic power and other :mes..i

1

The groups usually considered ranensible for establisn.isg
radistico expceure limits are the Inte: naticoal Cc . ission .:r. .bdio-.

loa,1 cal Protecties (ICF2), the : ational Council en iladiatics .
Protection and :casurement.s (:"CT2) ana he Federal F.adiatic= Ocuncil
(TR2), which is an adviscry body to taa Frcsident of the C::.: :ed States.
The present reccx:= ended li=its of all ::..ree bodies are essent 1 allyidentical.

Maxiau: permissible occupational cases and coccentrati:=s are
( set so thet there is a negligible proc.c.:ility of sericus rac: ation*

daca;e (socatic or genetic) for a persc: vorki:g a=1 entire'ic f eti=e
(M yr.) at those limits. There vill s.lvays, however, be a small

}

|
probability that an individual vill suifer serious da= age. am *

atte=pt is made to place the risk on a level with or less thms thatI '

associated with other occupations.
.

The present recoc= ended permissih.le dose linics: (IC?2) Ier
occupational exposure are listed below: ,

j

Maxi =u:s Dose Annual 'Per=1ssible Accu =ulaced t
Organ De r qu art er___ rose Dose to ice N [

<

Red bone marrov 3 3 5 (N-lSD >

Total body 3 5 5-(N-ISDHead and trunk 3 5 5 (N-IS;-
}Canada 3 5 5 (N-lab! Lenses of eyes 3 5 5 (N-lSV
>

Skin 8 30
Thyroid 8 30
Teet, ankles 20 75

-?. ands, forear=s 20 75

.

._

_
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2.0 I::rNt ::1:n F
I

-

In crdcr :o';cdcrsca:f a:d 4cprecia:a . :cla. : physics and rs=::ct !. .

kinetics, a goed feu . a:Len in the principles cf basic physics =..t de festablished. The essid : 2ppres:S to this u:dcr ki=g is' .co first y
analyza tha 2:d:21 ; hun :c:a which sirround u s :.:'our everyday lif a,
tr.d. the (xpl:in :hcsc ppenc=cas by a:ans of t'd la=gua e of rath ,acies. ,

E2ving es:: Mist.ed N tasi: prin:1ples of ;:hys ..:r , enc can then rql !.
::ra cc:fidsa: to civ . :e is:o =cra ce= plex phys .:s.'

{
, 2.1 Units of W m ri:c-: i

'

. . .
,~hree . fund.: . cat 21 quantities are reevired :: se: up a sys:es of ;

uti:s. Tha kind ef units set up deps:ds upon thc.:hoice. M st t.

c0==ccly, thc fund:ran:.gl qucatifics arc le c:h . nss,' and ti=e. l.
Anathir sys te cf . fund:34 :21 quantitics u:111:cs 'le.;th, force at.4 5

- ti=a. I

r

.

. Mass is i L pct c:t .cf thc alaci at eich' c: r,-/:tica is =ac., !

's .d ha;:ca a ayste= cf up. ins based en lengt,k, r,'za t a ac 2 cisa is ca;ted |
'

2n "ab'sciute" sys:cs. Ic :he :1 ctnative chci:c. Or:W, fcrea anf [.

tics, the forcc cc . ;nly ch:scn is a trav.1:ia:1; ..d forcs, or waist.t,
'

''

and het:c the sy'c:e:. cf units is called c. *,*grivt:.:.:ienal" syster. ;

?
'

6

I: :he C s systen, the.c.er:iseter.,3:22,.2:1 sc:::d arcr. the 6

fu:da: cst:1 L.1:s. Is'thc 3ritish gravi:r.:10:a'. rystect the ffunda:ce:ai u it, the pcund (1F.)', is 1/2.M&6 : w firce with Wich :
'the earth pulls en 2 standard hil:grs . !: :51C : s: a va defins e
usit of . ass called the slug. The ilus -1.s th.a . r s t'o..which a fqrre ;

Of o .a ;cund 9111 givt hn a::clara:ic: of c c.foc': .per stec J per. |
xeced. A ::sss cf 1 sluz weighs .ap;rox1:str.ly 2". lhi (at' the earte.ssurface). (.

t
- t '

- It is unfortuna:c that ir. the diffcrent sacs of units t'he sar..,>

verd is used to dosi; sta a unit of = ass in ene s. :,, but a unit of
ferec in snether. Theryfore in 2: sic Physics ?secen ef. this boek

. g' ?

l
We shall e:;1:y only the ".ritish*cravitational syy:ch and the Cgs

[absolute systcc. *'honcvar the ter=lefa: is us'cd,. it will refer to. =

. i mass. 'dencyce the tar = peend is uses, it will :n.f ar to force.
-

.
'

2.2 Mass (U .its of Ora .r. K11oers:s) .

. Mass is dcfincd as that property of a body c.ich resists a chane.
g in motics cf that body. This simply J=cass that a. b:dy which has sad

vill resist beis! ::ved by a force. Mass is ind :iendant of the p'l.ca
!. at With the observatics is cade.

.

.

I
1 .

1,

. .. .
. .
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! Sys:cs of Units
t t.-

i- .

f?- Sa:ai Unt:. Ur.it Unt: of-ef syste , 6 f .m s s cf Terce A ecler3:135
5 .% T.ilogra: Newton
F. n/sec ''

|
*

; Cgs Absolute Cra: Syne 2c::fsac

f Ogs Cravi:::io=al '30 name *Gras.! _ _ .

,, ,79 cm/sec' .

! I

i3ri:!sh Absolo:e Pcusd Peindal Te,t/sec_.

tBritish Gravi:stional Slug . P6und
,

T.c c:/sec
.

!.

2.3 .decch IMcter; Yard)- *
*

t

To specify a' distance *e 'cust use sc.a unit.of Icns:h , The bett'co =:nly c:pl yed fcr seic::ific use and'4:et ted as an irth=atienal-
~he : etcr 10 def t:td es the d,te.:::a bcrueen' Ista:dard is the. : occr.

ve li ss cc a ccrtsir, hcr of ' platinum-iridi.;c whan' the' t/*perature l
!

cf tha bar.is that.cf c41 tie'r ic (C*C). !

is callcd the c.a:1:eter (1 c: - C.01 =).
One hundredth e'. the =gter I,

Other decihal f rae: ions "

cf the =cter a:e the decir.etc.; .(1 ds ='.C.1 :) and .the milli:ct'er(1 = = 0.001 m).
is e: ployed. For larp distas:es the kile=acer (1 k: - 1,000 m). I. '

. .
'

.i
The Seitish usic of length is the yard and has its Icgs1

.

definitfen as the dis:ance between :ver li ss cn a.brcn:c bar ata.-temperature of 6.2*T.
=ile (1 ei. = 1760 yceds), the foot (1 f t. - 1/3 yard),' and the'Other.ced=ca 3ritish units of ,1cor.th .1re the. ..

'

inch-(1 in. = 1/36 yard). ;
,

1-

In the UE.ited S:ates the yard is i.egally defined in tc;=s of
4.

,

i the meter:.

1 yd. = 3600/3937 m.
i relatica: 1 in. - 2.54 cm. This leads to the st=pic-spproxir. ate.
i

2.4 i=e C:ecced) I..,

k
|

#

The, fundamental unit of time is' the ceas solar setend- >*

solar secoed has been defined as The mean.

1/65,600 (!5,400 = 24 x 60 x 60)-} of the mean solar day, which is the aversee, throu5hout the 7 car, . s

b
b

a . s
o

I

!..

!
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1

of th* -ize tc Nae: su:cessive :r2: sits of the- sad acress the,.
''

=erid:: a:'cny pl:ca. Rus, :d.c ti a 1: takes'. he earth to : s ,

'f N cpce' en 1:s. axis, with res;&::.' :: the'sen senas as :he basis4

*

for tha unit cf ti:4.'

, ,
.

f
4 2.5 '41rht Cni: of PeendsE

.

i *

a
-

.

4 As a result cf universal' ;- avitation ever schint es or naar 'th*''
surf au of' the earth is attri::: .d ::verd the err:h ".*h a fCr:-i. that-

' . ve' call 'eight. S.: frr e vi '-hich tha' earth pullt en 3 ::M .cf
? v

.''
'

;tund under stan:|ard c:ndir: ::s is callsi :he veicj.c ef c:.t ;eund.out

er the ";cund : ferce." "tardera. .tha vo:p.: et a tedy is ~ferts.
. .v = uc- -
1

A

2

veishr. cf a h.edy in pou dsv .= s

- vbere;
.

'

, :sss cf a' hedvr in slt.ies ' ' '
', . m =

,
,

4 .
4

.

,. g acce3 era: ion *cf a freely. falling body *= .

equal to. 32 i=/sec2-
3

7.6 h uten's laws cf S iten-

1. A bcey vill c. sin':ais 1::s state of rest or 15f' unifor= .r.stion '

alcag a straight line ::alass c'em;cll'ad.by se=a dnbalarized
|force :o cha ge that st.i:e. - '

,

.
. '

' 2. An c.balas:ed force T.4.t:: :3'e. a bcdy'ptoduces in 1:V Es;
. accclera:10. which is :.: ' tha directica, of thav force ar.d- ,

directly p-:;crticnal ::e. :he f6rce, 'ar.d inverselp
-

,

| proper:icas1 to :hef = sus of' the body.
.

.
-

i
3. .

.

~tTo overy actien, or for :e, there is an equal and cppctice ;reaction, or f erce,.

."
*

2.7' Ferce Cvter, Pound) *
i
.,

-j: '

g i*

e *?.4nevet en un*:falanced 'for_ acts :ca a' body, it ;nducas 22 -
= 5,

.g- acceleratien is 'the directico cdf ':he forca, an 3cceleratien th4:-, .

-
is direc:ly prc;ortiendl to the -force and inversely pre;creienz' },

I to ths :sss cf the bcdy.. This 1.:.a a lav kncvu as "hvten's Secend-
..

Law of..'tetics."
-

.
.

If successively greater for .cr are applied to a gives bcdy,
.

'

corres;endingly greater accalerr.t:iras are produced. . A given f:::e
, | - applied in- turn to bedits cf suc.24ssively. grcate'r mass vill pre.:uce!

succassively. s=.tller acceleratic=u. The accalaratiens are invarselyi
. { .proportienal to the casses'of thL. bodies.
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According to the secc d Irs, the fclieving propertions =sy be
I.

,
. Writt en - :_;

'

'F
e

s = F '. and a = 1/m
-

'

These proportiens =ay be ee:bined as: - i
-

'
*

.

a - T/m
I

a 4 vritten as as equation t

i.
IF = kna t.

!
'

Any unit of forca, =sss, and accclerstica can be used,''provided
the prc;st valuc is assicned to ,tha properticaality ccnstant' k. ,

'In Pge:eral. a different v:Iue of k weald.have to Se assie=ed for each.
f

-

ec binatic chosco. Tcr sL=plicity, . it is custo=ary to uwe a systc= '

of unit-a fcr whi:h k has'a value of 1.
2.8 yele:ity (e:/seg . f t/sae) ' '

.

. t.The simplest kind of motien that an cbjcct can have is unifern
motten. in a straight line. In avary seccnd the bcdy moves .the same '

,

distance in the sarc dirccti:n as it decs .in iach other second.
.

An
objcet =cvie; in this - mer'is ydfing with' cc:stant velecity. . ' ote

-

J
that constant velocity i=plits. cot caly constant spied but. unchangin'sdirActica a's vall.

-

-

*

P

The s;e.d of a acving body is the distanta it moves per unit !

tica. If the 3;cJd is uniform, the objett movas' the sate distances''

.in each seccnd cf tite. *Whether or not the speed is censta=t, the- !

averc.'e speed is ths distance ,the bcdy' moves'-divided- by' the time -required for the motien.
.-

'

Average spe,ed distance, '

.? . g ,, ;
-

6 Avg. speed = . s/t +.
j''

,- vbers; s = #istasca

; c'= c5=a I.,

!~i
'

Example: IIf, for example, an autocobil"e travels ~200 mi. in. 4 hr. IIts average specd,is 50 =1/hr. In 6 hr. at the sacaj average speed it vould travel 300 mi..
I t,

The concept of speed does. cot involve the idea of direction.-
;

An !.

'

cbject noving with. ccustant speed =ay move in a. straight line, in t'

a circ,le, or in any cce of 'an ir. finite variety of paths so long as! the distance ::oved is any unit of time is the same as that' covrd in
| any other equal unit of time.

.

.
'

[

I.

'
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] Cc s tant vele'itv is a particul:: case :f ccnstant s;aed. Ne.c'
cely do s the d:sta.ca traveled in x 1: tica rc=ais tha'sa:n, but the

! m dire:tt:e as well dess not ch: ;c. 2 aute=frilc that ersvels fr-'j 1 hr. a: s constant velocity of 20 =1/hr ced raathas a ;1 acej 20 ci. =arth of its first position. If, en. :a other heed, the
.

auto:chiLa travels around a race trs::i for 1 'cr. at a constant
.

'

-| s;eed of 23 zilhr, it say traversa :ne se=a : . stance without
getti:g zrywhere. At cea instant i=r voloci:7 =ay.be 20 mi/hr''

I- caat, at c:other 20 ti/h'r south, et
3 The 7:atenent, "As autecchile 1.r coving -ith a velocity cf

20 =1/hr * .s interrect by virtue of 2ncer;1e:arass, since the dirsc:ics,

of =ctie zust be stated in ordar :: s;ecify = velocity, yor thisj reasos cc.s should slvays usa the veri sand . .es ona .dcas cat vi3h
to state : .e direction of :otion, c: wnen tha directice is chstgic.;.

.

. ' , 2.9 Ae a _eratien le=/seck f t/sceb
i *

'
Obje :s ,seldo: ceve with const==it vclacr:y. In ,alcest all cues.

the ve1ec:.:y.ci .an-chfao 4= -~ iinf tlly cha.. peg.in-.=. ;.:1:ude oi :.:I direction :: in both. Metion in wh .:s tM~vM: i:y,-ia chs:rine ia
-cal _ljE @ j_.r.:tc.{. :tice. ~.hc rata at whicE'07 T/ !cidy chakes-

4 J
is callec :ne accaleration. '

-.
- v -v
? veri. a acceleratics = chance i- vcleci:,- 2 1.

-

.i.:ac t
* =

.

! .Exa=ple: As aute=cbile accelcrates w: a cons:s:t rate frec 15 1/::
-

'

}
*

45 =ilhi in 10 seer whil.c.travah.=r infa strai@c 112.a.
::

~.7:at is the acceleration!.

9% i 45':1/hr - 15':i/hr
- 2'.'0 uc., = 3 I/hr/see=t/h -. a= =10 sec..s 2

j nis ihdicatas that the op.nu! i=cre2a as 3.0 ci/h'r during **

s a.ach sacoed. Since * *

h
5

( 3-' mi/hr = 130 =i/hr)(5710 8:/eile)
-

- = 44 ft/sec-; 360s. sec/h:,

'l =:e seceleration can be vrt: sten als= as: ~ '

s - -

+

| .
' ~, 44 ft/sec - 2 I . ,-*

,3 10 sec. =.4.4 ft/seca-
.

I1
j The veloci 7 of a body may be changed by chan;i=g the speed or by

g changing :h e directice. or by chanti== hoch spe ed and direction. If
5 the directs.rn of the accoleratica is. .crallel := the direction of

motica, cely the speed changes, while ~1f the at:aleratica 'is at ric==3
ang'les to ::e direction of motion, c:*:y ths directica chanees. '

.( Acenicrati=c in any other direction ;=3ducc4 c:an'ees in' both spesd c=d1 direction.j
i -

' e./ '

.

1 -

1
J
!
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.

Ter tha present va. shall : fi:e c r attenti:n to the si ;1as
..

F

ry;c of accelerstc4 :::1:. cCai u=ifer ly accalerate;! o:1on. .

.
*

i= vhich the spesd cha: gas, at.a :::stant rata ''

e
* .

In u=iferely 2::clerstad :::1::, :he acceleratics is always I
t::a sa:a and is paralicI :s :he .::ra::io: of the origissi =ction. ,

-~..c accelars:Ic= 1= :his casp is 6. usl to the rata of cha se of speed,
sincc there is to chstga i= dira::1r:. D a acceleration is called- g

;:sitivt if the speed is incraaser., =c;stive if the speed is '
- i

I'dc:rcased.
I'

f
!

h: dis:::ce _t_r:v led hrt:- z:r :1:a is .rivan as s = vt. but-
..

'
. . .

::c aver c steed v us: he ch:2:.:sf frc= ;ha initial'asd final ,-
*

sescis v. :: va. Si :a the s-U:. :as:;as, at a unifor= rs:a. .ther1

r.ct:tc speed . is squal :: the rrarsga of :ha i=1:isi and fi:al
s;<cds ort

-

. . .

v = -l + v: .v~.
.

, - r
;.

~ .

En=ple: E:v far deis as au:ccebCc = eve 1: 10 .ec. yhile it is
inct aesi=; i:s . speed u: i.f : ly fre:- 15 to 45 =1/hr? i

i'

1/2 (15 + 41)'=1,".: = 30 _1/hr a 44 ft/sec.
!

v = *. . ,

-

and s = 4!. ft/sec x.'1C s+: = 410 ft.
.

- i
i.-

2. ,3 u.._e_.cu_ (_& c- slue-fect.... ...
, .

.

.
sse sEc i.

*

*
,.
,

.

:0:catu: is the qucntity. cf :::ics in a bcdy and is expressed .

8as :na product of thc =s.ss sed vci.::i:y of a body.
, I

.!de entus = . ass :e. velocity 1

|
cr F = av

= i

.s
.

~

Exa ;le:
'that is the cocantu::: of a 100 15. shril as it leaves
-

. .
*

-

, a Fun with a spaai af 1".I.' f:/ sect s*

i i
100 lb'.v/E = .- =. 3.1 slugs [

"

. 2 *- .

j ^ 32 ft/ sac2

i
,

,
g

P = cv = (3.1 slugs)(1200 f t/ sac).;

,

; .

.

i = 3700 slug'ft/sec
-

.

6

i *

I.
h

I

.-

6

; ,e

t .
I!
,
l.

t. .
.J -'' 1 N * * * * ======a.-m..g.,-

_ _ -
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_
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1. .

*

6; Merc=cu=.1s a v::::: cu:::1r '. I s ' direc:1:= is ths: cf tha- .

va ccity. I: find thA ec=A=:u :# a s+r :c: of :e. :: cerc bedies,.'

!9 - va : st ad . thcir =e u t2 vcc::i :.11y. :. sider.-.: 4 lb.. balls
.
'

.- : vi=: :cus::d asch c:nct vi:h eq.u 1 sp+fs' ef a f:. see as shev:
}i 'belev:
't--

t: .A' 5i '

r

, r t

. t N.
,. :
, ,

I*

4 15 t ; 4 lb. ,
.

.

,-r .
s

V V j,

, ,
' -

s4 f t/sc: a ft/sec
!.

The = ass ef cach is 4,22 slug. S r. i - :u = cf A s: " b
',

P, - (4/32 s12 f)(4 f t/sec2 = 0.5 slug-f t! uc
-

.

B

:c :ha rights. ne cc:2::tu= ct' 2 is s1=c* s$ly 0.5 slug-fds.c to
{.

,

the Icf:. ~~nc vce c.: su= cf the we is scro, and Let:c the ==:cntum
iof the sys:2:= is :cre. *

'

2.11 Crusar va:10. cf M etetun. '
'

'
*

t.cc:r=ng .to ';at. n's- first !.r.r cf :::ica, ch.c vel: city cf a
.-

. #

body dcas sn: change u .lSss it is v.::ed. o:n by a ;.t: force. Since,
~

-

the :. ass of the bcdy * r const2=t, -h find iha:' the r::cntum dees " .

I
n:t chcan 2. lass c.s c.;grnsi fer:.t'sc:s don tha ':edY.. The *

* statc.:ect the ::: :.a cf a biddy'.~ c; sys:c= cf bodies, dcas notc .12:
.

change L.x:c:t whto a e: caternsl 1:rce is a;; lied is kncvn as the ,
--

"lav cf c::s.ervalitcc :d =c=antus."
.

i*

If an exter-.a1 f:::t docr act upe a systes.cf h:.iics, the !.=o:cntus of ,0c syste: 1s.chsh;cd. out, in the pr:ct s, sche ether
[

,

scc of bcdia2. cust g :.: (cr. lese) 1 . , a=c'== : cf Ocecc.:c.- ce,ual to -
{

,

'

tha-t lest (cr ;ai:ied) -- :hc sys te:: . It' every pr:c.sss whera velocity j

.

is cht.nted =nc =c:antu: lost by cro body rr set of : ediss- is equal-*

:c that esi:d by anoth.cr body or sie: cf 'irdies.
I.

.

Mocent u= lost by -- =ccentu=. cained by 5
.

8
4

: Consider the :ve is'll's. sh: ef. carlie . If the ecctinue to move.
'

z tcvsrd each :nhar, thcw will collist sad in 'the ce2*sion each vill
} exert a f erez es the ncr. he ec- s:== :f :he sy :a= of cuo balls
j is uro bef:cc the i=;c :. If the calls tre "alss 1.:," . they will '

rebound and ::e consa.m tion lav rstruiras that the y.,eeds of reccil.

j shall be cqC to each -her (but :.:: macessarily ec nal to the
original sp= i.) so tha: the Sc:anta= cf tse systas .=ains zero,

;

f If the balls era perf ac:'.y inclasti.:. . thera vill ha o rebound, and
the total =ccuntum of ::1c systan v:.1 sti!.1.rc:ain Aro.

<

: a
i

!
.

.

s

!.m. - .
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_ - .
_

"""", _ _ _ _ _
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!

Exs:alc 1) .k 2.0 ::. blitt is fired fre: a 10-15. r un with a speed
.

cf 2000 ft/sec. k?.st' is the spis..d ef recoil of the ru:? g

WTI: The :::cete: of the syste= cf run and bullst is ;,.

j ^
< -

zere before tha _ru: is firei :=2 thcrciere mus t. t ei '

|
-

zer: sfecr the firina.. Eacca the 20:entum of the
aus is cqual in mar:1tude but e;posite is directics i

to that of the bullet. f
'

f MVI*Y2 '2 .
kI

.i
Ecre: si - --10 lb. :un

f232 f t/sec '

2 es. bullet '
>-

:: . ;
*

2. . 32 ft/sec :-
*

a .

vt =< s;eed of rccciil '
I'

.

{'
t

v2 ", s; sod-of bullet . I
'

e

- ,

?:v2 .v2/F V'
,

v t = :1 /
vt, = - v, j=

.V1 F WI .' i
r

,

- v3 = -(2116 lb~*)(2003 ft/sec) '= 25 ft/sec)
.

10 lb.'4

.

Example 2) he i.metasii: ::ases of 16 and I. c. rats ecvc in ep;csite
' dirc:tices w:.th ve-locitias cf 30 and 50 c=/sec

'cs;4ctively. Dece:--ina th resultant velccity v cs
'r

eciliaita if thay are stuck'tcrathar. .

'
'

.
1

:::4stt= before.1 ;act = cocestum a.f.ter 2

,
.

- 15 g: x 30 c:/see ' 4 r= .x 30 c:/sec = L(16-+ 4) rs x v ..

t

!
!- '

480 ' c - 20G e= c:/sec = (20 .~)(v) isec

'
-

t, .
;
.

! 150 e= c:/see
. 14 c=/sec t .v= =

.3 r:
, '

1 -

,

2;12 centripetal Terce W nes,.7cunds) g
, .-

* , kt.en an object is :evine in a efecular path at constant speed,
'.its velocity is chaariar because of tha centi,ual chan2=; indirecti n. Accordin7 to Newc n's laws of motion, theref ore, an'
unbalanced force is accite upon the cbject.

'

This force, calledt the "contripat'al ferce," is direc.ted tevard the center of the!
circular path. The :senitude cf the centripatal force, therefore.#

is gives by the relaticc: |
i
:
,

M
' t

i
!_..

__ _ __y - ~ , ~ . - - - ~,,_ - = - . , .
-__ -

$ s

% =e=
** *en

,t! e c 7 C
,,em ,en

f
. /C95 - 24

.

e

-ee ---,---re. ,.c,, , , , . _ q. ee. - - - . - -.m 7 ,- - - . . , . - ,
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Cd : ripe:31 forCC * " ass x cecE"ipe:81 SCCaleratiO3

'

T * ** /*c

Were: : = ::ss of :: vise object

v = its lines: velocity k
I ,

t
r = radius of tM.. circular path o

-

t
h.s:-le: A 10-1b. scene, hild in a heri:en:el circular path by 2 y

strin- /. 0 ft!. lent, ::vcs s: a c::sta=: sped of 8.0
f:/sec. ;

,

.

-

(
. . Find the cen:ripetal fcrce.

.

'

, .

10 lb.
;

- : * w/F 6'32 ft/sec4 '
- E

*

2 (10/1b.)fS.0 ft/sec)2
.

, v ..,. .-. . q 0 ,h.
_

'

c : (32 f:/sec-J(4.0 ft.) . .

-

s
- :

.
i

2.13 ~ C ::rif e-il ?.cmetien '

:..' A 2:ri=a che: cc:s:r: ins en ebftet to 2 circular path excr':s
on :na c) c:: :he centri;ctal fer:a. :hst ch: -cs 'the velocity. . In
Icactiet n:1:st ths- chance ef.cotica, the .cbject pulls.cu:vsrd en ,

the scri . vi:N 2' f =ree ' called the, ::ntrifval rcsc:1:n. 3is fcree,
tW.ich is ~ererted by t':c cbject in.-its : endep y to cestinue al::p 's i.

, straith: 7 :h, is just egn:1 in =arsi:ude t the 1:dard (ccetr:;ctal) '

force. *

1

f2.14 V:fr (cre, foc:-peund) -

h',

1

6+ :er: verkused.inphysicsisr'estric:edccessds1[sich
.

|there is a ferce and a dis;1cce=t.nc alent the lina ci force. -

-
i
tWork - Ts i

% t

Exc:ryle: A b=x is ;cshed 15' f t, al:n:r a'horizental fl:c arsinst a -
fricticaal fo.rce of 50 lb. Ecv zuch work is don 4t - '

.
4

"

^ Work = Ts - (50 lb.)(15 f t.) = 750 f t-15. f
1

-

. s.
2.15 Inc n

.

.

.

W e abili:y to dn work is called "enerry." Theuph encrpy can -

be ceicht: :reatet ner desercyed, it can exist in =asy ferts and can '

be trcnsi:::Ed f r:: one for: :o ese:her. Th'e enerry_ pessessed by An *

i
ebject by vir:ua of its =ction is eslied " kinetic scarry." or enercy I

f
.

!
I

- j / i~ i

: . !

,

e

D

e

h
# , ~_, ***.*m w2 ,,_Mb. _ M M*W * * * *W M.9 W W -

4

+
*'4 m

b, *** , *h

tr/ () U
'N"' ' * * * * "

,

J
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-
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{ '

!
*

.

cf netic:; Enerry cf positten er confieuratien la a
cslied "petentialcecr 7.' h::4 ttc chr.nec in the kinetic cner?y .'r
;ctcc:ial escrry

. ;
1s,Acual : :hc erk dcne en a body er ereup cf tedies, it follevs |
tha: the : .1:3 in e.ich enerry is exprsssed are ti.s s::t units asid ;-,

fer work. *
-r

)
2.16 ?::a. :t al Eser v i

F
The :s: c - - 'er: ef pctential oncr y is re:1:etienal lpor,ea:1:1 c .rry. Sin:e :he.carth setra::s every eecy, werk.is '7required : lif e' the bety :o a ' icher level. 'h n.: bri:k is-

Icarrisd :: 2.4 ::p' cf a buildi:7 the verk dese 4n the Erick.(vci-ht : :ts briel: ti:ts vertic:1 dist:::c) repie ven:s c grev i

th:t ccn 54 rc::vtrad. Iy virtue cf its ; rsiti'oa t: :'.o :sp c' the;
f
l'

fYuildine. :na brick p:ssesses a c2;: city. for d:::, verk. It h:s'
;;:in:isl xstr y. ;"

1-

'!.
P.E. - vh (foct-po'unds).. ' s

i
*

P.E. = = gin (cres) ,
.

. '

Exa:ple: . M-lb. 5:c:c is carriec to the te; of a !
buildinaC'"

f t. hit . 'd:u cuch does its'pe:cntisl'enerEy ~ Ih
*- 's:reas(?_
.

E

,

P.E. Fs. ~

= ,

P.E. - (20 lb.)(100 ft.) . 3000 ye. 13.
.

.
.

.

<

2. 17 Kine- : Ener.y I
.

I
'

. lIn ad;;; icn to 6 erry of positten ce stste; ebjects cay t
;;sscas c & y dua :: :htir settens. A. 'ccr 'er bul a

.a sert:: ef v::ar, or : :svelvise 'flywhcel pess,*ps.}ct _ in ectien. - [ks'actic ~a:ic try E.E' ~hc. ki= etic cnarry of 4 sevine objcct c=n'be
,

.
t' :ctscrcd.57 :::e a cus ef werk it'v'ill de ~if br:U t he to rast, i'.

cr by the :: gust of verk criainally needed to;impu t. the kisatic !--
|cuer y'to 1 - '

!. . 8

.(1/2) ("-)'(v )-
'

~

2
.. . K.E., =
. a,

,

; K. E .- -- (1/2)(c)(v )
.

2
I

p Exa:ple: 'at.:- is the ki=ctic enerey of a 3000 lb. autocobilet

v u.th is ecvic at 30 mi/hr'(t.4 ft/sec)?
.

J~ .

s
>

L I - (1/2)(E) v2 = 41/2)(3000 lb.)(3 [# sic 3a ..ft/sec')- I-

! - L L = $1,C,00 ft-lb. $

.

g. ..

r
,

t

5 ;.,
,

.
O I
b
i f
f

| I.| 1 . .

.

:. . - _. . . . - - - =- _ ,- -
.-

r
, ~ , , - ?=~

.

- *e
,M* *
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o
; Ne:s.: If a : vi r b;dy is' eter;cd by 2 unifer::i

f erec- ?, :he 'v; rk 4:ne 1: sre;;in.. =us: he , ij m' e-J:1 :: tha. kinetic cuers y.i
!- Ts =* (1/2) $(v ) sters a is the dis::nce .requiret

.2
e
'

. is st:; the bject .-
:

; T.n2=;1e '.T. m : s-

, j w.rsN f::ce is necessary te ster 'a bullet t
cf ::ss 10 . and speed 250 =/s.c as it penstrates ;^
44 := a dis:::ce of'12 c=? ' g

> '

- Fs = 1/2 =v. :
'

.

(F)(12.c-) = (1/h)(20' =)(25,000 'c=/ soc)2
>

7 = 5.2 x 10' dynes
.

-

2.18 L : t e-d W::e r a t:.:re
:

East nd cepersture arc'pr bably :he cost cisunderstood
p:rge:crs .- r:s: lay:c vill te:d to equ:ce. rhe :wsniac cf -, ;

heat sad , tin;cr:turc. E;vever, they are n::t the same. . P. car
',

is e':<isure cf cr.ct y and te=pe.re:ure is, qu:litativcly .

s preparty stich coverns :hr.. dircetion cf flev cf' isp nia .
hcst. Tu.per::ure usually is =eisured by cc p;ris:n with a

,

sta ,dard b dy 2t n kn: tc ;criture. All'=steriil is sdc7up cf xle:21ca.
Thcse edlectiles.are all in a st:to cf rzadcs s

cc:len withi: the body cf esteri:1. If'he:: vtre addcd'to the ;

.bedy ci c :eri:1# th9 rando: ::ics of ':ha cc.lc' cules veuld
iteraisa :uth like 2 r.:2r: cf cxcitid becs. Since each'
::lacult has ecss and is'13 =ctida,'1:s ener y;than is it's
kin: tic casr.;y oi :::10:. The total enerry asssciated with-
the r3ndt;: x tica cf th e eclecules is wha:.is'sc'ss: by,

he:t. Since'the = dc:ults 2:e in 'rsade: =ctiin, net all'
the ,xle:ules vill h:ve the s:ce kinetic er.crcy, but :he
averace kinetic c crry ;cr. =clecule can be censidcred- the ,

te:;crature of the bbey. '

- ,

.

Tw:7crature,s as rcoticned ea.rlier, is' usually s
,

t-

ce:psrisen vi:h :n:-ther standard body;. !Two such b: dies arethe :c=persturc ef f re ca v2:ct and bcilire vicer. |Os*:heF:hrenhci: se21c the f rec:1:= and bdilist temperatures of '.
Iwat r are 32* 1 d 212' respectively' es cc:;ared to-O* ind'

100* :n the centi rzde scale. ' Tho' to:perature cesivers'ien f
,

~

be:veen ? hrecheit and Centierade is as follcss: |
'

i

Teeperaturo in *C' = 5/9 (*y.32) 5
. i

f

i
/ I

t
.j_

!.
h
e
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,v.*
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e i
1

i E.x ;14: If ttc :-2=;c:::vre ef'2 r:c= is 70*T, what is 1: is.
'

.

u:1:'s 2 1 ::s tigrz d e ? -

*C I .: (*F - 32)
.

= |',

1-
'C 5 9 (70 - 32) I

=

,
.C ..

- .1.
i

t.

,

> .

4
- f

2.11 /,vec2dre 's -h er i
.

.-

1.n :te: is t .c:7 stall partic1A (s;:::xt :ic disre:et if,.

ITC -c-) . it.artfer;, it is :::ccivah'e th:: 1:7 =a:erial subst:r.ce f.

Lis ende,'u, of b:1L: .s :nd billier.s ei 2: ens. he quanti:y of any |,-
subs:an:e yhich hu ~ a :sss 1: Orars :ccrically- cqual Ic 1:s 2:::ic.
cr nelee:12: va i-- : is ::lled enc or:=. :tc= cr ::a gra= ::lo.

.

. .
.T..e nu=le- -' *- s :: eclecules. 1: ene ara =.2.:: p r:- r

~::le is called ".W:-:dr:'s nu:bar" a.m is equal :: 6.02 x'l? J ::::s '

p r gr : a::= cr -lc:ula per . prs = oc*.a.
-

.

- Ex::ple- fl. Find ha n.=-ber of ate s 1s. 5 c:2:s cf calcius (Ca).
.

'
*

a::: : =sss of Ca =:40.Cf
.

ther.iers, number of sec7:s =<

(40.C8)g.: . 32 x 10'3 ' a t e .s)-

'

5 . r- '

c= acc=
, .

7,51 x .. s:c2s=
- -

Ex.ar:le #2. Find' -te number of'.nol'eccles in 5, cracs of *;aCl (salt)' -

.
.

a:c_i: = ass of Na ='23.7 - i
ace:1: e.as s o f C1' = 3 5. 4(- - b

,
,

!0T/4. - 58. 6r: },'.

i .
. thera.f ere , the nu:bar of .olecules =<.

.
.

.4' 23 .

. , ' , ',(5 ,)(6.02 x 10- ee ccules ).
! .-6

-

en. cola
. f.

.. t

.

2
!.16 x 10 -el:culas-

4

.. - .
I

t

(1
'2.20 Coule b 's L .r

.

Coulceb's L2e is 2.n. experimental lav which scates that if two' '
.

'

electrical ;oin: ::nps arc placed s distance r ;ert the ferce en,

t
4

I.
~

' f
6

. i .

r

.

. __ _ . - . .---m.-
,

.
, _ --

.~
.~ ..

il 60 5 2.
.

U 6 b. t
. . . . . . - . .

eCc a -.

,
i

a.

4
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I'

i tither char;:e is ;;rp ::icssi is the yr-6.**: Of th' two charges e.:d
ir.vsrsely preportional to the praar-J d,tg4 du zsca between the:.';j -

,j . ,

-
-, .,m

9.%j -, 1.

) F a ,
~

, * r

, I
*

. j whcre; q & q2 1pi:'t f ts of c.ac char;es' =

, .
t

dirtanc- bat,4. se chstgas
; ' } t' =

, .

f =: ce = ait;..e -'7eF =-

..
1

e .

a

w

k
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, 3.0 In: eductico
e ,.

I'.:ith the ever increasis; cu=ber of reacter pcVer plants being (coss ractef thr:.;heet the world, the de:and fer reacter operators jand s apernsers is be;innin; to increase. "he respcnsibilities of
g

] these ;ers: s are. ;reat; and, therefore, adequate :raicin; in' areas
(

,

of ::: lear ;nyrics, he:Ich physics, reactor kinetics, rea'ctor
|ics:-.=e .:s:1c and' rezegor cperaties is required. ~he core' knew- -

ledge ene ..s.s in :hese areas the better equipped he is to haddle his 1
~

j cb . J.: a ::s: efficiec: and safe =anner. .and the more valuable he
, bece=es t: the :.:dustry' cr util'ity he serves. With this in mind, let

fus s a r: a: the be;; inning.

j -
;
*

-

3
1

3.1 Euildi e 31oets of Matter. I-

,

The sa:er*al world we live in. is =ade us of one or :-ore of the !
' basic 10'l de e :s (See Table 1). Ey' coh.hining' one or more of these [
elce .:s, ve fer= coceeu .ds :such as the co:poudd salt C;aC1). If we i
Fad a gra: ef sal: and ched subd'vided. the ger: of salt do'.T. to a i
poin: where we .had a,sicale atoc 'of s' odium bound to a single' atom of T

chic..se, ::es va saa say.that ue now have a sin;1e .uteeule of salt. i
Amy sateria' , .':es subdiv[ded into tha s allcs t ' particle, naving all f

.,

the ,: :per-ies of that elcent is called a: ato= (See Figure 1).
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ATOMIC PHYSICS I
I

I 1
.

r

i'

4Q 3.0 1.streductien i
'

*'ith the ever incres. sic; :n.=her of reacter power plants being
.

'

constructed throug h t the world, the de:and for reactor operatcrs y.

and supeniscrs is be;ir.nic- to increase. ''he responsibilities of {
these persens are ;reat; and, therefore, adequate trainin; in areas ,

of cutlear physics, health physics, reacter kinetics, roactor ),

instruentatien, and reactor operation is requtred. The core kncv- j
ledge One has in these areas 15e bette'r equipped he is te handle his ;

Jcb in a ::st efft:ient ar.d safe ranner, and the :cre valusole he }
beceres ,o the iedostry or utility he serves. With this in eind, letus start at the beginning. '

.'
'

.

'

i3.1 5cildir' Flocks of : tatter |

j

2.e estettal verld we live in is =ade up of cne or more of the
basic 103 ele:ects tiee Table 1). 3y co=bir.1: g one or more of these ,

ele er.ts, u f e= cer eu .ts such as the cc:pcund. salt ,

_ (SaCl). If wehad a grcm of salt and enen subdivided the ;rs= of salt |deun to a
poinc.vhere ve had s single ato: of sodito toond to a single atos 'of. ,

chlorit.(,' then ve. nn say that ve. acu have 'a single : olecule of salt.
Any =atcr:al, ubes subdivided into the. s:_allest. particia, naving all .

the pre;erties, of that elezent is called as ate: (See Figure 1) .
'
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] { .., .~
4 R

.r m. C1.. -

t:ae i2 Cif .\-< -< D >

. :W1,::tM$n
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l s, 'NNI s ^[ 1^ molecule of'/ 'N .

aCl) :~a'J' 'h .f ,'
!

/ 6:a C salc
[Mr p r m y /': -ww ,

.

N*AC8Yd/[ ., i!a C1,

, ,
. .,

t .J ,. one atom one atoni '' "

of sodium of chlorine1 |~
t. .

n
, '34

'se o.sa },) %C1 I,
g , one gram
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4 3.2 he Ate:
.

. N
1 ne ato= (See Figure 2) consists of a.densly populated core

calls: tce nucleus (app;cxt= ate dia. 10~83 cm) which contains protons
*

.

i and.:: neutrons which are tii;htly beund togsther. The nucleus is
.

surr:)=ded by electrecs auch like the earth orbits the sun.
.

f , , , , - -
.

k

! /T An \ Oxyr.en
'

p. y \ \/ /|
; I \\

M. m%
; 3

d k.
Ii -

en"X ^ )\
/ ,:

. k {-
.,

j - h * electrocs
,

- h / ~

. ] = neutronsg/,

! |- @ = orotons_,, ,
, .

N. 10~. m' 3+. i.

*

1 b
10- . .- ,.

i .e

.

Figure 2;,

t

~he proten is a positively charged particlC(+1) having a charge,

of -0. 9 x _lG,"",__cpute:bs a::d a cass .of 1.6 x 10-a. gg,.:s . Electrically-
bala :.ing eacn pcsitively ch)rs,;ed proton in the nucleus is a'ne .ative
chs r ed electrcn (-1) in orbit 'about,the cucleus. The elect ron ha.s a
eeg2 Qte, char;;e;,of~~1Ti'!O'8 96 Jomb'i 'an~d a = ass of 9.1 x 10-2 8 '

gra=s.
The : eutrou is a ocurral particle (no enarge)~ and has a cass of 1.3 7 x
10~2 * gra=s which is nearly equal to that of the proton. Note that since

'

the :. ass cf the proton and neutron are nestly equal, it is obvious thati ,

, practically all of the mass. of an atom is centained in the' cucleue.
f

.
.

' {.
-

3.3 Elecent Identification,

3

i
Each element (See Table 1) is identified one f rom another, by~

the mueber of protona which are contained in the nucleus. For exacple,
| * hydrogen has one proton in its nucleus, helium has two, and lithium

has r.:ree (See Figure 3). For further classification, each elenent is
I assi.pned an ato:ic stcber (Z) which represents the nusber of protons

in t.:.e nucleus. For exa=ple, the ele ent hydrogen is assigned the |' *

r/mber Z-1, for helium :=2, and for lithita Z-3 (See Figure 3).
[
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.u.yd te gen -.eli .ca %. / .

-
'.1 -'=2 ~ t

=

Lithiu:n

Tigure 3 E*3
.

De ac:ber of sub-s:: if particles, it the nucleus (p'rotens plus
neutro:s) is identified Jry its assigned a:: -ic cass (A)4 Ter exa:ple,

c

hydroses, ha ring. 0f.ly one ;roten in its cutleus, veuld have A=l 'acd
sedi= havin eleven pr :::s a:d. twelve =.w:rc:'s in its nucleus would ',

have A=23 (See Tigure I.). n.erefore, eac.. sto: can be re;te.sented by
the follevis.1 cotation:' '

'

, .

where' 'I . ele =ect sy=bol=

'a:c=ic = ass ncher=

::tal cu:ther of nu:leons=

A -|-
-

s= cf proton and seutrens in nucleus*
,q= , atenic veight to the cehrest whole ntz.ber

(= a:e:1c cu::her of "ad elecent.

Z ther of procons :.: '=ucleus=

:=ser of orbital electrons=

Troc the above notation we can note that A-2 equals the nur.ber of
- -

t

neutrons in the nucleus. .'
;.

.
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j. / ' ;

e = rata gN sg /p, /\\ f - ,

O = neutron Q, p/

9 = electron. ~ ~- -.
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!3.4 Laws e f Ch.-- i s:-v :

S is.1369 a Nsian che=Ist, 0:1:ri Mendilijef f, usicg researchk infor:atice 'r'' rrevious scientis:s, devised :ha systec cf grouping !
c

* all the clerce:3 ry crdfr of their ate:ic veight. '.*i:h Mr. {
.

L:delif ef f's in er .stien a:f presan: day k:rvledge, the acceptance
)

,

( cf a classifica:14: ryster kn:vn as :ht ''?eriodic. Law" is new used.
. j he 1.r.r s1=;17 *: :es that the pr:psrties' cf :hc ele:en:s are [j ;eriodic functi:n:a cf their acetic.n2=bers. !

. i'

2;cn invos::catics of the ' ele =ents, cartain peri:dic.pr:perties !
*

-
a:::t the ele:ct:5 vara feund. ' 3y arrs:;i ; the alt =c::s into wha: t,

.

is kncvn as a * ? riodic TahIe" (See Table 1) :5.ase prcper:1.s can be,

cc:;ared and castly di.scussed. -

,

3.5 The Periodir Table +

. The pcricdie xable (See Table 1) has the. eieren:s arranged in
order of their at.':ic =v her vi:5. the elenects cf si=ilar proper:ies
ple:ed under each c:her in vertical celu ::s called creues and I
hcrizectal revs : .lled- periods. .

.

,

J.5.1 Crou:s
: -

[ There are eight groups.nu:bered frc= I cc.VIII. Greup IA
,

.

is called tr.- clkali group; g::up :A the alkaline ear:h gr:un:

j,
-

gr pps IIIA. IVA, .VA, 7It. arc .callsd :he cen-=4tals; grcup 7 IIA
the halcas:- !snily; grcup VII.IA the,incr: &cscs, and Ercups 13_

*

thrcugh III.' are tha .transiti:n elencats st.ich include the cetals.
*

~

. . -..-....-;.... . -._

3.5.2 The ?crieds (hori: ental rows)

The -trirds represent thc nenher.of shells cf._clectrens

which surr.c -nd the. a cc=s o f. .,e.ac. h__e.l.e.m..en.t.ithiu:: has evo shtlls,'acd sodi s has3r. dromhas en e s h e , ,. .
.

-
T. e.r..e. x.a.:.cle , ~ hy en

. ,

(See F1 ure 4). -
--
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t3.6 Electrer. Shells t.

'I

Seth Lord L.utherford and Niels Sohr vere cen.i:.dered the fecerunnera
. - -

of the modern day physics. Around the ya a:.: 19C'. *,:rd ".ucherford-

described 'the atoc as consisting of a liar: t'ense care, called the nucleus,,
| and surroc:ded by orbital electre=s. The.: ;eils -< .r. felloui.ng along

|

,

this line, discovered an interesting relat: onship v th respectl to thenu=ber of electrons in each sheli. [He distrvered that the nu=ber ef
electrons which could be in a=r oce shell fell'rved the valbe of 2(n)',,, .

,

! Wfere "n" is the cu ber of electron shell. s t a rti=.; ita tne shell neares: |

,-

j the nuclets. Se called each_,shell. ;e. vel _t
electron shell eculd centain s' j- ag.3 '.tvei. Ter exa:pic.-

the first
Eximu: ed.2(1)* = 2 electrens. j; I

the secced snell could have 2(2)3 = 3 elv.tr:ns,' a t the third shell. cou' t
~

have 2(3).

13 electrcna. It mast. be act.ed, ho e re , that, this does net
-

-
'I j

cean that cas shell rn.s t coetain the raxau= nu:5. of electrens. It
't could contain Icss, but not core, than th.e =aximu- 2(n)'. j

!

For the purpose cf identify'ing each snell cash shell. is' lettered i

s tarting with the closest shell to the nue.~.eus -(k) Ard c' ontinuing cutyard - [,

l. m. n, t. p. '

etc. (See F1;ure 43) .... ~

!; *

t

-\ ' .
.

I !

i \- \ '\s
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,
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t j , 1 , -
|

- ,
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'/ . /. )
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> i'
I

*

d- ;

i _ !-
1

| iFigure 48#

1 (.
j 3.7' _Aton Sv r.etrv

j

'.ach acca prefers to have a. balance e r sy etr-ical array of;

| electrons within each ott t 2(n)* and vill go to al= cst any extreme to
.

I

achieve this array. The atoa cay give up a.lectrens rr even borrow them
,

8

in order to obtain this 'sy:=netry. For exa= ele, if we look at an atos. '|-

of fluorine, we see that it contains 2 elu::.rans in the "k" shell and 7| e3 ectrons in the "L'] shell.] . amother electron or give up seven electrons.In order to cc :ains>= try, it <:ould attract.

i?cweve . the chances are .'

'

[ th a t
it vill take the easicsc approach and attract c .e electron rather

than' give avsy seven (See Figure 4C).
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. neem ceo clectron sodium necds !
:i=r s y=c t ry. sevcn electrens fcr sy=etry .- 4

Figure 4C
' ~

- F = the above exa=ple, it can be seen ' that the fluorine at== .
'

would ".Jne wry =uch to have tha ele::ren eich is located in the ."s"
shall :I the sodius acce, and -thc sodiu= aten veuld like very =uch cc ;
give up '1ts ele:tren.t'o the flucrice.aten. Thorsfore, as a result, they ;

, can ce== ine very easily to for= the cc mnd, sodiuc fluoride ~(See '
' Figure d") .

*
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* !,''

Fluoride g\ 'l
'~ '

,
,

*'s t.
*

,a J .

|
~. . , . , ,i 'j . y

It ''* - s. - -.i
'

% _..

9y19'
.

|
,

)- -

.Ficure 5 II *
'

*

IThis the.ory of sy:mstry also exp'laisis why .the . inert gases 'Ne,' Ar, Ee, ;

Kr Xe, co not ce=bine with other. ele =ents, since each'atos contains *

its full allot:cnt of clectrons in its cuter shell. I
i

T h i=portant conccpt to keep in mind is the constant adjust =ents g,and dev mus ceans to which an atos will go to achieve sy= metry. This ;
concept 'ncccccs very important later,en in. this course when talking ,

abm.c ::idioactive isotopes, for the sane type of adjustments tend to
occur i:r. the ' nucleus of unstable isotopes.

,

;
t

. ;-
,

|-J
4

- !
)

I
'

i
i

P
, __w.. _

__

.

#g p_ 4 e e.-

p / 6 .

s

b. .'



.

-

_ . ,_ __ -_

i
$

*

! :
*

i
ka

' 3-8 i
t

J.S The :sohr-Pu Serf rd Atos t

.i k
.

' A few year: af ter t.ord Rutherford first described the acc= a.s
{

.

consisting of a h.r-d de.se core, called the nu(Icas. and si,:grcunded '.-v*

crbital electrens. 'Jiels Bohr devised a theory abou: the cenclusics of - 'g'
*

Rutherf ord's r.te= . .ich was later to be called "Quas:um Mechanics".
Quantic meche..ics :.escribes the radiation from an a:es in teres of vrve
14n3th. g

}

Eohr assu:aed : hat the electrons were kept in cF.e orbits of a
nucleus by crdi .... coulocb forces. ::e also asoced : hat only certas:
c rtits we re pos s u '. . This =eans that the ractus cf any crtical ele.ron :
would de;'end 'ure- :..e enerCy of the electros. Since rdy specific e--tes i
are p5ssible, the:. Only certain electron une'rgies are possible. The

f: electrens clcses: :: :he sto: trill have the s:alles: energy and these
further out will h.zve :he most er.crgy (See Ticure 6), i

I''%
N. }e-

-
_ ,

sp \
*'\sea y w*iere, e.> es>e'>e h.

~

r
% \

. :
~

]t \* \.I. 6

::deleus- . k}A I al n I
'

.

~ ^

j tl. [ }
- / ') /

,
' '

'/ / Y
-

s .

~ ~ - /. 1

/. t
s.s'
}

-
Tigure.6

g
. y

Tram the thec y of orbital electron energies, icht postulated ,,
'

that now he :an es:.* ain-how light and magnetic' radia:ien fios an accs ''-
are formed. For ere ple, if an' electron is "n**~ sh' ell were to fali

i

into " " shell, the energy required of "n" shell is ;~y.a less; and the
t
;

*

ecergy difference, :.: is postulated, is given of f as a photon er raclar *

of energy (See Tig a.:re 7).
.j ~~

. s
! N '-

s
; N i i-

s
! N \ \_t- ,%

I!"C1'"* '', Y photon (packet of euer. y),.

t / f ..s'
e .~
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I 1'.. ate that for e.a:h traasi:ics be vces orbits there vill be defi=ite jm.aergy photens ---duced dep,c di=g u;os the type of trar_sition. !

9 .-
e

4

t
I. 9 Betons

-

.

The phete s (:t li;ht energy) have energ'ies equal to hV (h =
C ancks consta::, a.d v = frequency). ~herefere, an ele::ren transition I

- f:- r: one qua:::: '.evel to 4::ther vill prcduce an energy 3.E'= hv. It is2

r:ais very p-inc:.-le vtich a::ocnts fer the produ::icn cf x-rays. Any
.:nertal of hi;.: (large ==ber cf electrens) when Sc: barded with

"~"
'

cr.astged particlu will h:ve se=e of its electrens strip;ed ef f; eereupon
-

u:. electres f r : a cuter shell vill fall back 1::o the vacancy, and the
Mrgy differe::t appearr as a photo: of light energy which is elec:ro- j

.

'
sugnetic in natu e.

*

.

' .'10 Uectro::ar etic Radia ica; 4
1-

1 - Radiatio =, whether it se Jehe tra . scission cf radio-signals, . |
I

*-devision pic: res, x-rays , gn= a rays, inf rared waves, etc. , :.sy all. ' '

b . considered a f::= of er.er; y tr'anszusion. The racis:1on e=1::ed by ,

.:r.ie abeve mesticeed cay be aescrbed, reflected, ud even stored .by
i caru ta = materia * 2. To. kr.c whica v413 occ.ur we cus t be :er unders t'a .d

3

',

is teact by the radiation of e=crgy and such ter=s as re.dic waves', f
w.ma t,

I cw eles, f requenej and wavele:gth.
t

Vhen a lec.C radi.o s:a: ion is broadessting, it trans:.its energy '

!:tarough the air :y electrect;ne:ic radiation. ~ is ele::rc ag: etics
rradiation :sy be 'thau.:ht of s . waves and can be'likesed :o the effect ;

t
yo:u .ight expect to see if yru were :o throw a stene ~ic:e the can:er"of

ta nal) lake. A dyressicc vould be develend st ere the r eone' hic the ' '

wt er, thus prod..ing a wave which' wo.:ld move ou: equally in all directions
u .til ir reaches shcre (See' figure C) .

*
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1S 3.11 .vas es i'

'

;
Taves or wave motibn is the propagatien of a periodic disturbance.

} The transverse cave is one * hich is mest important in I"-
in a reilu=.

{nucleA- physics. For example, electrc:agnetic waves, like waves tnj
vater, are transverse waves and =cve up and down and =ove ouwardly in ;

; a hert:.ontal directien (See Figure 9).
e

'

a *

-t - |
!,,'

f .
/c,

Tr }
/ ;

:' ( '

s s1-
g 1 .

*i'' 1 \ 2 . 3 g I
'

'

j

-

,1= e (s e c . ).

}-
i

.'.'
Figure 9

*

- ,

I
It can :e seen by the figure above' that the wave first' rises in a t

fpositi.+ directlen.. tF.en reverses ?.irection and 'gces r:egative.
this occurs in a regulac cr periodic fashion. That is, if '!.

' Alsonote enc:

ve res.t are the dist:nce between tuo .successi.ve corresponding points
ca the wave, we find that..this distance ~ is the sa e. betiveen any

'

. cther
This distance is called the uave lereth (1)

jtwo s n assive points.

(See Finre 10). (
,

-
.

t_ A -; -

|. .
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-
<
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IE'
h'3

Ii

$
t.

-
L ' ,

t 4
} '\ Distance -:

;

r
9
9

{ Figure 10
.

3.12 Frecuenev
'i g

Th e nu:nber of wavelengths or emplete waves (one corsplete uaveI

ecacs cc.e full cycle) which pass a given.poin't per sec.ond is called the '

f re<;uecer (f) of the wave (See Figure 11.).1
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1 see.
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4
*

*
9 P '.,}. f ='3 cycles (sec-/ /

t .

l .

' | \' i _ . . '
,

-
, f

*

f'
'

i \ / \
'~

! ~r V L' I-' 4
!,; Tino (sec.) i.

t

,

Figure 11
-
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3.13 7 e ue: ev - l+veleneth Relationshio .

,

T ectrecerceric vaves travel at the speed of light (c) .(3 x 10 '1
~

c=/ s e c : theref cre, a vave of wavele gth 1 traveling at speed c will I
procuc2- a fraque.scy (cycles /sec) of

.

t=}.

*
,

'

h e also that the period (T) o' f a cave is the time required for
;a c::;: e e wave to pass a given point and is the reciprocal of the,

,

fe m e 4 ,
i |

,,

. - T=7
.!

,

-

. i
| L a=ple: 1. L' hat is tr.e wavelength .of a radio ststion broad--

|casting at 1500 EC/sec (KC = kilocycles, which
equals 1,000' cycles /sec)? j

11 I-
-, g.

--t: ,

3_x 1088'c=/see,

y ,_l.5 x 10* cycles /sec
'

i
1 A = 2 x 10' en/ cycle (usually expressed'as

1 cm only)
[ or

1 = 200 meters
i

!2, tihat is the f requency of an unidentified signal |
,

'j vhich cocpletes a cycle in 3 milliseconds (1 milli- '

second = 0.001 seconda)7
,

T=1 ii r
.

g.I. 1
| T . 3 x 10-' sec ,

d f = 3.33 x 108 eveles /s ee

.
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3.14 c 2antu= : cha=ie,

54

e

} :.in Section 3.10 (Electromagnetic bdiation), it was pointed out , .

{
that. tradiatien (such as radar, radio waves, x-rays, ga=sa rays) was t

consitetred a fers of energy trans:issien, having s~o=e kncvn frequency -}
i and wav relength. Qua:cu= theory ass =:es that the energy of electro-

; 'f

sagnett.: radiatien of any frequency canno.c be varied or emitted !'

} conti=u.:ssly but cust be soce exact, f.stagraL:::lti;lA ci.1 emil basic ;
* *

unit et energy. This pa'ket of energy is called the rh::e.. Eescribedc1

in cany ways, a photen could. ha_dascribed as_a_.j;ackage2 U:ht or,

fbundle
depeng_ pf energy, etc. In any case, the. energy cf_t[.e,;he_ ten is,=: u}:5-'t:1e_frequencI_qf the radiation. ,It follevs the '
relati::r#.ip:

'.f E'= hv
.

.

q

; I
. ~, .

where .

.E.= energ/ of photen in Joules4

4

h = l'lanck's constant (Joule-see)
i V = frequency (cycles per second) .

| h = 6.6 x 13-3 * Joule-sec
.

i.ect rcing to Neils Scht.

theory.on electron'ahells, you vill
th'st he assu=ed that the electrons were restricted to certain

*
re=c=b e r -
particu: r orbits. Ee fcither disaovered th,at there was no radiationcitt ec 'f r:c an at:c .as 1rcg as the electrens re=ained in orbit, but
that encer y is absorbed by an atos when the electron is coved fro:

,

,

orbit ci en -
icuer energy to ene' of higher energy and that energy is, e=1::ed, ,when the
clactron =cves in the reverse d' irec:1 n. :Since there are only4

discrete. orbits, this restrictiori requires that e:ergf be abacrbed or
'

1

emitted in que. .ta.(ecergy packets) dascribed by the above equatinn. i
Thi;,

i process .is cee source of x-ray prodJction. -
,' e -

-. .
,

! 3.15 M.u s ,-Enerry Relacionship.

; .
,

i t.

,

The idea that it was possible for a bundle of energy called a
; .

'

!. exist without cass was hard for early,scienti' ts .to conceive |photon t:-i,

until one s

his theocr; en relativityof the cost vell-known scientists, Albert Einstein, developed
;[, '.

Out of. tihis theory ca=e ch'e nov famous equatterci.
[

~~

.

E = MCI
!.

where .-

E = energy (Joules)
M = nass (kilegram) i

,

, C = velocity of light (seters/sec)

Now, for i:ne first ti=e, it is realized that mergy and mass ate
i
t

convertabl:e. That is, energy can'be converted to mass and mass can beconverred to energy. :
I
6A ter- : core useful than ergs for describing energy in nuclearapplicacicces is the electron volt (ev) which is described as that -

1

.
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a=ount of e=ergy acquired by a particle having one electren c.t.ar e
! when it passes in 's vacuu:2- throgh a potential dif ference of one volt,

!e 3

Since the = ass of as.atc= 1.s described in ter=.s of its atomic' |-

i' = ass unit (1 AMU = 1,66 x 10-2 gra=s), its equivalent energy would
be:

# ,,,. , (1.66'r 10-2= gra:s) O x 10 * c-/sec)* i
3

(1.602 x 10-* ergs /Mev)~

I i
.: !
''

where 1 ''.ev = one million electron volts

Therefore, 1-M - 931 Mev. - !
|
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.!- m I4.0 .Introducticet- i

1

f
f

- la the prevw.:s. section.. c 1. ave n.isessset.: the c,aracteristics
I ef'a= ata=. Ko.: - a 411 t'.arn eer, ettention to the .nucicsr forces *.:.t.:. a

a
! i.teract Lecueen e t.ucle::s . it .in the atou. -e vill see hev certtis {

-

! i ternal transitices withis t... nucleus of an acc.= can cause. an atom to I
' tecene either stable or u: sta te and how instability produces enar;y jn
j than,es which resde in the e,s.sion of radiation.
}. {-.
,

1.1 ' Isotopes s.
=

,

.

! The clic=ical pr:perties . f an' ele:ent are deter =ined by the *
; ,

.;.. . =mber of protons *d. thin the smelcus .(Z). Covever, it is possible fr: I!

1 atoes of the sa:e e'.cze:t to b.ve the same nu=t.cr of electrons but dfer {'

,,- - 1: its ato:ic ca = . The efore. ato s which haie the ss== ":" but' ?.iiferent f'' "A" are called is:t eres.. For' =samfle,. hydre en has three isotopes (i.ee ;
71;ur.e 1),' hydroges * ,. ce==en t v callcd proxim; hydrocc 2,. ca:=ccly :211ed,

.

<deatertu=: acd hydr:;en 3, cc=-..c.ly called tritim. :
,

?

i i,
j s

M-.) 1E 4 3 .3P :.
. i i
r -.

; f . ,7 - y ,g }

. - . , ,

,

/ q . / s a. ,
*'.: \ ^\ ! \' \ / f \ ;

*
4

| I ~6 I [ -l [i a

,

,(.J /. i\ b / .\ .- ,.'

/ \ l
s_ 7, .~

' .- \- / $
-

.a
s -

I t.

Figute'1 t,

s.

' .
.

.

|: a.11 the other ele =e=~ts, as shtvn on a. chart of nuclides, have a various
ber of isotopes.~

.,

!

Generally s;ui. ins, ise.tites can- be found in either a stahl'e se.ste
[. :: an unstable state. 'A stabla 130 tope is one in uhich there is a 1:w

"
;robability of dist:tegration t o sone other conNnation.- Unstable c M ei
cas disintegrate a i transforts tiaanselves into other ele =ents by the

j er=ission of raciati in the fers of .alsha, beta, or carst.a radiation. To
'

| ' find out uhy sace is:tepes are etable end others unsta',le, we must f's.- h e r I
f.=vestigate the os. dear forces within the aucleus for the answer. I,

}.a

4.2 Nuclear Stability .
! l.

Earlier in the course, v. talked about the long-range coulomb' . !
[.

6j; f:rces which were f:rtes of attraction or repulsien bettieen tuo charred4 *

4

9

.

L I
-

.

_

.

-
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I

hodies, n.e questica :st of ten asked about the ato: is. 'Wy
}-isn't the :egative ch-trged electren attracted to the positive

charged =ucleus''? Far the ansver, we =ust realize that the |'i ale:tro is in ccuset. t =ctics around the nucleus and thus has '

{ centrifagal force 6 .d/r). Therefore, the tectrifugal force ;

'

g =st just tala ce eut the ceulomb force of accractics (q gr/r ),3

thus allevi:p the elN eren to re .ain in censtant notten about*

the ucleus (See Figure 2).
!
t
*

.

---- .. , -

C:ulo 5 N
,

9,9. N
,

f
#.' /ss c rea = t'

k'

s e w, r- , f
< - !

Catrifucal' Y
. :

*

h
'

' '

\
|'

<
-

Ferce = 'N4

r s
aw/ l''

. .

.

FiEure 2. -
,

. ;

:..is Icng as. these force..

are squal and cpposite, stability . ,'

exterr.al to the' nucleus is caintai ed. Nece, however, if.the
electren should gais'crorgy (e.g ,.cc111 sics with.a charged
particle er gama phot.r.), ihe cactrifdgal ferces could exceed.'

the coulpeb forces giving the elcctren enough energy to break
~

>

away free-its orbit to baco=e a free elec. tron.. (Sea Figure.3)''

I

|
.

~
y Photon

i \ -
.

t :
.

. -
%

o

-

.

i e -

s' e.-.
.

.Q), } 9 ' '@ ' f 11E" romi \
.

t
,

.

. t x | i
'N, t

N /
-

- . - -
~ /

,'' s.

. 3 Figure 3
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( In the cucleu2 I
th, re exists a si=ilar situation in which protons

? '

3 2 e bound :i;n:ly :e et.her. Cince proten.s carry a plus charge and plus !.
) ::.ar;es repel eac.: c:her, .: .e wouli ex;ect that no more than one proton

|t t:uld exist vitt.:.n tne nucle s. I.cuever, since there are so =acy ig e' c.ents .:nich are a:sble a..: c: stain s:re than cce proton in their
, :.ucl eus , it is obv .cus that s:r.eh:v the coulo:b forces are overcoce by

ar:e type of at:ractive f orce.

'
.

'
.3 :;uclear Forces

k

T;ie attra::iva ferces .-hich exis t be:veen proton-?re. con, proton-
eu:ren, and =eutren-neu:ron are called short ran;;e .uclear forces,

h e exact na:ure of :hese f:r:es is uni.nevn; h:vever tt is ;=o.n thac i
*

rey act :nly :hreu;r. very sner: distances,(apprcxt.ately,13-18,

c= l,
a-*:arction) and are s:rong enou:;h to overces:e th'a couloch forces of
re;ulsica. (See Ti;;ure I.) . , |

,I uclear Force of Attraction (b7),

.

r
Pso Protons / , C ulc--b Torce o f Repulsion (CF)'

{.f ;/ ?

e . 'Is'
. \

f -- .- . %; , i
. *

N-1 ,,,,,,-/ ; hT > CF'

.

. ,t

.Nd*.s,
fTigure 4
).
.

.Ne nuclear force s can be c:nsidered a sort of nuclear clue .inich
.

6

. i...' ds the n:.clects t=; ether very tightly. Fcr exa ale, to separ3t.
:and se:veen a neutren an*, a proton in the hydrogen-2 nucleus would

4 ,

:r; :1re about 2.2 :tev .of energy. This energy iceresses with the tass-cf the ele =ent to as high as S Mev. .

r
i

_ . J. Bindine E.er-v
f
I

The nucleons being tightly bound torether would re<;uire a cartain '|
,

of ener;y to break the: . apart. This. energy is calleo the binding g
s.ount

.

eergy' of the nuclecn.,

~ g

If one were to take as aton of any elenent and sun up the casses
cf all the constituent. par :icles, one =ight ' erroneously cocclude that*
.:r.ia vould equal the raass of as aton.4

.

* ~

. ass (ar.;:) = M (Z) + M (A-0) + M (Z) [p n e
.

1 g.

~
j-
<

.

< ;
*

J >
,

: r. -, i.

i 3
'

6

I
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6,

where

cass =f ' the procc:t { ;
Y /-=

,

M =-

C cass ef the teut:= n ,

M ,.=
cass.cf the elec:=en te

..

For exa=ple, the cass cf a 3erylli==~S( 5e') ato:
,
|

shedd be
Mass (3c#) =

M (3) - M (A-Z) * M (Z) *
,

p s e ,

(1.0075.:3)(4) + (L. 00?992)(4) - (5.ai?5 x 10')(c)
-

=

, I i

8.018433 A.vU
=

t
.

Eowever, by actual veigh:, the 34r;iLiiu=-8 ate veishs
t

-

AMO. The = ass differe::a of: 5 005310.

e,

Mass difference = (i.066495 - 3. 005310)
,

fM3 = C. M 3135 AMU !

or an energy difference cf j
t

|-
(931 Mev)(6.3125 x 10 * Ayr) = Sit.9 MevM,.: :

1
1,

which is equivalent .to thi binding e=teriy or the energ
1

irequired to braak ths nucleons apart. 7 #tich is,

for cal ularing hinding.e stgy (3E) .s:Therefora, the e.ruation {
.

['

BE = M -(Z) + M .'A-Z). + M (C) !M ;.

p : a x .

where t
!

M $

P * = ass of. tha proton l9

|
.

Mi ,\c D = cass of the neutron
'

'. '

: M = cass of the electron
'

b *
,

M = cass of the ele =ent
.

1 x

the nuclides by dividing the total bi :,1:3 energyIf we !ind the everage binding anergy per uclece for allr

cass nu:* er asd thac plot this againstc . by the; atocic
'

we would produce a curve as shevn in ritgura 5.he atomic mass u:Ler,

I
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l'oce that
- ~ the binding' energy.per nucleon rises very .

sharply to a. e.aximu= of about 8 7 :;ev and .then drops -
- '. {

''
.

'

i

' gradually to about. 7.4 i;ev tier uranlun. The bin.fing
, ;

. g.
''

energy for li;ht nuclei is s=all, and h'1;h' (approxi= ate'.*i
;

, 8 P.ev per nucleco) for heavy nuclei. .This is t.:e reason _
, . . . . , ;e.,

5

.' a ;reat amount of energy is released when heavy nuclei stu:h
as Uranium-235 breaks up i=to tuo parts. .

'.
, ;.

. ' ' . *
-

i s., . !m-
,

-a ,Q*.

* .};4.5 Nuclear Ins tability .. -.

!; \. ,,

. . j

Investigation of the nuclear forces shows us that t'h h Y '
saturable; that is, ;iven a particular nucleon, it cay stron: * * attract. .

' ' ' ' '
*

perhaps up to three nucleens, but the fourth one vill be repvCedeasil). 1.ater studies clarify that the tot al ener;y uit .ir. t-fir, nucleus'

is quanti:cd c ach like the electron shells. around the nucleus. ,1Mcvever,' n'
the bigsest centributor to s.uclear in. stability is. the neutron .4

j
2 proton 'ratio.

1
4 +

As centioned earlier, there is 'a eccpetition of forces in=eracting,1
becueen the nuclecns within the nucleus. leich this in mind, we can seeI
that the proto: s vill tend to separate from one another if posa:1ble.-! however, in =ost

the nuclear space Letueen the protona is occupiedcas es ,
; }

by t.he neutrons (in t?ie case of heavy nuclides); and, since thscre is no 4'

.i
charge of repulsion or attractien between the neutrons and the Protoc.s.j only nuclear forces occur. But, resember, the protons located at variousj
points within the nucleus do experience the coulomb forces of repulsionbetween one another (See' T1;ure 6).
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lg __.? ' ,r" cuclei Ip ., ,A ' ,.

' . * 1 M - #. / . N i, !
6.i s ' .V i..

'l ? Y.- .. k
4

* ~ j 'E | Nh '*? f '' - e'-- - ' P ' * - ~ ' '. ;xample a:5 the coulosi
force ac..1ug on a.

j. P(h' sic ,1c pr.titon in the
~'

-, P nucleus

Ficure 6
.

If the eculoeb ferees beca.e _ large enou:h, the nuclear h:-di= e.ner:y rr-
ui.11 1 e overe.mc. causi , the stc= to' b<tcoce very unstam. and rid'

itself cf this edcass energy'ty the e=1ssion of rodiatio .- in the for= ',
of alpna particles, beta pr.rticles, or ca==a pwtens. I

The centributin;; factor to nuclear stability. C'".*:. .;.s th e r.e ut ron.

g.to proten Tatio:
. .

1Ratio = d
Z- i

i '

Ic the case uhere there ire too nacy protons (A-2/I s=ali_ ratio), the
,

t
nucleus vill no r= ally rex.is t;ound. .u t in a few cases proton eill !change its identit;' to a neutron uitf. the esis'sion of a p:esitron ($ +). j
*Taen the nuclieu: contains too cany neutrons (A- / lar;'c stio) s j

,

? neutron cay chan;c its identity to a proton v1.th the c:1:L: ion,of a beta- :i particle (3-}. .'.e neutron co proton ratio for all the . nu:lides may i
~

vary f roc 1, f cr 11;;ht. nuclei, to 1.6 for. Leavy nicl'e1. (One- Figure 7).
'
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4.6 Radioactivity

Since unstable isotepes disinte , rate spontaneously. ta a stable -

configuration by the emission of radiation, radioactivit/ can then be
e

.l-
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i defined as **the spontarera n.sclear disi::tegration of uns :able nuciei
vith the e: .Lssics of c:r7:sscular or electrer.a:netic radi 2:iocs".i

!tecans.: uns:able u.: lei constantly seek stability. c;c isn't !'

surprisin; :: f ar.d tha: : =ost cf the isot o;,es found in est.ure are
?.b'', Ir.!'',y a f eu of ::ne natural (high I) isetepes sue: . as K'', 'istable. C:;;

l
l I:.a " , ';6 * * * , Sa ' ' , 1.u' ' , U ' ' , ..e ' ' anci

, Pt '' are!"

f ound to be =s casle. .G;l elements above ::=S3 exist 1: . n usstable.

racioactive form. jg "osj /
is .

:
..

,.s.

;'aturs'.ly cccurri 4- - isotopes or those produced by nn::: ade
devices su :: as .cyclotr-:r Van de Graff generators, or ' linear
acceleraters produce raa.:.tation in one or raore cf the fei win; fore :

. _

-

a) als.d.: particle e ission .

:) bet:a partic'le e::ission
. c)- :s:rc.a rays or photons -

,

4.7 . Al;ha ? articles (1."'

Alpha p article c= :2ssion usually occurs uith the spu: .taneous
b'reakdo.n :f very heavy nuclei. The alpha particle 1.s : unit. packa;;e
cor.sistini; cf tvo neu:r:::s and tuo protens havin;; a net ' : ass cf
.p;rosisately.f. x 1T*' ;ra:s and a net charge of (+2). ~he unit
package loc'.2 .iientica Rf lii.a a helit:s nuclei; that is., a heliu=
4 toc stri; ed of its eid::trons; (:Le') and is e:itted ,fr:=:: the nucleus
virh consicerable hinec :c enerty (See Figure B).

Alpha . 2 article (telic:2 cuclei)
. ,!

-O.
..e t charge +2* ..

'

..

' , ' ' 'O , Ato .ic J ass 4 x 17 = gg,t
l

l
- ,-

' i
P U-

' s,
. t

\
s.

He'
*

2

F1;ure C
1
*

I .

As nectioned earlis ar, c:icre are tuo types of forcean,
acting oc

nucleins within c:ie nuc : lens - the lon:-ran ;e couleb far ces and the*

short,-rata,e nuclear f or<rces. As a result of thase forcuc., a potential ;

wali is fer::ed around t::na alpha particle (See Fir,ure ?) ...
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lThe alpha part: le is located atl One bettom c:: the well due to the
very strong r u: lear forces. For rae alpha pa::icle 'to esca:<. it cust g

' acquire e cush t=ergy to surtou=c t ;e tep cf .:.e barrier. 7 is would
require approv - tely 25 i'ev in := ser te escape. In additi:=.. quanct=2

t.
,,

cecha..ics predL:ts that there is .z .s:all preta .ility for a alpha particle
to travel to .r:' cther location, i.n:1uding tne .crea outside .he nucleus
even if it did not have enough enu: ;y to sur= cunt the bar:M. In other '

,

words, a small :nsnce, exists that ::.e al;ha pcicle coul.1 is anwhere
in space inclea: =; so:euhere cuesta a the poten isl well;.and, the core j'

energy it aega es, the better itJ 0.ha .Ca .of ed. Cape. ~

'
;
'

i
~

The classJ:al exa ple 'of .an unstable .isec:pe disintegriting by Ithe e=ission cf an alpha particle s as follev'r: I

2U'" 3 . zi.e" (a) .+ s a Th83's2 .'

'. The uraniu=-23E isotope decays by :ne emission of an alpha ; article
to forn choriu=--234. In cacy case:s when an si.;: ha particle ia ecitted, g

; the pares't isotuspe is lef t in an c.::ited state' (unst' ble stat.e) anda
}- rids itself of =cis excess energy :., the scies: ss of a geca photon.L

I . ete. that whes an . alpha particle i.s e=itted, CL.e parent isot:pe
dscreases its at:c=ic mass by. four .nsd its atomi.c na.-ber by tw.-4,

.

... g -
.

'

4.8 Beta Par-_.:les (3+ c r 8-)

3 eta part: eles are electron:, emitted free. the nucleus f unstable
isotopes. They have essentially he cass (10 *' gr'r.s) a'nd have a charge

?
of plus ene (son:-sti=es called a pcm.itron) or :_. :ss n (sere-1:es called

|-- a neestive beta' . Experine..tal ev:.sence has shi.,-m that elec;r:ns do not
} exist within the. < nucleus, If this is the case, whe're do the*f car.e f roc?
||

From exper 1:entation vith te a e:itting tactopes it SAs been
shown that uhec :ne nucleus of the parest ato: e=1ts a eta particle,

-
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the ate:1c cucher (2) changes with no ch.tsge in the ate ic cass I
^

(A). yer ext:ple, the decay of Au-2031.s as follows:
{
tto3 aos esAu gg s

- , ,

7s as -t ..

Pr:bably the first question vi ith arises at this ti=e bb, **1f
gold e:its a negative beta particle, why i:es the ate-ic nu=ber
(Z) cf the ;arent isotope iscrimse by c=.9 S e reasen chie |occurs is bec:use a neutres within the :::dtas transfor:s itself

[into a ;; cts: and an electron sind a neur:_:: as shcw :

,n' .H
I a+ + Neutrino

1
-

,

i
t

Therefere, 'stnce the neutros cL ng'ctope : s i :reased by cne with- {ed ider: .ty with a procen, the
ate:ic nu-ber ( ) of the parect is ..

{out a change in the a*o:ic casar (/\) .
'

,

tIn the case cf an isotope wh'ich e ::s a p sitive beta (i*), jthe ate:1c su:ser ef the pareer isctope g:reases by one. For . i
axa:ple, the isotope Sb-120 du.sys as fc2:vs: *

tac
Sb e' '+ * Sn !

+1 :st ,

. In this example, a proten in the nucleus ersesfor==d into a,pcs' tron ',
and a neutr:n and a neutrino ' '

i'

IH e' + c1 - Neutrios I
1 +4 a (.-

Again, the ato:ic mass re ains 'th'e sane'b : the ste ic n' nbar cf
!,

.

u
the parent isotope decreases by one.

,
, |

' 4. 9 Cae:a Phtons (Y) .

~
-

|.
Ga:=1 photons, like x-rays are elect : agnetic radiatie:s s

!vith the exceptien that ga. J Rotons cri.:iiate frc the nucleus
whereas x-rays criginate frc: the electre: shells. When ccst
radicactive isotopes decay by the enissics ef an alpha particle

.

. or beta particle, the nucleus of the pars. : isctcpe is left is a
very' excited state c d .usually returns : a greund state (, stable I
state) by the esission of a garm photon .tth a discrete energy #

equel to (hv). Sinca there is only a ch =ga in energy, the ate:1e
nu ber (1) and the sto:ic = ass -(A) of the prent isotope remain ,

the sace. For exc:plet

Co ' ' *----. y' Co'' I-

27 e 27 '
,

4.10 P.adicscrive *ransfor ation
.

Unstabla nuclei, like the electrons 1: the orbital shells
,of an ato=, want to cttain stability. I: .he process,-they =ay-

'

./ uecay by scing through several readjust:ests. That is, c ;adio-
activa parent isotope cay decay by beta a=ission and then the

', daughter isoccpe =1ght decay by alpha e: Lsion a: d a centinuation'

.

of this process until the isotope reaches its ground state or
| stable state.
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For .Ic:snes of a:osic cu=her.3! :o 9: ve find thac : hey
a-

~ j are natur.;;y radioccrive and are cc :isually.dacayu into
e-hst ,rs::? ctive elenants' until s: .a r:sble, co -::di:cactiva
cuclida :, ye:.:ed. We call this fer z:1:n of =uclidts a .

"rsdioact t e.a ser16s.',

Ther* sre :hree such series for tha heavy nuclidAs - the i

4

e thoriu: s*?ies. :he uraniu: s e ries . 4:.: :ha acticit.: series.All th!C' auries have ene tht=; in c :::.::, :ha: 1s, they all
have the *!c.en: Icad as a fissl pr:c: ::. (See Tieures 10,11, and la , '

.

'32Th si:3, 2:e a t :w . 2:=;
-

::g
-

'

Ace H 2 ~ '~ #c: 5 ca 5 : : c: : :s' a
,

* " P,3 ?b 212 ' :283I
3 Bi -- 7,. :se,

p3 , t,== 1,.st .6 .cs c at : c2.
s
, a s .'

.. ~
., ,

/# 's
f

Og .s
,

*, ', , ,

'l8
. N'

,

Ai :::g
85

::
.

.

M,

! . .

Figure 10
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4.11 teieactive ,eeay ,.

;
! Det r:cicactive isotope decays at a consta.. : t ate and cc ahysical, -

',
t

! d:e=ical or ether cea:s can change this rate. A m;= .:.le contai=_:g
!J billions c: acc=s vill decay by the e=ission of ..es. a to .s a t a.i

particular rate, but it is i=possible to dete::ina. "hich ato i '?:.'l decay
;
'

j when. Therefcre, this ' process is a random procc.ar j
e .

} Assteing that the nu=ber of ator.s of a part :ul.r r.idioac _ve
]. isotepe is verv very lar;e, then we can assu.e the. .iv.ra;;e tioc .c "ill
j taka for a:y isotope to decay.

-}. . .

Ne neber of ator:s which are degaying wit- ::.1.e is proper-ional
~

'

to the curber of ato=s present and ue may write ,

,

E . Ax ,

3- t.T
.f .' .

iL where f.:: is 'the change in the nur:ber of atoes ort;;:_nally present perfi. change in ti e (*T). Since the rate of decay .is pr r;.ortio al te the,

:
-

nu=ber cf ate:s ori;'.inally present, 1 (prencuoced 2-1.Ja) repres e .ts t
'

the prope.rti:nall:y cecstant or decay constant.aud ";'' represects the
, }' oricinal ute.ber of acc=s present. -

4 *

Stece the neber of atecs of the. radioactive u.. tope decre t.ses
with time, a cecative sign is needed as'follos.s: '

'. e.N .
- = -lN
.1T -

, .,
'.

This for=ula nou represents the rate' of decay.'(Ne nu . Lee of ate =:a
disinti:;rstin;; vich ti=g) which is equal to a decar ,c. .stant ti=e:s thenu=ber of atoets origir. ally present.

-

[ 3y. the use 'of c' lculus, ve can~ integrate thea'' owe equatic and
b. arrive at another equation uhich will'allou us to .=cle .. late the er
L of atoes re=ainica at a .y ti=a "t" if '.ue .know. how many''

acous vei h.nd ,oriSirially (N)'ac.t the decay constant .'fot this isocp... This re_* acionshipis as folle '
.

. 5N=Ne'E - '

o ,

I.

N = cur.ber of accas present ar. time "t"

- Iv'ere.n

j U 6= neer of atoma originally present .
!

a
l = decay cw.2stant

!.

ta time of decay i

The decay constant
(1) is defined in tet=s of. an..ther rela: .onshipcalled " half-life". Were the half-life (T *

one half of the radioactive nuclei to decay.j'Ir cer esy ) is =ae time it ta:ces for ' - . . ,

t.'
of the abcee

_.r
*%

___ . . _ .
~

, ) 6 h- | | . 0677
. - - .

.

J c :_3

,

J
a

s*#

.. .-. ._. . --. . . - . . .-. ,



. .

x

_

'

!

l
4

4

|
'

, . .
, -- .

. _-. _.
--

_ _ - - -- -

i !
;-

1

{ 4-13
i
j equation, c = T vnen .: equals one half of h,. Then : tie following

il2equation evolves*
,

'

i
N -AT

: -.9. . ,,: 1/2 I
e ;2 o.

I e

-AT I1 1/2*

7=e )or
i

i

A''1/2.
or 2 =e

+

. AT 1

thee, in2 = is (e 1/2) ;

0.693 - AT1/2 ;-
f

i
or A

0.693= i
*1/2

|
'Je now. find that the det27 constant is found by cisvidin- the half-

[
.

life of the r:dioactive isctepe into 0.6'13. The half-liife for all kucun.
}isotopes has been experi:,entally ' deter =ined and , can be- :aund in a. chart.

of the nuclides, j.
s*

-

Taking a sa ple of radioactive caterial a:d plott:.:n'. its acitvity t.

-

. With time would yield a curve which looks like. the follt.vii:.4 (See Fir,ure
|

,

13).
100- !

- '

. t
( \

a.

\
.

e

f

k,

y 50 -
.

U '

, <
t* '

25.0 !
ee

*

12.5 -*

6.25 .

% I
,

5.0 1 2 3 4 5 6 7 8
.

j Nu=ser of T1/2
Fi;ure 13

'
Notice that the activity decreases by one half for each ' hsif 91fe but . i* never reaches zero, only approaches it. Also, observe Ct.ast af ter about
six half-li ses the perce=t activity re=aining is' less ths:n one percent. {6 y

t ,
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4-14
!,_

Eras;1es : !

1. Detettine the eu..ber of disintegratices per secon'
.] frc: 2 grt=s cf Pt ~,09 which has a heli-life of
] 3.3 hours.

[
s1 -xnLT

EN 0.693 2 -- 88

(2.3 hr)(2.09x10-)(6.02 x 10 ato:s)(3500 scc)
hr I-- =

aI ge-aces .
' ,

.I' es ,

. 1. . 3.3 x 1088 disintegr:ciets/sec7;A-
-

l' ;
.

j- 2. *

If a reacter epcrator vere ace!destally exposed to a '
i

high bea: ef neut cas whic.5 activated his gold.vrist3
'

band producing. Au-193 .(I.fe:s=i:ieg at th'eate =s of Au-198 vould be' 2
6 .8 hours), bcu =any[' eed of.5! . days assu,=ing there verc 5 g: of-Au-198 at the ti=e

of exposute? '
,

' ?

t,
~

~At I
n.5 e ;-0

83
N- (5. e-)(6.02 x 10 a tees) = 1.52 x 10

= 12 '.-o- Aro ge-acc=- sto:s

l/2 6 .5 hr - ( ' f '') (24 " ) = 2.7 d.ys,,
.T -

r

0.693 0.693A = 2.7 days = 2.56 x 10-i days
g=

I
I/2- .

ata=s) e (2.56,x10'*)(5) i
~

N - .(1.52 x.$088 -

~

!,

4.22 x 1021 acons r'ersinine efter 5 davsH =,

1
__j"' 4.12 Ictizstion

i
Is ato 1c physics we le arned that an aton of any elecent* 1 '

{
is nor=:lly electrically neutral; that is., for each positive~

charged ;roten within :ta nucleus, there is a negative charged- j
electre:t is orbit arcued the nucleus. Ionization, then, is'

si= ply -he escovel of c:a of the orbital electrons from the
stoo crasting a positive charged atos and a f rae electron

, (See Firdre 14). |
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s % iree electreu or
|-

e~ % 4' -Os
/~) ne;ative ion

OO, 3 s j f fyN
/

\ / x\/

| .k !
-

Ion
) I: ? } hC**b** Psir { i.h .a ( \ tos

1-

; j i ;f
NO'W CN. /

; ,N /
r

. Postive charged i
' '

- - -
t.Vj carbon atos o'
,

'
t positive ion /,'
P, . Figure 14 i~

I

,

Ionization of an aten can occur when en.er;;y_ from scr:e e.xternal source -
|
s.*

such as radiation is transferred to the electrons. in t;.c tar;et cediun.
[' '"he electrens nay then acquire amough ener:y to eses; e from their atomcreatin; an ion pair. , L,
l .,

'

&-Since radiatie:: is classiff ed into two general 'trou7s, charged and
cr. charted particles, v4 :.ight expect, and do' find, that the interaction of '.

these particles with catter f:lls into t- o cate c-ies. For exanple, ce [
find that char ed particles, (e.g., det anc' alpha particles) interact ;ith 4

icnitati;n, bhile unchar ed particles' (;;an=a fcatarials prcducic; direct .

photons) cause icaizaci'on by ser.ondary ceans (to be discussed later). - r-
j~,

l
*

3e et=be r of io:-

.

the specific ionitation. pairs proCoced per unit length of trsvel is called . i.

the higher.the spec.ific ionitation.The higher the c.,ar: e on t!.e interactin; particle.
"

For t-M s atticles .wrina, the sane :'

cha rge, th* cne with the highest naas creates the hi, .ast specific f*

ionization. This is true because t'he heavier the particle, the slo !er its*

speed throu;,h the tar >et caterial and the longer it sp' ends in a r,1ven area.
'

F.r exa ple, an alpha particle with its tuo proccns and tuo neutrons is a --very heavy' particle.
For a civen ener;y, the alpna particle vould produce-{ apprcximately 2,000 core ion

particle of the sace energy. pairs per unit length of travel than a beta
'

,

| In air it takes approxinataly 32.5 ev of emersy to ::roduce a single~

ion pair. Therefore, for an alpha particle of 5 Me.v. the total nunter of
.

!- ion pairs forned would be:s

5_x 10' ev
|

'I.P.'= 32.5 ev/I.T. =,1.54 x 10' ion.,241rs.

- y' ,

and since a 5 : lev alpha particle cac be stopped in approx 1=ately 3 cm of I.
.

air, the specific ionization of an alpha particle in ait would be:
,

J S.I. = 1.St. x los gp',

3 cm air = 5.13 x 10' ion pairs /cm
|

*
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,- e

A beta particle of .the sa=e e: err. y -(5 Hav) would te stopped in i
; appresi=stely 5:30 cm of air. Theref rre, its, specific ionization vould

f
e

be:,

)s,g, . 1 1- x Iqs te esirs,

= 30. 3 ien mirs /c=5 x 1. c:
$

|
4.13 Interactien citS =seter I

I I,

*

*{ 4.13.1 Alpha radiation i
i

a

The alpha particle, as nantic=ed earlier, '5en traveling
thtcu',4 ncteer produc=4 ionizatn ir.. If we iwuld measure the

,

specific- ienization of an,cipha rurticle 2s a fu:ction of dista: ce,
.

>

through air, a curve s.-ith the foi"ievin; sha;w uculd lee formed (See
Figure 15).

.
!

<

t
;

c .

*' ~

Range -in Air (C:'.1)'
' *

j F.ragg Curve
.. -

1

3 ! '
.

'

'

% !
'=

'"
.

.
~

1 2 3 4 5 7 3
'

.,

Figure 15 i
,

This type curve is called a 3ra--' turw. You r:111 notice tha't
i

.
#

*

the specific ionisation inc'reases Sim* y ar it travels' through
[th'e air, then increase? very ra' idly to a pea 6 chen sharply

. . ,

I: returns to ter's. This indicates .that the alpha particle has a i

definite ran ,e in a given,naterir.r. which is easily defined. ,f"
As

the alpha particle travels throu:;:.. matter, it lose.s socc.of its'
ener;y, for each ion pair for=ed cr.=E finally, at the end of its .

. path', cc: bines with two electrons to foru a helium aton'. The
i

,

fact that the spe;1 tic ionizacier: falls off very rapidly indicates
hthat free. a sicale alpha ecittin;; seurce all the alphas have the'

J

see or discrete energy. Thereferre, the ran, e of an alpha particle |

depends upon the source of particiles (each alpha emitting isotope
,

i
having a, specific energy alpha) at d the cedius through which t%e f

-

'

alpha particle is traveling.
b

Experimentatien has shet.n 'that the energy, and thus the-
range of an alpha particle, is invversely proportional to, the half-

!life of alpha esitting isotopes. .?ais means- that the shorter the- *

h a l f-li f e, the longer the range.
'

t
|

|
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The range of a= alpha particle in a solid d.ecreases as y
the density of the solid increases. The ran:e -f an alpha .

particle can be deter ined by the followin; rel.::ionship: (

'

R(solid) = (3.2 x 10-')(X) G1/'') '
L
'

t
A

i
,

r-
t

g where, A = ran;;e i= air (approx. 3.45 en for a 3 Hev alpha) i
I J.-A = ato:ic mass of solid
t I

p, = density of the solid .-
,

6

|
I

The apprcxt:ste ra .;e of a 5 hev alpha |partic1.. : n air is 1.33 o.
; ine'.es and in h==c.: tissue about 0.001 inches; which = cans.tht:

since a sheet of paMr is apprcxir.ately tvice ..e thickness ci
'

1 hu=an skin, it vil; effectively stop all alpha adiatien. r
*

4.13.2 Leta Ldia: ton,

',
Beta particles like aljha particlas caus e iccization 1::,

'

{the caterial thr:ug. uhich'ther travel. l'esever, the specific
ionization is =uch less thac that of r.iphas due to the smaller ;.

'

c. ass an( speed of t esvel. Leciuse of. he stall electrical field },

!
which surrounds the beta particle, it must cc e much closer to {-

,

|
'

the aten of caterial to cause ionization .than th e alpha.perticia. .

[4

.

Various abs;tption mpetice= A with beta ccitting isocc?:s I

have-shc m that beta particles are M * itted' u diccrete enerTles
but'.in a cor. inuous rence of energies up to'a c4 finite.value (dee

-
,

Figure 15). ~
l'r
'-

!sta "nergy Spectrum
a -

-

f

highes:'?robabiliW (I ). .

{ >
. ., -. rw . g.'

2 / I
,

i
3., / | I.

} "

7 (.
I,'

.
.

-

f. [ [ !
?

g h . Energy'
4 |

, :.

} Energy (Kav) I

L'
Figure 15

4
I

The continuous energy spectrics is due -to the sha-inG of ener; y
between the beta partich and the neutrino, vith;

Enc beta.partir.le|

carrying approxt:stely one-third the energy and' tue neutrino the# re=aining two-third s. Also note f ror. the curve :%at t .ere is s,.me
.

b

l' maxint=s energy but, the probability of a t, eta pr. :icle having th.is
energy is very s all as co= pared to having as enc:gy equal to 1.
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.

3 eta par:icles, because of their stall cass, are easilyj sca::ered as they pass through =atter. *his is due not caly to* e ihead-:: collisicas with particles but also to the strong coulo=b (forecs :f rs;ulsics. Because of this scattering and the
i

cc :i:::us c..ergy spectru , the be:s par:icles do not have a
|definite ra=ge.
j4

8
-

I Eve: though beta particles do not have a definite range, f*t is 7:ssibl4 to obesi: a penetration thickness of sene
{ =aterial st.ich will atte=uate virtually all of the radiation [

(See Figure 17). t
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,1 Penetratics of Beta Particles |.
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i-

For betas bet *.sen 0.8-3 Mev, approxi= ate range in
f

gs/cc2 0.546 E(Mev) - 0.16= '

?.xa=ple 1: Tind the tanza of 1 tiev betas in aluminum -s

(p = 2.82 c=/cs') and convert to pene'tration 1

* ~

in inches (1 in. - 2.54 cm).
Pange = 0.546(1)-0.16 = 0.386 g=/en* .

2ranre(e-/cs )
Pcnocration = * (g /ce') 2.54(in/cm) -

c
.

Penetratica = 0.386/2.82(2.54) = 0.054 in..
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( 4. 13.3 Ca=sa Radiation ;
i
'

Since gaama raJtation is electromagnetic in nature, '-
g _ . .

cannot cause tenizatica diy3p;,1r l,ihe, charged particles, but does !

so by three indirect proce.ssas - photoelectric effect, Cocpc:r:. !
*

effect, and pair production. |I

o 4.13.3.1 Photo.lsetric~ Ef f act |I- t

'' In this precess, a ;'--' photen ec111 des ;'

. with ene of the electrens of an ate: ar.d disappears -

*

tra .s ferris; dl, cf its enor'gy to the electrea. The[ .

. . e.nergy of the .*1ectrcn is cov Creatcr than its ence;w*

in its bound st. ate, enus allowing it to break w ay'' .

,t : fre its parent atos to 1ecesa a free electron (See {
Figure l';). {
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Photoelectric Effect r-ej ;
,

,

!
This ef f ect occurs for ga=sa ener tes 4,1.0 .'iev. 3
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g 4.13.3.2 Ccre ::.. If f ect
.

For ;2=sa photon.s of ener,;y less ch.c:: .~
cr

equal to 51:ev, it is possible fer the ca:=a ? :dcen to
be caly partia2y a' sorbed by an orbital elec=:n. Tne

.!, eleecron. obtasn encu;h energy f roc the pi:ct.- . to break
j its :, cad will _'uve its parent aces to teco=e 2. free

electron, while ene reduced ener y ga:ma phocart co.tinuesl

I
on its uay (See Figure 19).
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{ 4.13.3.3 Pair-Production

*

Cam' photons sich energies gre. iter 'chan or
. equal to 1.02 hev have, in coct cases, enoch .=:ergy to.,

{ pe.netrate the electron shells of an ato= and e=er the
,

nucleus. The , a=sa photen then is cor.pletely u:, sorbed'

by the nucleus .c.d in its stead is'prbduced a ':esitron
,

and an electroc ;;iich are e.tected from t.he nucl uu's (Su
Ft;ure 23).

|
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Figure 20s.
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The ss=arizatic . ef rhe three processes and their f

'

,

j probability cf reset: en for each energy is shown in L

I. -
Figure 21. I
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4.lt 'uclear Interactiens '.*

Mcst of us at ene ti:e er ancther had an ~cppertunity 't'o t.7. various.'
che-icals together .and -obser- re the essults. The che-ical react:. ens [
which ecok place were due to the bonding er separati'on of atoes :o fers
co pous2s, gases, etc. The - esults . depended upon two ate s to earrange ' ' '

their. structure to for= a cow e stable configuration. All o f th d.se '

rearranEerents involved the nrbital electrons or :-clecules of :.w ate =s.
In nucicar reactiens, all of the rearrance-ents a'nd adjustments 0 cur i.
within the nu'cisus..i -

I
,

I, 1:uclear reactions occur when a particle, either. charged e uncharced '.j
ceters the :.ucleus cf an sto r.. As a result, .the nucleus struck :.s- usually [' conver sd into anot'.ar clere.t or isothe. The particle entari. .; the :

nucleus is usually called th.. be-bardinc or incident. particle, c=d the I
oucleus bei6g struck is cal'...sd the target nucleus. If a new el.zsent er 't

isotope is fer:ed, it is cal ed the co-eeund nuc1'eus which, in s.ste cases,
! is unstable and further erite radiation called the ejected pare _: leg
i' photon. This precess .s usu:..lly expressed as follows:
n

. { Incident particle + "ar g'et Eucleus --3 compound ' nucleus ' p

| |ej st-d' particle. ;
! I
j The incident particles .usually censist ef nuetrecs - prote:.s, er i
I heliu: nuclei. Particles ot this type are usually accelarsted 1: great I'

spasds by machines'such as ::de nuclear accelerator or, cyclotrcnJ then I
*
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6

: 14ft to strike a t ar;et nu._leus. These interactions thee result in :ne*

f: nation of ceu elecents =r isctopes and-, in sa:e cccasions, the re' esse
{cf a great deal of energy. For exanple, censider.the follevic; nucl2.2 $

j re_ action: '

1
3 i 7tN ' + aHe* > 3F e _,,3 , ,; ,

,

|
8In -his reactien, ,5 ' is the target nucleus. aHe* (al'pha particle) 1.s the (

. inndent particle, ,F"' is .he co= pound nucleus, e0 1s t.5e recoil nu.C.eus ,37
3I ar :. 2 H (a proten) is the e,*ected particle.

* Interaction, like the one just' described, can occur in one of f .ve i

d'.i f erent ways: elastic se.a .tering, inelastic scaccering, capture re.s::lons,.
|ca :gre with particle ejec.:.:n, and nuclear fission.
[

4.14.1 tlastic Scatt.eiing f
.

In this type :f react' ion; c'ae incident particle may .
'

collide with a targe: suelei .and. then bounce of f cuch like I
collision between til2ard balls. D.e only reaction that

{
~

occurs is the transfer ef kiEetic energy. .This aca..s . chat
although kinetic enem is transferred, no energy is trans- j

.

ferred to cause nucle.1r instability. An exa=ple of'this type |'

of col. listen is t.he c:e between 'a neutron and a hydrogen ate =. ''
_

Since each has about :.be see = ass, the~ only effect ' of the , ;collision is that the neutron loses soca of its ener,;y'and is
slowed devu (See Figura 22). ,'

.'

V -It Stationary 1ydrogen .'y
'

' . At ma !,

'
~E,e :: r e : - .'\j Hi ' !---- \ $ Velocity (v ) = Og,.

, , i

sn* iB'
?.,e

', '/
~

f AI - ..

. /
-

E>0-VAfc er: a3 - .

--

! on, R,V < Ig 3

I N
l'

Figure 22

Elastic Scattering
, 4.14.2 Iselastic' Scat aring
b

Inelastic scattering is a process in which an incident-
particle collides with =r glances of f the nucleus of the target

%
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%
! etoa. In the process, it transfers energy to the target

;_ nuclei raise.3 its ,er.ergy above the ground state. The
,r .compound nucleus -te: returns to its ;round state by if c:ictin; a ga=a patto - (See Figure 23).
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Tigure 23 :i

, f '.
InMastic Scattering

!- 4.14.3 Capture Rea: ions *

i. '
' Calike the imelastic ' scattering process, the incident-, i.

|

-| -

particle is cc:plete'.y absorbed by the tar;et nuclei. The
e:ergy state of the target nuclei is now above its ground state. f,i

it returns to greuci state by the e ission of a ga==a photon. [,
'

!'Note that in capture reactions, 'the target acou abs:'rbs the.
"

'

!incident particle; therefore, its nucleus is no IPger the same. I.Tor example
j_ isotope cd'I8 consider the interaction bucueen'a neutron' and the
,

,

}
* ~ I

. Cdtis ,g > ssCdII' .+ Y
t

,

Notice that 8

} the incident particle (en ). has been captured by the
tar 3ec :;uclei (Cd* * *; producicg the coepound nucle.a (Cd a * *) which!-

(' recoiled with the ej ection of a,.gama photon. !
f: 1.14.4 Capture with Particle Ejection i-

:
,

I
t

r j't / This process is identical to the capture process excepc |';

that the tar;ec nuclea is raised to a much higher energy state.i

I'e co: pound nucleus then recoils ejecting another particle. Ii .

l
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For exa=ple, the asteraction betvcen the isatepe 0-16 and a ' '

deutres H* is is follows: '
1

35 H * -- T _ gn= , g,*iag3 -

* s 7 1

In this reactice, the ccepcund nucleus ( F85) decays to an,

' alpha particle ( It') and a recoil nucleds ( N ').8 g

tt 7 '

| 4.14.3 Nuclear Tission i

io

't *
5Tission res: cions occur when a heavy nucleus is struck i

,

by se a p:rti:le. the result of which is a spli::ing of the
heavy nuclei in:: reo lighter nuclei. In :he case of- the fissier.
res::i:= te:veen 7-235 and .a ocutren, the U-235 nuclei split ist: .

cuc lights: r.scic; called fissien products with :he producti:n of-

', tus er ::re neutr :s. (This process will be discussed .is greater !
'

i

de: ail i= a la:er section.) (
4.15 Test:al ?es:: inns

~

,

.

I'

The followier. listad reactiens are those which are test {co==ctly c:ili:ed := the nuelsar field.
}.

1 t I1) E' - Y -----. 3 .+ n
s a o ,

Th:3. is .an ex'a:ple.of a phote neutron source used - )

ex:atsively in heavy water reactors. j
.

tIC n* ^ ut+ C2) 4I#+
!s ~o o s

This is'an example of a neutron goder'ator (Crapitita' i'
used to slow Java nedtrens. '

- ,

bil1 83:3) Li' + :Pe'* n ----- --- +
s o

.
s a j'

Pr ess used in the detection of. neu:rons for, >
>

rea::er instrumentation. ;
'

1 i.
,

I 4) cg:22 + 1 s
Cd ' I 3n ----* 'ss e so

} Prc:ess used as absorber =aterial in reactor contrel.} todS.
j
f5) U238+ 3n E--- - S ' +' Np* ' ' ----* S'+ Fu**'. 4 -- . : o t ss -t s= |} , Pr: cess used by breeder reactors for the production

of fissile fuel.
.

.

-| ' 4.16 Nuclear Cres s Sectic_n l
* *
.

* -

Nuclear cross section is' defined as the prebabilitv of a
Inuclear reaction to occur. It is reasured in ter s of the !effective area which a :sterial presents to an incident particle.
{.

To better. u darstand the basic cancept oft cross section, an'

analogy can be =aca to. an analogy can be =ade to an archer
hshooting at a "bul's eye" target.
|

1
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-) if the folleving assc=rtions a:e aade:'m
{- 1. All t:.e .irrevs shoc hit the tar;,et in a ec=pletely fra ndec. .ar.ner.
4 i

| 2. Tze tar;et consists of a central " bulls eye" vith
! ccace:tric rir.;s surroundic; it.
|

~ hen for eaci. group,of arrevs shot, there is sece probabili: v that,

so e cf the arres s +.111 hit the " bulls eye". ' Since the arrows wet e snot
in a rasdor: =an:.c t , taen r:se probability of hittin; the target vcu d. be f*
eq a1 to the ratic cf the area of the " bulls eye" to the area of Cae

!; v!.21e t.ar,et. !! vc :or alize the ares of the target te unity (l' ., then i,

the pretabiliev of ::itting the "bul.ls eye" is just the area of the "tulls *

eye".
'' .

.Ex a:ple: Suppose an archer used the folloein- target. " Tna -
is the probability of an arrow hitting the "b G ieye"?

l

De b. \
,i a4 N-

I A3' ,e ; .
4 ft A *

\ kN ' f ( -

fN 1 ft,

, I '
i

area A1* r ,. ;(3, gf,) (3, u - -,35 , * 0625Probability' = area. Az'. (3.14)(2).
=

.

. *-, ,

.
''

Then if the archer shct 200 arrows, the prob:2 ~.e. t

nu=ber of arrows uhich would hit the " bulls.eya** is *

ProbaLle number of hits .= (0.052)(2??) ; 11
'

In reactor physics ve vill be sost' interested in tha pr abi*':y ofi#

' scattering or. absor: tion occurrin: when a neutron passes.through chetain
r

In this case, ve vill be comparing the ef fective area of :necatter. ,

ytargot matter to the area of the neutron. For e.xa:tple, if a beam ef
reutrons (I) per ef/sec were to strike a vall of matter o e atom nici j
and containing :'o su:dcr of ato=s per q=2 (See Figure 2?), the riuc* car
cross section uculd W cerived fion the follouin; equation:

I *# I reacti ns (CP fcross section (c)= "j. k,.)(1)o
I

f Prebability <.f Interaction .

I

N . O ,v, v_.
TN !s
z- (
;${gpG }-

$ - OOOO-

'f f g' |
OOOO

1 -/ OOOO % i
n/cs* -sec - Target nuclet

Figure 24
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.Tron this relationship ve can see that the draction C/I is a,

easure of the fraction of cautrons v; tic.a scriin ::e "-s11 and react c
.-ith its nuclei. lividing this Ly the ccLer of nuclei per square c:
v,ll give us the square c= per nucleus that tahas part in the reaction.

Since the dia:eter of acou is apprcximatel r .13 12 c=, which is
.etf scall, the u it of cross section (c), called a %rn, has been
u tablished. One b sen ewals 10~ 'c=2 In the : evious exacjle, ne
deff.ned the vall of nacerial as one aco: thich a= . the cross section as
the square c=/ nucleus that tock part in the react:.en. This cyoe of cr:ss
section is called the nicroscenic cross section :.cvin, units sf (c :) .
If we vauld add iepth to our vall (that is , ad d r 1x e ) , tn en th e-~c rb

'

section uould be equ.1 to the follo';ing equatio:-

c .:sm* c2 = (cu=ber of ~ nuclei /c=') t n and is called tha,

za:rosco=ic cr:ss secrien (I) having units of (cc-8).
' .

In the case of neutrons interactint. with =.a.:.erial in a reacter,
ve vould like to knov what ef fects ca= be expec e fro:s such .ictcract:.ans.
7.wrefore, we :fefine caterials as havin; a scattu:-in; cross acction (

3cr an absorp tien cress, secties (d ). For exz= pit. if we uanted to surxusda
a reseter ccre with sc=e catarial tihich veuld ef f~c:tively refit.:t =eutr ns'

back into the cere, *ve would vant a =Aterial t.h ::. has a hig?t s'cattering
cr:ss section. pu the other hand. if ve'vanted t.: fin 4 so=4 :sterial id:
use as reacter control rods ~. to ' absorb ceutrens, w vould loch for a

| :.ateriil with a hi;h absorption cross section.

Ic. conclusion, we can ~ say that nu'el' ear crosa r.ection -is a. proo' eh tilty-
ef different interactions; and, therefore, che' t; .:.1 probability or. cet.a 1.

crcss section of any.caterial is the sus of thesa . events as sho:m by th s
e p:.a tion:

! '

etota., = 0 +c .s a,

Examples of. cross sections for various ' mate =ials are shown in
'

Table 1.

!
l f. 17 Moderarig

In a nuclear resator we are concerned with he fissioning of
cr mium fuel. 'Jeutrons born as a . result. of fiss12m have a 'very high

{_ kl.netic energy. and are called f ast neutrons. T.oue~er, slou neutrens;

or low Linetic er.er.;y neutror.s have a better probeility of causin;
fission. Therefere, if so e meterial is placed a::und the fuel t'hich
s'.ll attenuate the fast neutrons to -ther=al enerT/ ranges vit,h a small
probability of absorption, then ne say. this caterts.1 is a good coderaterT..e quality of 'a acerial' as a uodorator can be ceret stned fro 2 thezes'erator ratio vnich equals:,

E
coderator ratio = s

E
a

a
where I, = sc ctering cross sec= ion

4' /
''

.[_ E = absorption cross sedona

.

-

Menegg. -
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k i

|m 1

niEKiAL :.T.TEON CROSS-SECTIC.3 I
;

. a ;
', Material e, (bar:s) c, (barns) 11 = [ |;
4

a t
I r

Alu=1m.c 1.4 0.24 5.83
I

Bery111tm 7. 0 0.10 70.0

Bis =uth 9.0 0.034 264.0'
t

aocon 4.0 755.0 0.00529 '
,

;
.

1Ca du u= 7.0 2450.0 0.00285 -
,

-
,

-
C4rbon 4.S 0.0034 1411.0

!
Otat e rits 7.0 0.0005 14000.0 !

lieli m 0.3 0.007 114.0

Bydrogen 36--100 0.33 .115.0-303.0 -

,

Iron 11.0 2.62 4.193
.

Lead 11.0 0.17 ~64.7
.

!:itrogen 10.0 1.33 5.319
=

_
;

Oxygen 4.2 0.0002 21000.0 [
Sodium -4.0 0.53 7.54

,

Uranius (- tural) 2.3 7.68 1.08s ,

U-235 3.2 650.0 ~ 0.0126 I

iU-233 S.2 2.30 2.92
|
,Zirconit=2 3.0 0.185 43.2 - j

,

1
* Stainless s teel '- --

2 - #

(
'

' Con:Ains a small a=:. of nickel, which coc:ains Co 60, which 'I has a o, of 3C bart.s.
I !
; cood modera e s !.-

good st-;ctural caterials '
b ,

d *ut e ri=n aluminum E'

I
berylliu.a zirconiu:s

y carbon

f
*

f,iron or steel.

! L/
'

.i Table 1
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Fmples of Soderator ratios for various caterials can be '

*

.found is Table 1.
.I r

t
s

t, 4.13 Conclusicr. af ;;uelear Physics
!.
Lk'e have ncv covered a great deal of infer =ation in a very short i

. time. It is obvt,.us that almost s y cf the individual sections which
!

'

we have covered < .uld be a cajor topic in itself, and to learn every t
i detail vould cor... e a ;;reat deal of time and effort. !iovever, it is t

;

not i= port ant t!. *- everp detail be 1.arted. 1| hat is i=portant is that
the f unda=e:.t al : ri.ciples are undcrstood. 1:avin;; learr.ed these !,' -principles', it in ncv possible to. deal more ef fectively with the !,

problems associ.t.e vsch reactor kinetics and reactor operatiens.
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1

* 5.0 In t ro duc tion*

In the previous chapters on basic and Ate =1c physics sone insight
was developed into the eierental properties of =atter. For instance, it

was learned that all catter is ec= posed of the sa=e t:nd of building
biceks or particles, that there is a =ysteri,ous. chinn called binding *,

energy which is a ceisure of the a=ount of -cncrcy need.-d to' taha these
particles apart. It was also learned that elements ha.e a characteristic,

pro;erty called a nuclear crcss section and that there are different
kinds of cross sections displayed by any'one element.

I It shall be the purpose of this section 'to show that eith the
prcper consideration given to the characteristic properties of the
varicts raterials ope ca: put tecether a critical r.ast capable of '

sustainin; a chain reactien. It is intended . that scac of' the seemincly.

unrelated fa' ts and phenemena presestt$ in 'the preceding chapters =1ghte

be breu-he into focu's, that'the subject of basic physics cir.he be
blended with a bit of reactor physics and en:ineering and the end result
will be a nuclear reactor.

5.1 Fissten and the Fis,ien' Process

To outline the chapter at hand are can define an area of interest
by scattng that when conditices are ri-ht fission will' occur and as a
result are ebecins fission fragrents, the relwase of ne2 trona and cost
U:p o r t.an t~ the release of enerpy.

The first tcpic to be explored is the fission process. Tission
vill Se defined. The type. of elements one would seek obt- and call
fissiopaile caterial vill be investip,ated as vill some of the conse-
quences of fissico.

|
t ; .. ex t , the chain reacticn vill be considered, alon~ vith what kind
|

* cf c Operties =aterial cust exhibit if they are to be useful in sustaining
i and controlling a chain reaction,.

i

, a
I Continuing into the chapter, the concept of cricicality util be

~ ,
! considared in ter:s of an infinice' reactor folleved by a description '

I of the finite reactor.

. f
~ Finally, this chapter uill deal with the approach to criticalityi

{ and then vill becoce very cractical and an actual critical experiment !-
j vill be described. l'aving devoted encuch space to pre 1 L=inaries, the '

f' ' chapter begins with attention being directed to C.e basic material of
any reactor systa=, the fuel.

.
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!
i71ssionable !!acertals5.2 _ {

-ihen a neutron is captured in the nucleus of certain heavy
ele ges eccugh energy is i= parted to the nucleus to render the new . . .

isetere usstable. One result is that the n:JCleus releases the CACess
ener , by actually breaking spart and for :ing two differect radio- Iactiv- isotopes eslied fission roducts. The heavy ele =ents so '

af fer d by enccunterict, a neutron are called fissionable nuclei.e
.

So=e aa=ples of fissionable r.aterial are Thoriu=-232 Ura=1c=-233, j
[ Uraci ;=-235, Uraniu=-233, and Plutonium-239

. ] !further subdivision of this group cf' ele:ents can.be made by
[

; ,

: een,3.:e-ic; the ener;;y of the neutron which ente,b.ters the nuclei. 1

If ne.:rc=s with eser3v cf 0.025 ev (ther=al nett e:I.) will'eause ;
gg3,3, . to occur, then the :sterial is called fissile nacerial. Euch '.fj 13 gg, case vt ch U-223, U-235 and Pu-239. Of this e,repp of fissi.le '

'
eage7.cis, enIy U-235 is found in nature. ne two re=aisi.y ele =<=ts ,

! Th-2T/ .and U-235 are said to be fertile raterials because they can be
! made :tssile by the following reactions:

,

, Th2 s t. . , ,31 > , , Thats + Y
.

'

22.1 ein. I
'

v'
j ,3?a*ss ,,,,ge
:

.

*
.

!
.

27.I. days
v

'
.

. ,2U :s.# ,,,ge2
,

f

- , ,

, iU23' + t ,,g s, ,7aeu 3

23.5 min,

4

., sf pts, ,.,,ge ji
e i.2.35 days t

,

,$Pu.as, , ,,ge j.

'

t

Figure 1 . I

i Fertile :taterial . wade Fissile- 4

,

i
Ip.;; upper li=it ha.s been set on the neacron energy involved vich
|

fissie 41e nue' lei of about 10 ?!ev. Althour.h there are heavy nu'clei
{such s Tb-208 vhich will fission with extremely fast neutrons, (20 f

!!ev in this specific insta=ce) foi practical purposes they are con- I

sidere non-fissionahis . i

!
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nergy at .ost probable ve c y

? : / 6
'

a o
= 1

j 1
-

-
*; I g Most probable velocity (v p

4 - i
5 l *M
$ | 'i

.,_ -. ,%
~

0 1 2 3 4 5 6 i
' Neutros Speed'x 10' =/see

Figure 2

Maxwellias'-Distribution of Ther=al Neutrons.>

At this point the ter: thermal neutren-vill. be. considered.'i.c
,ere detail. If e .e co .siders that a citsed cylinJer contaici .t

neutrons veuld be analetcus to a cylinder cf gas 'in that the ceia::ules
of gas lose and gain velocity as they celli.de with each other anu; the
vdis cf the cylinder, then it can be appreciated that the neutr~ns so
es .tained 'at a cens. tant te..oeratute would not have one. single veGeticy .,

but culd have a distrib'ution .cf velocities f re.: tero up to them;,snds
cf :sters per second. Eoscever, the energy of the neutrons 'ac . tNe cos t
pr:bably velocity would be

E = } cy 2*

PV P -

,

ar.i relating this energy to a constant 2**C temperature by the mse of
Scitz ann's constaat k = 1.33 x 10 l' ers/*R one can vrite

.

*

E=v = kT2
1.

P
9

a = 2kT-y
P m

n.

(2kT)4
'

1- y =

P a:.
n. .

'
(2 x 1.33 x 10-'' x 293)1

!-

,

l.67 x 10*** i
!.

S4 = 2.2 x IO cc/see i.

i

meters /second f2.2 x 108*
,

I i
J- Now using this most probable velocity in the expression for the.,

.; ec=_rgy at the nost probable velocity (
* L

E = 4 ev 8 I'
py

a

I-
-

_- .

9,

~*,, -. .==

# *
%

.
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ose finds that i

1.67 r 10-a * (2. 2 x 10 ) 8 c -es *3

E = *
4pv 2 sec --

*
i

*

Tmoving th:t 1 erg = 1 dyme-c= = 7 c= and 1 m = 10 c=t , then
2 '

sec
.

E = 4 x 1.'-3* ergs o

'

pv i
i
I

and. recalling that 1 ev 1.s 1.6 x 10-3 ergs then i
; E

I

4x ' -I' i~~....a = 0.025ev-E =
,

, pv 1.6 x ..

thus, it can be said that thera l neutrcas have velocitics a.V. ces-
sequently energies no i; rex:er than the colecules of their. envirert ent.,

.

By exte .sica then, a f ast neutpc has greater velecity and cc .segently
* higher energy. Neutrons 1. - the Mev range are considered f as t. It

might be noted- here' that a' 1 !!cv peutron h:s energy associated with-

apprexi=ately 10 ' 'K.
'

8
j
!. '

Having thus definep he ther=al neutron one can write an, expression [,

which . describes what hap;4=s st.en a thersal neutron encounters the .

nue.leus of a fissile cate: .a1 and for the ;:urposes of this exa::ple U-235 j
vill be used. ,

As. At i
1 3 3'g 1

,

en f s2U2 3 s --* s 2U -> FF + Z IT + E + 2.5 onZg
a

a K.E.
Cama ,.

.f 1TissionProduct

&_ . '
i

. . { . s

p yM K. r.-- ,

.d - s2U -/ 136 j-- CA23*
23s 0

\ s2 | .

. % -s--
,

'
I

;
./ N

'

- . !
"'

Qf *. K.E. .
. ,

| \. I| , f
g

- s ', / iFission Product f
-

iCanna i t) . K.E. 6

.

Figure 3

The I:Lssion Process,
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Notice that.

it is really t*-236 (a very unstable isotope' 2 st.ich fissions;
however, this cccurs so rapidly that one can consider etne absorptica of
the thernal neutren and the fist.ica event practically stt ultaneeus. The
fission products (TP) s.hich are forned and the avera: e nuu=ber of neutrons,

pro:!uced by the fissioning of U-235 are subjects of fatt:re sections.2

' The
next topic to be discussed will be the energy consideractions in the;

t fission process.
'l 1,

1

i 5.3 E.er v of Fisu on !
,

Frg the pcuer plant operations point of viev. the nost i.Sortant-

r
consequence of the fission procer.s nust be the relc.ase etf epercy uhich',
accc panics each fissica event. To get so=e idea of the. amount of

.energy released durine a fission event let attention be .fccused upon |
'

the binding energy per nuclcen Wrsus nunber cf nucleons3 curve (2asic!!ucles: Physics.;?a c I.-5). If one .vea to estinate th'e. ~ bindin;; energy {*

per nucleon (5UA) fcr U-235 and In-117, one should r.et n:abers on the {
order cf 7.6 and 3.5 Mev per nucleon respettively (see. rotints A and 3.;

! in Figure 4).
* .

.

I't ' ~ . .- *

I ! 'M,N'

f -6(BE/A1)< > te D . 1 -r*
I I.

t-
e e

.

'A

.

. Figure 4- A
Binding.Enerr.y CurveI

I
-

Let it then be assuned that as the'

result of the fission of U-235 the- two fissice products for=cd uere, Indiu:i-117 and Indium-lll2
bieding energy released as a result of the fission event Then the.

.tould be

3.E. = . (8. 5 MW)(117 + 118 nucleons). - (nu.6 tiev} (
7

cieon " " * "*}

|,
a 211 :!ev

} vhich is very close to the tabulated ar ount of enerr:y per- fissien event,' in Table 1. The majority of the f thion energy is carriect off as kinetic
- |

-

energy of the fissien products whtth will be passed on tc the reactor-
ccoponents in the fore of heat en r;;y. The neutrons whicci. are released
during fission carry away about 5 ':ev as kinetic energy.

I./ ar.d fission product decay beta an.t gae:na account ?roept ga=as
for abouct 22 ::ev ofthe total.

The following table gives .an account of the fitssion energy.I
1

|
.

h

_ ---

_ _ - .

M 4iht. e

he ~

A.|.D" $.O O
an.

. . . . - f0 D[ ^ E
~
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!Table 1 '' Ii

.

Distributies of Fission Esergy -.

+

Particle Ene rry Ofew )
i

Fission Products 168
4

Fission Pr.oduct Decay-
'

'

S i
8 ' '

' Y y
iNeutrinos

12
?.eleased ::eutrons j

5
?roept Ca=:as ' ,

7 '-

Total 307 s'
I

I
If so ruch energy, one =1ght ask, is avillable to be released I

when a :e:c ener ;y. ceutron en- ers a C-235 cucleus, why 4:n't all heavy
-

:

nuclei fissica vith thernal .seutrons? The answer can be fo6nd i

vay in .?.ich the eccountered meutron . changes the binding e ergy.in the |
aucleen f the nucleus with rispect to a threshold ' energy fer fission.

per ;
A list. f i=pcreact nuclei a=

their thiesholds fcr fissir.' is shown !in Table 2. Alao shovn in 'tha 8

of the *.a.s t neutron in the c.teget nucleus.-sa=e table 'is the added. binding e=ergy. !
-

|
e

4

- T.nble 2

?ission Threshold of Stoe Fissionable Materials .
.

Ta get !:ucleus
Threshold Enersty. Sinding Energy-

.

'|Mev) (wev)- i
4 ,

~h-233 -s
9 7.5' 5.4
t U-239

-

1 T0- 5.5. .

U 236 6.5 6.8 '
U-234 6 .0 '7.0
Pu-240

'

5.0 6.6

It can be seen theri thac a zero energy or thermal neutron cannoti=part
short by 7.0 - 5. 5 P.ev.exugh energy to reacti che threshold of U-239 fission fallieg (

Thus, the additional energy r:ust be supplied L
tc the tari;et tr eleus by the 'c.netic energy of the incomieg neu::;on is

neutron vith this cuch energy -.ust be- rencved fro = the ther:a1 neutron A.
. ; category and placed in the fas''

neutron group. This is in.agreenent '

but is fissionable.with the :entention in Section 5.2 that U4238 is not a fissile nacerial -
|By the sa=.e analysis it is seen that, _,

stated. C-235. U-233, and Pu-2:'? are indeed fiss'ile caterials or they do
as previously

!fission v.th zero energy neutrcras.

.

,_
%._

* ,

'

q

.

'O

,

: t-.'
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m ;

3efore leaving the topic of fissica energy, it tu:uld be interestice, (
o

to =ake a calculation' unich veuld ;ive core =e.aning c the fissio: energy '
release ex.ber. Assu in,g that a fission product produt: tion-decay

{; equil'ib ri 2: had been reached,then all the erergy per fission event is
j recoverable except that strich is carried off by the natutrinos or
i
3 E = (207-12) !!ev per fission event !
*

(fission)(1.6 x la*' ere)(10" vat e r.w: ends)
195 ''ev-

:tev erg,

i
: 3.2 x 10 21 vate setends/ fission

'

;
The stodent sheuld show that it would require'l cras of U-235 per

day i:o yield a power cf appecxi=acely~1 Megawatt. !

|'

5.4 Fissten Product Distribution
i

,

Having dealt with the most important resultant c:' the fission event,
.

ca:ely 'the release Of abcut 200 : lev oer ever.t. attent:..:.- is new directed'
,

to the vehicle t51ch transfers =ost of the 200 :!av te ene reactor ,',

'

surrouodings - the fission product. .

'

,.
Because of the bir.hly radioactive nature of fisa *.en pr, educts, grea

effort is expe:ided to.contain the fitsien products wit:mn the fuel ele ents ,.

by previding the eierents with a claddine, sacerial wht.:n stays in tact.
.

,

Although the. fissien preduqts have ::uch kinetic energ: ,. it cust be
: re:echered thatI they are quite cassive; censequently, = heir etar ;y is

..

deposited in the fue.l' ele:ient caterial within 10 3 cen=treters of tr.3 vel.
In additien to being highly radicactive, the fission.pe cducts' are hichly ,

5
icnized (See Page.4-14 - Easic Nu'eleap Physics).. It smcid not be too

$

dif ficult to 1:aitine an. ate: with th'e kinetic energy wh.lch* the fissica
*

products possess covinst away fro. scrae of. its orbital tlectrons, virtually,

!
leaving the- behind in the rush, and this is precisely uhat happens to the '

fission products. Incidentally, the specifi'c ionizati.:rn of these products ![ is cuch ~ greater man specific ionization cf. alpha part t.les; thur esking
fission products very useful as neutr9n detectors as infi fission. chamber. f{,

p j
-

1 i

.f m-7 ; -

-

i
/

.

s

Y, . $J -- b K. E.m.J -.

j
---.y /s .- g j. u .-

'.' \8

j %aW %/ '

s Figure 5

Fast P.oving Fission Product is Stripped of its Elec=rons
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| Surprisir. gly encuch sten s (Lssiur event eccurs thcre is .ery
.

f ,

little te=de::v f:r :he fissie:ing nuel-us := s: lit inte ecual or ,

f near equsi ;stts. Assuring ths: 7-235 Is the fissionsble caterial,
' -

|*

then up: abs:rbi:r a eutre: the musher, cf nucleocs b ce eg 236 *

or A=236. If th. fissien precess vete ey =etri:, the nest prchable iyield of fission ;; ode:ts veuld be tuc n v elements asth with Is'
A '113. As cbserved f ra: Tigura 6, v'!ch sh:v
Plot of fissi:: yi 1d as a fu=e:1en of eess sc ,s s settlectrithnic {.b4r K, tha abundance

$ of alc: cats vi:h A = 118 is less than 0.a;; cf the t:tal yield, or
this type of splitting occurs caly c :6 1: 23,000 evcets. It'can

j also be see: by the pairs which : cur .*t ess numbers ?5 :nd 140 r

} that the ecs: pr:babic s;11t is.in a 3 to-2 rat.io. The other eso ' .' fissi,1. :::erials tava fission prcduct.*P.s:ributi:n curves very !'j similar to Figure 6. j |
'

t

At this poi =t one ceuld revri:e tt.r. fissien expression shown !in gercral certs in Page 5-410 the follewing ra ner: |
13, assg __ ,' ass *g __. : :7 .+ S*Sr + (2) 3n +.207 Mev (0 92 92 s. 34 3 3

When the fissien fragt.e-ts'are for td they. arc neutron rich,
'

that'is, the sutron ta protin ts:io in to: high to render the; j i

s:able; thus, as pointed out in ?ssic ::ue.le ar Physics, Page 1-6, ?

tha unststle iho::ye will apprcach the ststility curva by e:1: ting '
'

bats 7 articles usually in a scrics of dresys. Onc'exa ple"veuld
,

be
.

; t w e,je *oCs + en

16 sec. ,

,'s. ss s-
.

'

*

'
. 66 sec. -. .

i osa + '8ss.' *

.

12.8 daye *
t,

F/
3

t-

5

- 8''La + 'S
j 1- s7

t 10 hrs. t?t 4 I
| 8''Ce;, og '
, se - .-

Thus, by the c:issica of four beta particl s -(o'r the conversion' ofe

four scutrons to four protons) the r.sdiwoc:1ve fissics product;
. Xe-lic reaches the stable isctepe Ca-Ito.j

i'

1

j Up to this point the consequencea of the fission process |
I which have been censidered will be cond*nsed as follows: . I.

I-E *rgy edch fissics, event yistda.about 200 l'ev. !
a.

i.b. Fis:1cn ?raducts - each fission event yields evo fissics '

| predue:r with : distinct distribution depending upon the
fuel :sterial. Also, the kinet te energy of these products

] repres nts the greaccst portion of the energy release.
-
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-
;

. i
* '

Release of particles - the fission prodets release betac.
# '

particles because they are unstable isoc.tpes and each fission
evenc releases an average 2.* neutrons. '

*,

Ftill to.be considered is the fact that pre =: t ga:esas are released
and chls is done in the chapter on Shielding. Anct .cr censideration is '
the peison cifect certain ef the fission products u ve upon the reactor

|
and this will be covered in the chapter en P.eactor ~70 rations. j

Finsil v.
the neutrens which are released scrit =uch cere c: : sideration than they'

have been given in this sectica. In subsequent sec-ions the fate of these ~[!
neutrons uill be investicated. Mso, ti e v11.1 be treet.in showit4 thatj nost neutrons are released si--altareocsly vith the. fissica evect; but
there is a sr.211 fraction of r.eutrons v".ich bece e eva11able af ter the

,

{ fission event occurs. These delayed neutrens ccx.e f ce the fissien
1 products :nd play a cost i= porta .t role in reactor ::ntrol. The next . ,topic to be ccrsidered util be the fate of the pt::::: neutrons uhich'

are released daring fission. ,
t

,

*

.

r

!5.5 n e contre". led CSain Reaction I
, *

In perhaps an over sin;*lified state =ent, f

one =an .say that. the
.neutro.s which have been released via fission everd.: are coin,. to beused to perpetuate fissien ' events. .

With a few shcr. sections thes itc is hopei that a feel for the physical envire:- ent na:c.esary for this
'

'

perpetuation can be developed. The necessary envi :n=ent can be broken'

dovn ints sectic'. 4 as follows:
. i

Fuel or critical r. assa. P

b. Moderation i
ic. Reflection
!d. Neutron absorbing. material,,

i 1.' Structuralj 2. Control
i .
'

This list comprises the mininun essentials for a cce trolled chain reaction, j
and by f efinition then, 'the essent*.als of a reactor.

.

5.6 Critical Mass -
,

.

If a;;ain, one vere to inquire uhy, with the su:pply of fissile
naterial in the 1,cuels of the earth, does not fissi.:c occur spontanecusly?

} The anseer is that some spontaneous fission 'does oc:n=r; however, not to
any appreciable amount because the competition for c. e neutrons is verykeen.

Since U-235. occurs only. ene. part in .149 in nottural uranium, g

the
rest consisting nainly of U.233, there is fierce ec=nsetition for neutrons |
right in the uraniu:s orevithout even censidering the other elenents in .

!the surround.ng rocks and inerals with their "hostCe" cross sections
for interactions other than the fission event. Quite clearly, then,the liniting f actor is one of concentration.

1
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T':.e subject of cross section has cor:e up again t.: this sectic:: .

and there is need for a little expansi:1- on the materr.al that was !

present .d in 32 sic *:uelear Physics, Farr 4-21, h*uclear Croes Sectictus. fThe to:1. ct:ss sectie: Ogo:21 was def: sed as the su= ef the e,catte: rg ;

| cross s+: icn ar.1 the abserption cross Fe: tion or eg _a y = c, + c . ~o ia
shc.e whic e the probsbility cf a fissica event occurrit.c fits into Lt:5 I

,

cross s.e:tian scher.e. it can be said tn.rt c a cc + cf where Jf is :.nea ,

fissica rcss section and 3c is the rad-;.r.tive capture cross esttic so .

*

C h * * ""
g .a +c nato tal e c. f

r lis t of various cross sectiens Ier the fissiet.able 'fpels is
shovs i=. Table 3.

4

'Table 3

Nuclear Fuel Cross E.artions ;

% cLeus c 0 a oa a f s.
'U-233 531 54 527

t C ~3 5 683 106 577 15 ',,

Pe239 1029 237 742 5.6
'

U . 35 2.71 2.71 n,3 ;-

U ~:a tu ral) 7. 7 3.5 4.2 0.3j

.

! A'; data is given for .0.025 ev ne utrons. - Obse:-~e that only abut
65% of On.e absorptions.in U-235 lead te dission (577/:.r3).;

.

*; As r.a=ing nov chat a'n 'unlir.ited a: mutt of enrichm;. p23% (hig h
concent ruien, lou contcair. ant) is ava11:.hle, what uci.;d be I he fate Of
neuttona rroduced via fission in a c: ass .-f U-235 whien .could be ass.=n;1ed? !

,
'

Two thin.rs could hap;en in such an asse ::17 (it is fur.her as.u=ed tn..t
f

.

'

the reaccion has n:t reached uncontroll+d ~roportions! . Firit. the; neutrona :euld be absorbed t.ithin the =1:erial of the rssemH y lead 1.ne'

to the producticn of. t ore neutrens. This is quite ebw-.eusly 4 func:Len f
of the v,- lu=e of the asse-ily. Secondly. the neutrens could = scape from
the asse.:1y .and be lost to be systes amd this is a ft:nction 4.f the
surface r:ea th:ough which their escape must be made,i

T.re variables have ncv been identi.fied in the priolen or putti.ag i
i

together a critical mass,. na:ely, conce=: ration of fue'., and the Secretr7 Ior shape which the assectly vill take. The first f act. r has been tct_:hedj upon by pasculating enriched fuel but ca:ried a step f urther .t y lett 08
,, the f uel >e a cons tant enrich =ent.- This leaves a dec:.s ten to he r.ada as '

: to what
!

s. nape the asse:bly shall be giva=.. Thinking a:.out th= si tuar. ion !
a bit le.uds one to ccaclude that if the. troduction to lbss* ratio of|;f neutrons :ould be maxi ized, one would 'J.e taking a ste;. in the right

H
,.

.
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direction. tiell frc= prior discussien, it is clear that producci / .-

loss a volu=e/ surface area and new it look.s like the decisica might be i

suided by a stall 1:-ves tigation into the volu=e/ surface area, (V/ M) . [; of some co:sco gee =etric figures. Given a cube as shown in 71stre 7 st
3I vith a=r then the vole =e is V = r x r x r = r and the surf ace ares is -

t 3 2 I lSA = 6 (r x r) = 6r and finally V/SA = r /6r = r/6 = 0.167r. I |i r

j _ -_ _ .__ ,

/ $j _

/ ! i'

t a !'
, ,

:
. {.

I i! | '
: ? ||

I-

.-/g.

!,. .. - -

J !
a i r,

1Figure.7*
IA Cubical Asse=bly

*

2 3

,

:: ext , c:rsider a right cylinder with r = 't., then V = rr 5,.V'= Wr a-i the |~ 8 + 2rr* = O r' -sarface area is SA - 2(rtz) 4. .dh = 2 r* + * (2r) r = 2rr
3 2 r/4 = 0.25Cr. (See'TiVur e .")and it' f o11cvs ' tben that 'v/SA = tr /t.sr =

,.- 3

' s ,
"r ,i g-y

I II.''--
'

i !
'

I h
;t - ..

.[ t

i
-

t

| 1
*

.

Figure 8 |

A Cylindrical Assembly

} A distinct isprove=ent over the V/SA of the cube but orie more 'c.a.se
i vill be looked at before making a decision. Given now a sphere of ruius

~

3I r, then the vole:2e of Figure 9 is V = 4nr /3 and the surface ~ are.1 of the
! sphere is 3A = 4 r saking lihc V/SA = @Tr /43r = r/3 = 0.333r er cleuly2 3 2 *

j in dicatin: thre of the three ;eccetric for s considered the best 7/SA,
- consequently, the test production / loss factor is to be obtained from a
i spherical asse=bly. It is ;lif t to the good f aith of the student to .

accept, the sphere as havicg the, best \/SA of all practical geocetricj
forms without a rigorous calculus proof.

i.. i
i
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Spherical Assechly i.

;
! .

' Upon ac:n-etieg : .is ts f act then, the asse=bly of the critical .

mass takes on a :phert :a.1.for: with a cer.stant enric!=:ect of fuel. If
'

it is new us .=w th4: rne starty with a very scall sphere then it is,

conceivable ch.nt the me -tires prodtaced in the enriched C-23) cass can ,
'es cape f re= the syster tedere they cause another fission. As the radius

eof the s'phere :' U-225 is' increased the Icsses .intresse as r , and the ,

production inc:-eases ad TI; thJs, the overa'll ef fect of fnereasing r is g

to decrease le.s pes by *.fY. Clearly then a point is reached where for *
,

~

sc=e radius re :ne pr:re.:;io . of neutrons will equal the losses and for
'

,- each.neutren th rt- is r,t.~ ea. sed by- fission, it goes. cn to release another . ;

neutron chich uCl f o' ~ :v 4uit, thus, onai has a critical cass/which ca . :.
,

'support a sustauned ca.u:. . reacticn. Une :.itht. approach the question cf

critical mass irra ade-hir sine of~ view and sel,ect a given size sphere
and proceed to thange the' cencentration of a cater- and U-235 si rry.,

* the sa=e r'sults as obeve with this change cfvithin the sphere' and Act e

variable.* '
.

. .

As the av-2: age 's75 f ect who has been s6bjected' to a good deal of
colding, shapin. . bra *.r? 4.shi: 5. and peda . tic br:wbeatics :i ht suspect,C
the above- is ..u: nyer w .=;11fication. Sectien.5.3, EnerCy of Fission.

4

hints at the ner::. cons::.deration. The fact that fission neutrons are:.

"bors" fast oc v.th .him:. e ergies and that .U-235, like all fissile.
'

caterial' , has a fisst.:n- cross section for ther=al' neut rcns, p retty{ s

clearly brackets the n..:::t section's discussion, that' of =oderatien. i.
,

i

5.7 Mcderation. '

;

[ The subjec: of =cideration has been approached in "asic tiucleer !
~

'

Physics, Page I.-26 anc One recalls' from this section that moderation is r

the function a ..cteria . c;for=:s in.a reactor uhen it tskes fast neutrens I,

! and slows them 6.m n to .ther:al enerCies thereby increasing the probability '

| | of a fission isr_eracri::n eccurri:.a berv'een the neutr'on and the fissile j
'

fuel nuclei. '
*

,

|

'

| 1.et a quanr d ty ( he defined as follows:,
:

I -

!
'

t

!
C - L(inEF .>

,

!* '# = InE * titt

- in E /It

. _ - _ _
--

_ _ .

Wene . e **b - * *
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t

where It is :n: ncutron cncrgy befors cellision and It is the en:rgy |~
of tha nsutr- af ter collisten with the :odcrating raterial. Thcn ,.

can bc dssc:: 15sc: as the cverage legarithmic encrgy decrec.nt pe r i
~

cellision. U.::::c also that
'

r'. ~8
!. a = - ,[E

1 E .

'
. A .ath<.=stici : rest =ent beyond the scopa of this course veuld show
the fell: vin; sp;rox1=ationi *-

I
,

2.

f E' A+1
-

s I
J e

which is accurate to within l'' fer A>10 a..d also shews that ( is ;'

indcpi.nd.nt an the cuergies involved. but is an inverss functica of |,

{- the :sss n r:._: A. To help brir; this neti n in : fecus, censider ;.
a collisic:. )...:wcca a high velocity arble-(f ast =su:ren by |

a lczy) and I 'c cvlinF hall (nucleus with large A by analegy). {,
'

Cluirly thcr_ veil bc li: la velcci:y 1:per:ed to the bevling ball ;
by thc :.:.rbi . Thi carble vculd Icave :he- collision with about the p
sa:c val: cit? 1.a., ener y as it w ought into the collisien or (
of.the b:vli:T b:11 is ycry Icv. On the ether hand, when a collision

,

is cnvisiensc' ':u:vs.n twa rarblss of equal si:c, then ccc witn ssis ,

j a Ersat : c nna fsr of energy be:mn the two' qual :. ass particles j
and as a resu t ( is larger. The cen:1usion, than, to ha drav.: is t

j that one of nnt factors to be censidc' red whc7 selecting a [
,

| :of .rator ca::.: rial is hev elescly :ha esss cf the nucleus cf the !.

=cderater a:-- :xir. stas the ecss of th. neutren. An interesting !..

I cc:bcr can n :siculate'd by first calculating ( fer a numbcr. of j
natcrials (E 2 Table !.. ?cge 5-15); : hen assuna that coc has a . j
ac.utron pcpu;.n:ien of 2 !kv ncuerons and wishes to thor alize these ;-
nyutrens (0.C3 cv) . The average nuebsir of collisiens to thornal j

(Cg) is: t.; ,

).

i-1 -

'' * - In Ei/Et k
C

3 th ( b
=

2 x 10'
in

, 0.025 .18.2
m d

I (- C
t _

96ucs for various e.aterisis is also included in TableA list of C*'

4

*

Sacend cnd third f'ectors to be consid'ered in defining a good
noderator era the scattering and absorption cross s.ections of the
=accrial. A .:starial with a high ( but a lov E veuld be of very,s
littic value us vould a caterial such as boron which has a very high
absorptic!. cr :ss secticn. .Thus, te can ba said that a riatorial's

worth as a rec:crator is directly related to ( and E and inverslys
related to I ..s

- Ref erri=q back to Tablo I, Page 4.-27, Basic ::uclear Physics, [
cne obtains a valce of codarating ratio for biscuch of 264 This i
value was ot:nnned by consid. ring only th'c scattering and absorptica I

*

cross sections, for biscuch.

.
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.

Table 4
1 ,

I
sloving Covo Data

! _ Ele ent 4 { C
_

th

Hydrogen 1 1.000 18

! Water 18 0.920 19
-

I Deuterium 2 0.725 25

Reavy 2ater' 20 0.590 35

Heliu= 4 0.425 43

i Lithium 7 0.269 67
.

-

-

Be r/111um 9 0.209 B6
, j Carbon 12 0'.153 114

0xyaea ' 16 0.120 150-
,

+ Sodium 23 0.0325- 221.
i Uranium 238 0.0033S- 2172i

*I

b' hen the =oderating ratio is redefined .co include the average logarich=ic.
energy decre .ent, moderating ratio beetmes li'a (T.s/!a * EUs/3 and for'

,

11-209 a,

,

M"-
(209 + t) (254) 0.0095 (264) = 2.5rl

*

which would be a rather disccuraging figure to choose for a'caderating- -

cate rial . Table 5 shows so 4 ce x.on moderator :asterials with their,

respwctive (Is/I ''oderating ratios.i

a m
1

. N. *
-

. Table 5
!

Slowing Down Property
1

. Moderator Modersting Ratio
.

1 '1 Water (Ha0) 72
,i

Heavy' Water (D 0) 12,900
'

Heliu:s (atzspheric T and P) f3

Berry 111ua - 159

Carbon 170
*

Scattering cross sections are assused constant from
51 to 10 ev.

.

Although heavy water has an excellent moderating ratio, the priceg.,

per pound of D:0 was $28.50 as of April 1968.
. .

.
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E B. Reflection,

i "
n,. reflector area of a resetor would is gt eral tever the outside

4 a: es cf the core; thus , it is sccctices ref erred t: as a bla .ket. Refer
b:ack to the critical :sss e.ich was asse-bled as a ** bare sphere'. . This
:"'pe of reactor is af fecticoately kncv: as a Codira 'Kea:ter (fer obvious

: 5 asons) . If the bare sphere were to be bla.ketad with a layer of'

! e.t:erial which had properties similar to codera::: raterials C igh Is),

| :nes af ter scattering around'in the reflector mediu= there- veuld be a
~

M-50 chance that a neutro:, which had just bee: ':st to the bare system,-

would scatter back into the critical = ass. 1.'ith a regien like :his,

ssrounding the critical sass, it is obvicus tha: the loss figure coes+

j cown and the prsduction figure goes up, and conseque:cly, one :an decrease
. =ne concentration of fuel c: the . critical si:e cf the sbhere, a..y ti. e

! cme can ef fect a chant,e like this in.a reacter oce has just saveJ :iny
dc.ilars in fuel costs. So pricar'ily, a refiec:ct is aIsavings device*

j a=.d does so in the follovieg ways:
''

1. The refelctor reduces core leakage

] 2. The reflector alle s a scaller core, th _s Iess fuel, to be
cons truct ed,,

e .

1 3. The reflector flattens the therr.al .ficx, thus a = ore eve:

: flux density.

e

.j 59 Neut ron J.bsorbine Mat erial
e

As more and core material is added .to the bricinal, bare s;here
=wkita it = ore practical it f.atuee,cne fi .ds tha- foreign sa:erfals, that
* 1, caterials which. have very little to. contribu:e tio the c:r.:inuity of
Ome chain reaction, have. :a .be added. co'.hcid the arious parts e f . the'
m:se=bly .together.' 'These s t'ructural =aterials. ha: e the ef f ec: of robbing
:eutress fres.che chain reaction because.of their sbs'orption cr:ss

'

sn.:: tier.s which do not. lead .:o fission. 'Sinee' the. are a neces s ary evil
la: perforting functions like re=csing heat, clada.1=; fuel,, shielding f ro a
r adiation, contain=ent,- etc.". =sterials s're usually chosed with lov
acasorptio6 cross sections. Ecr.ever, to obtain certain desirable charact-
existics like structural strength and heat capaci:y one' vill c.erlook. a
nlatively' high'r, occasiocally. The net result ts that this tyN of
:seutron absorber increases the'stae of the critic.al = ass if a neutrom
esconoay is to be. maintained. ,

A second class of absorber saterial is the ccc, trol caterial. As. '

wu postulated in Section $d, the asser.bly was t akes critical by one
mi two c;eans. Either the radius of the' sphere was chacged until r wase
reached.. or the concentratien of the fuel vas cha:;ed via a fuel liquid
soderator slurry. From ac engineering standpoir:. nei:her of :hese

=>ethods von vide acceptance. The more acceptable sethod is ce introduce,
, ;ttpos ely , this time, =aterial.uith a high absor-tica cross section E a

stuch as boton or cad =ius to upset the neutron ec:::=y allevi:g cne to
.u :ain and depart froc critical at vill. This deliberate introduction
cd " poison" caterial is dose in two general ways a.s follows:

,

I.

.
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;N Lteped pcisc:is contained in. control reds yhich are insertada.
: and reoved by elecerceechanical means.t

| 'b . Distribcted poisens which are in solutiet in the coolant
i

cate ial ard perforr. their ' control ' unctions by chasces of'

! concent ra tion.
t

|
More vill be said about control in subsequent . chapters.i

.

t In s ts=a ry, enes it is.seen that fro: the ti=e neutrons are born
with fast energies until the time they.are absoroed er " die" at ther:al!

enen tes, thete are a number of phericnena which occur. A careful treat-3

of the neutron econocy as the bare spherc beca:e sortment,

sophisticated
alleved a reactor to energe. De etxt section' goes back tr. the fissi~on-

{ ing fuel nuclei again and with soce si=;'lifyin; asst::pti'ons sets upi conditions for criticality.
J
..

.S.10 Crit tsal Infir.ite neactor
!

To start si:plifyind matters, let it te assu=ed' that h.e reactor*

syste .under discuJsion is an infinite systes. by makid th~is ass.cptica,
,

one can say that the only lo'ses uhich occur are absorption losses within-
,

s'"

the system as ebviously, no neutrons 'cas escape f'ro= an 1: finite.syste=.
'

*
.

The object of the-subsequen,t sections 9111 then be to'd4Eise a
=achematical schece to describe the physical-cbaditicn chich is referred
to as criticality. As previc6 sly. indicated, 4. critical reacect is enea

I in which neutro:s perpetuate the=4 elves. Tutting it a cther.uay, ene
can icek at the cu=bers of neutrens ein succe(sive generatitts,- i.e.,
th ;eneratign, the n + 1 generatigu, etc. , acri if 'the ratic of tvo' then

*

successive gencrations of meutrena is equal to unity then the reactor is
,

critical. Let the rstic berueert generatif=s be referred to as i and since.' the system under considerati'on is an infinite systen let 'it be k
f- Then,.

nu=ter of neut'rens'in the n + 1'eeneration,

nu_ber of neutrons in the otn generati:n, =.

,

and k, shall be called the infinite multiplic'ation factor.| Another'way ofexpressi g k, isy.

k = ## d"** 'di

absorr .cn *

I
e '

*

.

A sert s .' f r- 1: ems will be devel'oped whien vill accountthe producta < M, for all> > tption of neutroy uhich occurs in the'inficite| syste2 beder t,tnsideratica.
Tuo fu.rther assu=ptions =ade in the follow- ,

in5 development are that 'all fission neutrono are born fast and that'
the fuel is a mixture of U-235 and U-13C. Thes product of the.se four,

,

,
t

| tems, since they account for all of the neutrons'.. vill indicate whether i
, or. not the system is critical. i !j and is written This expressice is the four factor equation

IM
k,- n't p f ya. // Je k:p/ '

t
-

and its develo;uent follows.
|

1 ;

.s :
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i

} 5.11 The Re> reduction ractor n
I

It has been cestioned cany cir:es is previous sections tt.at about2.5 ceut cas are reles.ed in each fisai.:
*

,

event. This figure vill bef

assigned the Creek Iet ter v (su) and VC'be defined as follew:.

cu:ber cf fast *neutrerr eroduced
' .

y3
A thyttal neutrps fis.r. ion
i
n 'A sc -cd ter=, Pdeta) will, be det ned as follows:
i

.

*

q . et=be r af f as t= - neutre-> stofeced bv th=r al f:ssion.

n s:.5er or ther.a i.eu'tcor.s absorbed -is P.sl
This ter: is called the reproduction _fac .or and 'atter. tion is c.tlled to
the ss5tle difference h twea..'v and h vath shces up in the im:isaccr'

of the previessly defir.ed expresrious. 'he lar;er of the tv ter s V'

spea"<.s of the productidn of f ast neutre :s' i:t terns *of, .".SSIC?J. .hereas n
speaks of t:.e prodcetisn .of' the same cc=:nodity jn rer=s 'of A23 TTSTIO!;.

,

Str.co not 411' therchi r..utrons,which'are t.hserbed lead to a fianan evest,
'

the' relatio . ship between v and 9 is gev idi.ed by the n'en-fissi:
ca;.tures

*

*n the fuel er a:e c:ay'urite
-

4
r tne

}j q = v p,, [,, , f,, (
f

,,
f c ei

Sotice, however, that U-238 he.s no cros's section for ther:
.

41 :+utronfiss. inn (Table 3. Page ;-11); c' as, a s = lifiestion results.

gr.s s
f. , U "' V ps. , p 4. #p45

f c c
I

where E " and T[" are the respective mdiatihe capt'ure' cross sectionsc

forU-235andU-239antT}88'isthe'the: 41 ftssici cress sects:m forU-233.
O.e reproduction f actor is '1 1 arid a typical calculattre of q

,

for natural ura.iu: which contains 1 par- U-235 for every II.0 ;:. arts follows:?
'

.

Nass g:,ys
n = V- p, , ,,, , ,,, ,, ,, ,,!-

f e c

where N " and 5 " represent the. number of stes of the respective isotopes
1 1

per cubic centi =eter of natural uraniu;n. Dividing by N***, oce' gets
rts-g
In=v -c''' + c'33 +.c'''/1.-f c c

where R = N "/N " = 0.00715 and v = 2.5
I I

_

_ -
- .__

g . M e.m
.

[6466 p .* eu. W ** *
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M
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a

* ustr.g yahes f re Tabla 3. Page.5-11 '.

[
-

-) .
' AI !

2.5(577) In' . -

= 1*.3 52577 - 1:5 + 2.71/0 00715 8
4

1i ii
i

--2 A table of typic.al values of .4 and u for fissio.2.:le sa':er:als. is #

,shevs 1: 740'e 6 bele.'.
sTable 6-.

. Sc=e values oi n ,and v-

U-233 U-23 5 - Pu-239-~ 1t **atural. C '

n - 2.27 2.06 2.19 1.31
. .
1 '
l *
'

< v - 2. 51 2' O . 2.89' '2.53. *
*i

-

,

,3. Values are fo. r 2200 m/sec neutrcas. ~,

.

.

.

. .

. 5.12 n e Fas: Fissim Tae:sr c
. .

i '
I

I reac: cts which ces;tain lara,e' amounts of fissi: .sile tu:.=on- i

*

fissile fuel nuclei, ere usi acccust.for an increase in :ye nu=ter cf ;

neutrees z.ailable as a result. of the fast neutre 2 fissi.es tha: take'

place 1:- :re cos-finile fuel. 5ttentica is called t'e Titure 10 bel >e '

; and Fir:re 11 on Tape 3-22; whic.h clearly s%cv that i= :;.tural' u ar.iu:2
because cf :he.hi h ah :fae:e cf the U-231 ise:c;e, =cs: f the fissior.s

}
3,

* occurrie; 4: 21*u (::s ;retable fission neutros ener;7) vill be theI
'

!result et ftssienir,; cf "-135. So ,then to, adcount. fer :51s increase' in
- neutron pe;utstien the fast fissien factor .c is ictroduced and defined ;
'

as follevs: ;*

.

8 .

c ~ eu-ter of f ast.neuerens produced 54 a!! fissies
,

r;.cmer o,I f ast f.eutrons produced by ther:41.fissics
;

.
-.+ -

g
.

|-

.

-=
~ . ,

0.7 99.29:: of ::atural - U.
-

-
,.m .
.

tn

'. 85 0.5' '

.m a ,
t -

=*

5 0.3P
E [ Fission Neutrons !$ 0.1- A
"" ;-

d .
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I'

.

|
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Figure 10 Energy in ::ev ~ ~

Fission Cross Section of U-235 I
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Fission hatrons3

o i ./
|

g
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..r
'

O.01 0.1 : 10
' !

Energy 2.n Mev '

Figure 11

Fission Cross 5.e: tion of U-235r..

|
'

|

Eve = thous;h there is an i=e- ease in'neute.- p,epulatien be:.tuse- of Ifast fissica, it is slight becaun e c.Nere is a ;; tat probability of' !

i

iteletic scatterin; of high ese: ;yfneutrons vi.: '.*-2 3 3. A ty;::al value
of C f r =atural urani= would c + c = l.03. 7. 't actual calculatier..is
based en prolatility theery and re uire's a kr.ev.' eece of fissiet. a' :d nen-
fission captures, icelastic and efascic scatteri .; cross sectic s.

.

Ots e rve th..c the first tvc t er:s consiher ed.; 1,.e. , n and c. . have.been productiort terns and are be : > .1. One = Q t feel that'the para-
ceters chosen rare should te the rees to yield the ht; hest nc prMu t;
but there are sc.e c'onsideraticr.s involved that ave irt.etse rem tions".ips

'

with.subser. vent. factors,in k sa . hat a happy. c-a _:u:2 cust be 't e.ac,ed.

5.13 Resce.ance Escape Probabili- v o
f

,

.

Now that the f ast. effects 5.cVe been account ed for, i..e. , the neutrons} fro:
U-235 fission are born fase und 'sose of thes e fast neutror.s causej additicnal fission while.they. ar a still fast, the topic of slowing dovn

[ these f ast neutrons to r.her=al e iergies ce'eds to be considered,,

i . }
.

.

As indicated previously, chee most probable energy for fission
neutrons is 2 .Mev and the =ost' pebable energy fer ther=al neutt. s is
0.025 ev. This leaves a rather * a.rce gap coveri, g about a 19..

8

| ev energy
span VS1ch. for the :.ost part,1,s. :alled the epi - thernal region. The

; cautrons born of fission must paa+ through 'this, acergy region acd there t
.

j is a r,ood possibility that they v.11 be captured in the U-233, resonance-
g regio.. ;These peaks of high espc:.::e probability :an be seen in 71gure
: 12, .ir,e 5-21. Although U-235 hea si ilar reso .csces, in natura?. uraniu:a [
'

one is onlj concerned about the highly abundant 0-238.

1. . ~
.

M

i
1
6

,

4

?

-

- " ~ * - - . - - -
- ... . . - - - . . - . . . . . . . . - - - -,_ p-. _ . _ . . .

N.
..w. .

s I 'b h !... , .
. aup * * * * *

C .CC . 0 7'- | C
--e-

/.s

w

>
..

_ _ _ _ _ . - _ _ _ _ _ _ _ - - . . . - - - . - - - . - - - - - - -- - - - - - -



_- -

. . -
-

s

-1
i

|

|

_
_

! i

|-

|

-L
.

5-21$ o000,
1

.m 1000* .
i I. , vi *

. = [ }
\ ; ,'t ~

Ij c I

.b !! l'=; ~
: 'I I1006- '.

j 2 I
*

{
*
y.

-4 5 it it 4,
| | , s[ ;
, .

. .5

10 ~ . ~'
'

,,i.
'"' "

.w
-

m , ,

<
r t: .

f Energy in ev '

C 6,

0.01 0.1 1 10 100 1000
Figure '12

.

Ecsorance Peaks in 'J-233

The resonance. escape probability is ' defined by

_ nu=2 er of 'neutrens reachine the :'al
2 * ns=1+r. of ' neutrons not abscrted as fast;

A point worth :.e:tioning here but t.hich vill beliscussed more
,

fully later en is Ccipler;broadenirh. As the te=perature cf the -f .el in'
.

a- rentor syste ine; aases, the' vidth gf the' resonance pei.<s increases-

. vhic.* is one cf the M atributin . f actors to a negative te=perature
coefficient f or, a giv en reactor syste:3.

,

'ry some of the sc' eci:ists working en the ManhattanIt'was.though: i,

Proj e ct that a posstile way of circumventing the resonaoce preblen, was to
sepuate the fuel an.f. the moderator caterial. This was t!cne in the C?-l
teactrr vith natural dranium rodsi. and graphite in between ,the' fuel rods.

: The r.derlyi ; idea .als that whes' the fissien event occurrel in thc' fuel
j rod tre fast' neutrens vould escape froc the fuel rod into the r.raphite

moderator; thus, sic.teg doyn et thersalization ueuld cecur away f ran the
cenatir.; influecce c f the resonance cross sections. . Af ter becoming.

- | ther:al the neutre:.a would diffuse back into the, fucl . rods and 'fissien.
The success of the C2-1 in catntaining the.first ch' sin reaction proopts-

~

one tr agree that thi s- was a darn good idea. -However, the complexity -
j brought abcut by the interplay between concepts can be illus'tyated here.
| Frc: the above discua sion it is quite oirvious th'at if one esakes the radius

of the fuel rod quita snall so that there is little chance for a neutron to

enccuster a U-233 n..::*.eus befoca . escaping into the graphite, one has ;;one~

a leng way reward keeping. the value of p high.
I

E

On the other ha:nd, go . hack to c,. the fast fission factor. It was

the intent to keep c '.igh also thereby keeping the neutron population high.
; Since it would require 'a large radius fuel rod allowing a greater picbab-

ility of a fission 1.teraction between the fast neutron and the U-233
#'

nucie.a to keep t hip...and a scall radius to keep p high, therein lies
the dilena. The solution comes' f roc. experimentation with fuel rod dicen-,

. siens and lattice spa. ting resultin'g in optisisirc by coe;ironising.

i ,i,

\
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3

Resonar: e escape probability also prese :.s a challenge thrcu;ph
j direct c.ticul 1:ie . cf a value; however Figure 1. indica:es scr:e n lues -

of p as a f cn:- .icn of rod radius' for varicus la::i:e spacir.gs. Ru::ce,:

| also, that over the ra.:ge of radii- investiga:ed 1.= Figure 14, the: r was- ac in c r eas e
I,

f Tcs 1.02 to 1.035 in c as shown in 71gure 13 belev.

! One fi .ul comert on p veuld be that, p < 1 because it is a'
probability. If every neutron that vasn't abser:-ed while fas t get

~
to

ther al ener-- :hst vou.1d accou:t for 100% of th.e neutrons a:ht the
prebability m.;14 then be one. Since they des': all mai.e thercal en e r g ies .
p cust alw.ys ae less chan 1002.

.
f.
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Ficure 13 *,

Fut: F.issica Factor Vers'us ; Fuel Rod 1.s.dius
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| Ther:al .'!!ilization and Resonacce Escape Pr:6adility .

! Versus Fuel Rod Radius
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{5.it Thcre:1 ::111:a: ton f

~' ~
t

The thc ma' utilization fac:: liks'the resenaces e,scapa is= {,

) a ;; bability 1:d, ;5.refor:, can never be fruatcr thtn unity. 1:n
sir;1c f:rn, th th;pesl utilization fat::r is a :sasure.cf how .i

| eff:cice:1y th; fissil; fuel cc:;&:.s with c:har rcac: r estarislas
' for thstral ne :r:r.s. Tha definition cf tharnal utill:2:133 is:.-

. I, . nurcer ef t'.cr:21 neu:rens abser':cd in fue'l |
e . .

' ' ~ =a:ber of theresi neutrons absorbed t

i
f Ex:: ins:::: cf nencr::ct a:d d.neninator.ir,dic::ts that all. thee {
'

neu:rens arc the:r:1. Thw c6etren ;;;ulsticn, having ranched th::r al
;, energias, 11 ::ffuse for se c : ice than Sc absorbcd. 20;endies-
' u;en tev many L;:rens sie absorbcd ti r::srials Other than fucl.

one can writu ::. folioving

2:57,c.;*
e.

$ kVlaass # ;y ;, god Cy; . 411 ,

3
! -a etz . . .

1.en cressi~ * * *
, l..~~~, and 02 arc' the . Peresce;.ic ,:tsor;:whLrc s*

,

.ind s11 c:hcr net rials reu:5sectisns for -U-125 redcts.ter ettcriti,'

i
es cett ><ructurs. shiciding th:criel sed centrcl reds. Nota :t ::

extn'lcs, the:he th:rer.1 flu.x ; is' r,et, er:c;: in :hc. sir;les: p
sana in :he fuc~ as in thc ;::dtr. ::: c'r 'c'thcr' s:rde:ur:I Esikki?lts.
The ratio of c, ./:_,d is kn vn- :s ths di-silven:s.re f 35 tor F an:.

'

acccusts fer s'i.~ircisi in ncutren 'fluf in LFe fbet rods ef. 2
reac tor where t' .-rs.is a't soracion cf thcre:1: n utre'n's but to:.

rc;Ls:en.nc be::.ec the fi'ssi n..ncc.:r. ens. he:n in :ha feil . rods
.a;= f:st. The ? fa:ts; f.lse correo s fer th'c dept,cs.sion of.

-

.

thcr al. flux 10.the =cdcr.9 tor'adj 7 cent -te thc fuel : rod bucsuse .

j of the to 's a:: r.g as. s. thct=21 neutron sinh.
. . . .

Tht countar ef f cets of ch:ngin; di:<nsicas Ire.sgsin canif tas:

in the the rnal tilization., A 1cok at' Figure 14, P:ce 5-22, sheyg-,

| sn incrcise. of f sich rod ' radius: 21so cctaistently higher valuas
; for shortar 12::'. o s;te,inFsk This is expi,iined.when ,cnd consis:::s

th : in both sir atiens .the neutrons. :re s;cncing less. ti=4 in th:: .j
:: der::or, thus thcre is icss chsnce of bcinr. sbsorbed th re -+

,

', censequcatly, f s higher.
'

l>
a, . At this ;cint, sce= nunbces will .be collcc:ed f res the ebevve

i se'gelons .:o dc:.rr.ina whcchcr or not critics 11ty' has' tesn 'obesineci.
) If it is :ssuem: :hst n - 1'.33 as c:leulaccd in Section 5.11, th: n

~ ~

{ for the stre ty s of f uel, i.e. , ne ural uraniu=, let c.= 1.03. 'tev
refer to Figura 11 arsin and sci.ct a radius for fuel rods of 1.a. '

g .

c= sed cod s;:c;::s of 20.3 c: yielding and p values of 0.905 a:=d, ,

0.890 respc:tivcly. Using these valuss 1: k. .cpf, osa finds
.

that h. = 1.100 so thst not only is the re. actor critical (because=
k. > 1), but.the nur.ber of r.eutrons in the (n + 1) generagica is
1.104 ticas gr.,1 :: th:n the nunbcr of neutrons in the nth ter.ers:: ion.
This is not an =:dcsirchle si:us:1cn and is'setually necessary if*,

cne is ce cet ;c.cr free a reactor. More uill bs, said later' abe'u::
the a ount k. is in execss of unity..

' '' The si:ustien cust be controlled' hcve'ver, and this-is accer ;11shed,

by the addi:1cn :f absorber e.7.tcri:1 as suggested in Section 5.9. reu:ron,

. z .

.!
"
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, Absorni=:r Materials. n e way,in which k, vill be centrolled by the
absorbi.-; aterial is i=plici: is the the:=al utill:ation factor 1.51=plif,1:~, f so tha t one can write '

,

.1 glas
,afa g... .,. ; ,ga.1

i. a a a

it bec .a s clear th at when more absorbing material is added to the' ,

,

! reactor syste= ;,84 will increase with an accorpanyi=g decresse inI' sed, c: . sequent 17 k,.. Berei.n lies :he secret of neutron population .

adj u.s t=u.=.: with 'c:::rol rods cr distributed poisons.
' c

m=.arize :he' treatsent of the' infinite ca'tural urani'.9. reac:o r. syste=, : is fec=d ccnvenient. :o describe the following capture
-

& processe.n :
t

1a. Abso rp t_i:: of fas t ce'utrens above the '1.iev ,fissian threshold
,

of t;-232, :he fast-f'is'sion factor.
b. T.adiativa capture.'is the redoc'ance re; ion (13-100 dint) of.

':~232 d.gr ; slowins. dcun , leading to. the resonance escape
;rchabilary.

.

. 6 .
.

7arssitic capture of ' slow n,eutrons. in cderitor, stra.ctural,
c.

and conc;:1 caterials .resulting in the the.r .al utiL1:stien. factor.
.

d. ' Tissio . cA;:ures in the 'ther=al r' :; ion by 'U-235 whien ise
t - described ry the .reproductic:i factor.
1
* Le: it. here bp point'ed cut that all of these effec ~ s are =icro-' s'ccpic it t

tsture .of:,ntensive prcperties of the accerials icvolvedThe next 1.ectice vi'.C deal with proble=s of si:c. .

'lu othe r. vo rds ,, s the fini:.a feactor a: f 'the modifications of'sme equations and ideasj .
already r: t;sented ce s' ke -the 'firite reactor vorkable.

.

!a
.

t

5.15 _h_ e Tinite Rea::or' .
i- tne

cifference hecueen the finite and the infinite system'is
,

6

quite. ob c..ously one ef si:e. Cracting that.an infinite reactor is ,*

an' unimagt.ubly largs, reactor, the size vill be tut to seq conceivable, i
i

ceas urabia ii=eastons, but more i=portantly, neutrons will cow be .

allowed :: - escape fr== the system. i

Two more ceres vill be added to the
multipl'ica: on f acter and it uill befindicated as Keff or j ast 'k as ,

opposed to ::. t alreadv familiat k,. The new k is st,ill the ratio of ithe (n + 1. and the eth generations of neutrons; how~ever, because it 'is ;

a finite s- stem ocv ':.eing described and neutrons can escape one r:sse .
,

. I. .for the e. scaped neutrens or, of greater conceru,. those thatnow accoen:
re=ain beh:.nd.

.

This vill be done' by defining , ',

}
|_ . ,__ Pr: f uc tion

,

Absorptics + Leakage' '
.. .

,

.

f'

t
-

I
'

.
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_ - - . .
.

.,; ,. , --
. .

_ -- ~ . . . ~ ~"
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,I.

1

I and in:--<ucir., :-Je e. n-lesia e te r:.s ?; ::d Pg . . the ther=al and..s
f asr ;r:ba:ili: es of :en-leakage. 7 e eclationship. )<tveen 1

*

and k= is than>

!

k=k ? P,-
i. =c .

t
t

i = q c pf 7, P
f.

1

The abcve codificatie: vill be Lce n as 23e six f acter equattos. I:s

devele;:ect will be e subject of the Oc.:: tuo sections.

, .
-

.
5.16 ? rdabili:y. of. Fisc 1;on-Leahate P,

4

4

- 1; f ac:or ace: 2nts for leakaie of tcu't:cas f rc:s the finite''
2

sy s t e:i, s .ich cc:urs :.e:.: den the time :hr. the fissio:r neutrens are
1,orn (f a :) and :he ti. e that they es:a74 rcsonasce capture (epi-
ther:al; . and is defic.ed as. follows: - ,

>? I n.:'.nr while fas %[?_ e=her -f teu:rens c: t
-

% number :1 f sat neutrcc.s ;r .cuceni
- ,n .

f
- .

. ,
'

b.e lassi han ene and. that the- \.'Th u , 1: is a6ain. eviceht that Ps cus: -
tn . . -

fractie: o f seutrons s. .: ch actu oy-,.es4 -r.r1 - Pg. i

.--,. ~_~_.

'

T : . "tuc :; roc;- cheory", as o);ese1,:o ".cne group" whe>re all
phecocy .a are 'assu=ed I' occur at ,a -sl:g[.c energy'g the folle.'in;s

,

expressu- f or f as't rh.-leakage probstil :1. evolves:
,

)
'

Were 5* is the buckli 3 of' che finite p *. em and T is the Fer=1 age
. and both, tcms vihelplaimed aors' F1.fI~

I: m plainina, Fer:1 aa,e, it is hel;:::1 to looi first .at a .
f actor called the sic ti.=; desn icng;h or -Tv>4re 6 is proportic al.

to the average " crow-f hght" distance tre c. led by a neutron in;its'

j journey -f rac birth to ther:alization. A betorial representation of
slowi=g dus length i.s' *,1v'en in Figure 15. '

,

I Neutron
!' O. ther:alized.

3 Neutr:sbors| g , _%,v

fast Ua

i .* s
! h ,

| V
/ %
O~t.

y..

''

O3~
nader ta=

t

| U''
Figure 15 .

Slowin;; Down I.ansta.:
!

,

''WW*"**- *~e * w .. afpg . . , es .+ ween- ee a v.eu.'*N g -

_ ___, ,,

e

A | 0 ' ~ g - ,_
n. - - - . . . _ - - . . _ .

ju,G 'U7 | .=O C. IrQ .

s -
.

.

.
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*

\ Tor ressens C.tich till t'ecoce apparent in a future see:tos. the T. =1.
a e is taken to be the square of the slewing deva leti;th.

.

- As indicated,in Secti:u $.7, the neutron.s lose a ce'rtain
' '

in'cre= ent of e=er;y per cellision. If it tees many colliste=s to
de;;rade the neu:r:s c er;y fro: f.2s t to thermal then the. "crev-
flight" distance tha: the' eutre: travels bech.es larger and ; .

,b 1: creases acedrdin;1y. As beceAvL.hrser. ne eq ession e-3*T'
' becs W _s_211er which is ratienali:ed.in the f ol'lcuin'r;' asne rT''I f

. the distance the.neatro: has c travel to Sect e ther=al is - ecter,

,' the enance of lee.ing -is ,rea' er. Clesrly thcn, i is' a func:; = of' t

;N the en,eri.al selected.:o zoderate .:ta neutrees in,the sys:e= cad is'.

concerned with fast neutrons.

The reminia; tem 3 is the' expo .c=t of the a;ressics ior'

Pg, Lncen aa thei b.uckling'of the syste=, is the tem which ceren-
'

strates the de;e:dence of the-fici':e syste= upc:' size, sha;e, or

geonit r.; e f f ects.' The S.**:e:=,is actually propertie:al to the-
curvature cf the flux in the reac:oc sy.te:. I f th e .apua- is
1: fin _i t.e . then the flux is evedddre equal and has no. curvatu e an3 ,

~

T N
-B'T- o --

'-,
N.4 P = e- -e - 1

f

e

Y Cc sevently, as pcstulated,. t.W.ere is =o leakage .f ro-i an-infic.ite
sysic. be:suse the flux does not " buckle". 1.wavet , in 'a, finite <

,b syste vLere' .the ' flux ces buchle, it can be sheim'.t. hat t' in ress.e_ss -- .
_.

Jvpl ,decreasics si:e. For a ve:y small reac:.or, it uas previcusly3
sur. gestes intuitively that man'y neutrons veuld leak. Ucu oce can see j.,

8tha: as thw si.ze. of the systc=. decreases, . causing '3. 'to increase, PL l

f, ,,,_ ,
.

-

:.a t wecrease., -
.

,

; _ g ,

'
y .,} Perhaps this conceptsal point of vieu cay. help.co underst,and
. ^ . , the ter~. see:etrical buckling. , eutrens borr 'near the center.of a *

- s' critical = ass have,little",probabili:y of escapir.s ,the syste,. On-
'N { rhe other hand, thos.e llcrt near the cutef res;1ons of the c' rs have ,o

an excellent chance of esca;1rc. The charge _iit.15e ' escape, rate oi'
I scutrono is ,.a.neasure_oi che syste='s buckling.,

s __..s -

9g Finally,' it can be concluded. that the f ast non-le.akage pro--
bability is a, ters derendent upon the naterial. cnd si:e of the-'

Q .f;- reactor systen. duch the sa:e ar;::2ent is used in the next 'section. ;
to illust rate the te=aining ' nen-leal:. age term,*

-

- ' \ ~.i

.
*

5.17 Probability of Thermal :.on-t.eakage P g
i *

l The sixth f actor of' the six f actor equation speaks of the
neutrens. availa.ble ro the reactor _systes af tes.the neutrons have

i reafic.1 :1.ernal,_snergies..andjhose.that are ;;oin; :n leak. odt of
the system have departed. The probability of thereal non-leaka;;e
is'def Eed in'tIU'follW*.tG way:

~

'

.

4

t

.

~. .- _ . , .- - - - n -.__ _ _ _ _ _ _ _.

M0'"0 E*- y ,,.,,.,.m. n.

| Gs a g U7 ;3
i~. .. .,

.

s
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>

.. c r e f t h e --21 c...t re s ai s e rb ed /
. .'* "

(: neut.rcr.s a = arf.ing ther:41 j'.u=: e r e t
: . m. 2-

/ . ''

#[ bas vi:h all ; ::,1:i u tf .t.erts. ?t * -1 and the f raction of neutrou.

a

W.ich icak are ,1ves by 1-?g.. '

% s

A aia, frc: : o ::rcup theerf, :he ter= whica descrites the
' thermal cen-lena;e re plity is;,

!
' ,e .

s.
1 .

'N[e " t . L 3' /
'

.f
3 8shere 3 is ::c?.11=;; as bef ore, an L is the square of the ther=al

d if fusion ler.-th. ~

- -.

The difisien len-th.L can b= ,' ascribed, es beisg' proportional.

to the:"cre.-fu ;r.t" !.istance froc.she pein: v.iere a neutron bece.es
theh.al te the cing unere it is s.' =,,rhed. Wote - that 'if the
moderator is r.s : pure then g;

_ ..

1L=L (1 - f) s
o -

- ,
'

cr the sq a.- . . c.,e dif f usics le:M e[5. is depender.t upon that of 'the'.

pure codera:or ize.s an 'irMtaidgMr'6f'where f is thermil
utilizatten; a' ,

,

.
- -

'

To get s.x.e physical fee 1 for the cepende=ce of Pi upon the'
.

=aterial and gere:ricar situatioco.. assu::.e that tf:e reactor is
.Tr;,e s, th.s: 'i .. as ~ t et o re is. s 11. .T'ien o=e sees that the rec ..

1procal ;f a s:11.:. c.aned, plus 1. ,1= *sein;. .taken ind Pt rs=41:n'' O /, :..*

1ar;;e '(but < l') . ly t.'ie 'es:2e tcher.,10 i relativery f ev~ nir.ber of . "

colli:icr.s are =cessarf bef. ore capt9te ic:urs, ? re=ains lar;;c.,

So::e :ypical alues fer ,the paramet rs associated with non-lea'.iage -
probabilities are caLulated 16 Table;7.. ''

' '

,

i Table 7

Scme Material Froperties
. .

- I L Ih :ertal Dens ity a T- a ,

g ros / ca.s. c. en' m-6
,

.

H:0 1.0- 2.3g 33. 0.017
.

i

D0 1.1 104 120 0.0$008,. 2

, 5. 1.04 23.s 93 a.0313
J C 1.62 50 i 350 0.000362
-

..

4&

Soce ocerical exa=ples will 5. of fered co -illustrate the
non-lea',:.sg e t e rns . As 'a verking mal (to assure, successful
calculation) use the X-10 Reactor ul.a h is natural uranic graphitec~

moderated and has a bdekling fi ure ..f 9.5 x. ' 0-' ca * and f=0.09',>

1* . >- : taen -

.

J

l .

w~~-- . .. .e.. -~..~..n~-- -~e* - - ~ ~. . - _ _

.

.

r
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-3b . '

p .e
_,,

.

, , ,- C . 5 x 10- 5 x 3.5 x 10 72
}

-0.0333..
g ==
.

; = 0.967
and

La , g agg ,g).

o
22 = 50.2 (t ,g,ggg)

f

_ = 2520 (0.11)
8

.

= 277 c:2 -

_

. From the thercal ecs-leakage expression * '

,

-
4

1 '

P .
t 1 + L~ n'

..

1. . -

1 + (2.77 x 1C?)(9.5 x ic-' j- *

'

1,

L.026 ' *

. . '

, . - 0.975 .'

(v .

Since the relacionship between 'k.'and k, y
*. *

'
\..

[ ..

P %. -

N " ) = .P s,
,

; .

t.w n it is.seen that to have a critical t 44have a mini =u:: k, as folicus: . * I cne wa t

,5w k- k; .
, ,

e f.

c. .
. .

'
. 1 -|- .-

(0.975)(0.967).,l. ,

|. . 1
= 0.942 - 1.062,

Ii

:
Reu, ref erring ba' ck to Sechion 3.14,, for a::
graphite moderated systeza where irfinite natural uraniu:n

k, = r1 C p f

itwasshw$thatthefour'
greater than the minicu= k, figure required f roc above. factor product e.euld be '1.10' 4 which is "

,

4

1

. .
.

. - **"M-
. , ,

.
'

-

-==.p..--.. .

s) (;g,Dl , 5' g
%.m=5=-

: ?

| n . '. 5, Ui. |. r
.

e

7

4

_7-

7 +
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! . 3; ' , *2

.; .,,cefe '

.
'

1 + L' s . . -

% ~% -

, _

.h *3 T,* qe ,

"
l , :, 3' '

;

'
; and from this equation :alculations can be. ade for various geo etr es_

.and tveh sets of c0=ditiens to deter:ine the feasibility of a parti.:ular
'

react re sys te=. 3efore such . ore c a Le done with ca.lculatiens, he...crer,

add -1::.11 informatice vill be ;rese=ced pertainin;; to buck. ling.
'

.

''
5.13 ';ee etrv Facters*

!! one. were 'to urite a neutros Lalance equatien for a reactor
systac it'elght lock 1ike. the follovirc: '

. .
,

Cha,ie is neutrona = Production - leakae;e '- absorption~

, .. -
-

.-

rewriting -

~
a

an-

g * S'+ 07*0.- I,o. (1)..

L,
,

wherr. 5 is the rate at.vitich =eutrens are' produced Nr t;nic voltr.e.',
'

"---- . -

If a bea of collir.ated; neutrons : oves uith a velccity v i=. a.,
sincia di ection,' then ,the; nt=.5er .of teutrcns chich ; ass thr's;h 1e
square centi.eter of are.t perpendicular to the pcth of action of'thw
neutr :: bea= is the ceutro.s flux,. or flux- '

.

c (ceacrons/c:8
'

-sec) = n (ne' tr'ons/;=3) v (c=/se'c)'u

or f'-:x is the cober of neutrees incidcat upon 1 c=* ~[~ tar:et cata:.a1.

*each recond..

,
'

1

,

- :.ecall tt.at, E i~s the' =acroscopic cr'oss. section or4

d-

'. I '. I (c:2'I) = N (nuclei /ca )'0(cM)~8

;) ,
.

..

; thus, th4 prcbability of interacti'on 'is .a u' nit volu=a. From this, c ae
'

~

,

"f- can then express the rescdian rate Las follove:
..

2, ' . R = E(c=".I) 0 (ceutron/c2 _,,g) ,

8

~.!' = E c(neutrons /cm'-sec)
'

-
-

( .

. .

Assurti=g steady stat'e,co.cd_itions where there is no change in the
ntaber of neuctor.s and thus 3d/5t =0

-
. .

( s = 0 I, k. (2)gj . -~-

]
,
T

9

i
-

: .

.

.

t

.-_a-.,. _ - - - - , . - - . , - . - - . . - ... . . . . _ . - . - .

.

, , _, . _ _ . _ . _.
, ,/, /, 9

. J n 0 .1 ,d ,/. ' . O / 6 t-
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.

;



-

w
. >

-
.

. . . . . . _ . _ -. _

--

~_ - '
. - - - -

|
I

I
i

';, 5-32.

\s*

y,

3 h(.'' or =r.e =eutr:::r produced are.e_s.ag the reactieplate ti=es_the. u '~'

\ f cC.2.icaT11 f actor, cca.s one can urice
j 6

.

l p~2: E,1- + k~ t= 0 O): .

+ ... (
,

.

*
: A 4.e;, ;2 is e Laplacia: perator and is shorthand notatico forc
i \ --

,' ( ['a ~

2 -2 's "3.. -s -#
. f 2 + -- - Y*7 . ~~~ (4)72Q %Q r.=. ._ d Y

N in-Ca: :esian = .rdinate syste=s. Factoring the second and third ter=s.

in Icc atica (; . .r.d divid =; by 3 yields,

. % -

..
,' :. .

. v 2 i _ ., *- (k . - 1** . ,;r = Q (5)g
, .. -3k

N Now *.i c:e det a .a ters
. m .

'
\ -

\ d . ~_d (k - 1)' .(6)e -,u
.

b'

tae: :ne- foll3...e can be said. ',3y substitutin, Equation .(6) into
.Eqw::.su (5)

'

. %,
,

.

s

t
v24 h"* 0 * (7).=

,' N If.it is given it.at
>&?

- '

.

Y 1.2 , ,p,- .

(g),

d a

0t ~

N*\ then '0 7 substir: tied of.Eca.-tion (3) into Ec.uation (G):N'
.

.

|' ' 1,.
,2~

(9)? *

-
. . . .

2.* As f a -tcat ed ;'r..s tously,1* is called bucklira and here buckling. isr
.

repr .s.ested in : .res o f. eietor craterials. ~his is. the catartal--

s
0 'T
|- ,Q buckl;_ne and mer* be equal to1** icEarri()uchling at criticality.

|. Asstne, " . a comest, that one has an idfinite ' slab reactor..

$.
For tree purposey of illustration, then,

.

1..

.I 2 r
7 , ,. ,o 0 = 0

. . (10)

would. reduce to-6.

i

h

4*? _6 :
2 o, (11)

=
,

--

,

,
"*+*.*-o- -- _ _ _ _ , , . , , an eer , _

,, 7mm. w . m. ,
_ , ,I

,

^

<! 6.
. .- . .-.

,,,

= "
IC. q a U 7. ? r,a.,-

-

I

L =

7 ~ 4 2, ,
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^

. or the flux i.culd vary c.= cae .only fi=ite dirce.c_an, =a=ely, the' * x direction. ~he above .qustien has a solucics
*

'! J = As ccs Ex. -- Aa sin Bx (*.2)
.
.

'

| and dif ferentiating Eq"--'ou. (12) ;ives
.

|
4'

--=-At 3 s1_ 3x + A . 5 cos Ex (13)'dx t

: -

i fro: s y==et ry e is a caa:.=i_-. ct x = 0, cf.us , dei x = 0 at x = 0.
i

.

! subs titutin;; c'.ese conta :ie:s.into Equation -(13) .--ields

0=0 +At 3 Aa = 0 (14)
4

thus Equatica (12) becc es .

'l
o = As ces ;z ' (l$' ) -| w -. . . ....:

i

New applyin; the bounda:? condi' tion _ d = 3 at x a: a/2,',.it.ere. a is
_

the actual width of the ;:cactor, to Equation (lfi ,' cne goes
.

..

; .. .
,

da -
) = Ap cos y =:0 (15)

Recalling c;iat the cost:ie' 'f unction is : era at.-(::' er -/.2. radi'ans', xne:,

,

'

=f (17)-.

..

b=2*
'

. . (10)a
..,

*substitutin , bach into Era.ction -(15) -

- ( - A 'cos v
, .

3 =
a -(13)

,

or the gecr.,etric Luchline ters, by comparison vi Lquation (15), tw,, . . . - - - .
.~

%3* * '( ) (20)'

~ <
~

i.".ich is an ex.;rassipn c''.tr relates phgvicggalmes, nacely, dMenstiens
virS rS e 'ouchlin;; thus, t:.e term is called rectDric buchling. .Ln=all
ccv that 'the cat _erial Mc.11p; and the geosotric. t ucir.linFra equal. in -,

a critical reactoc. If me looks tach to CWrHIcal eqidtion or
.

-

'
!I -:i* t *

} N* !

' -

'
. J._' L'

__ k.

'.
t

1
[ i

i
I i

e
e

- - , - - -~ .
__, ___ _ ._

__ _
.

Ee

iah
%. h *M *O 'M e

f. / 6 4 510' -
-| C c . .0 7 2 ;--

o - - -. - - . . .

e

w.

b

t, - +.



-

- .-

(
.-

_

N

#

- -- . 1
.u~. - . . .

?
'

,

,

5-34

.

a =eans is nw afforded the student te ::q'eytt,erial' fgins i:P.erent.

in ',, L' . and t with dizen.st,an.::1 n. lues .1: 1*, the,1gc..ct ric t diras

a-2 cocv us rich fi ite. ei:es fer cr' i .t1 re.::tcr cal:d<

, .

41 ".t lens.
,

A si .ilar =a t.*.e=s t'ical analysis c:uld be 4:ce fc r ..a .fh". arc,
cylinder,' a .d rectassular parallele71;ed a:d the resciti 'for. see etree
buc*alis; weald be as indicated 1n the f:ll '.in1. table: -

~

,

.

Table 8'

Gecce' tric B6ck11:;. 7actars.,
'

j.*
t

Sh. ape ' 3 '. -'
a ..

a. #. -
K

.
%'\

1', w-
Sphere '(a) ' . 3' =' n.: lics.

.

\

_- ./
'

Cylinder . (2. l.05) 2% L.
. , (E-).a ' .. = Ti.Ilbs .-

,

, .. .

1. . .3
. --m

-

e = ,s.o10.J
.

*D Eular
I r.'e c t a

- -

( c).2' . -

M- '

. arallele;.,;ed (a)2'+
-

(br).21+ a, I,- e are len;ths ef,,
<L N .- sides ~y

. A.Cube .3(-)2
- - - ~

3g. l case ci ateve'a %,

-
.

ja= = c

.

.

The studer.t is now able. to perf ard e,e follevir- types of,N N calculations:xg.. ..

* f 'l Q .' \ 2i - a. Deternisi: _cr;Hr.21 cc pps. lien when th'e reactorD' size is 'given. ~ ~ ~ - -y
;

Decir='in. ation of the ' critical 1,1:e when 'cbecentration.sb.
are -iven. *

. , ,

~ l
.

5.20 Enerical Exa oles
, i ~-

2

i Exa:ple: .If the gec=etrie bucklin''fer a critical' eylind-icali
t.eactor, unose hei@. _ tis equal to its diz:eter is 2. x 10** ca-a. what

- - - - - ---

is._iie radius of this reacto ft
.

r '

e . ~ ._
3 '= 2~x 10** cm-a -

w
t

H = D.='23

B* - (" R' 405):..+( ):>

'

.

5.76
+ n.10

, *

Rsi .R
'-

- .

. _ . _ _ __ 7. _ _--.-y.--
_ _ . _- s- - .

.- .$

W ,6 6 6 0: .I C 95 * ' 4
M $

'
..

. .
.

r -

-

h ,g . .-1m =
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.

# 2'3 1045 p+7=
,

n

i%
3, sr,a . -

"

,

\'-

x IC_,)f 292 h .33R=(,.
.

.l

-

-

Exa:ple: . Find .k .cf the sys tec if emc has a cubical.' n' cural$ a
urariin. 3raphite :3derated reactor which is 453 c= on a side. f ,= 0.D.'

p = 0.910 and c - 1.Q3.
.

~ '

5'=3(d5v): - 1.47 x 10-* ca'*
8

4

,-5* T. ,, ,=(1. 4J x 1G~') (350):--
'

-
,

,

.| ,-0.051.5.

e.
s 0.950-=

9

1
- 1-P; = I t L' 5' = 'l + L ' (1-f)3-'

, o

1-

1'+'5Cf.(1-0.9)(1.47 x 10"',i
.

i

- C.965
.

r.

k a.k
?t .Ff*

* CE p'fPy y
"

.i*

- 1.33- (1.03)(0.91)(O'.9)(0.SEI)-(0.95) ~
~

-n

'.I . = .1.'03
.

*
'

- .

.

}.
:

. . .
'

Find the critical cass for.the reactor in =ae above exa=p.le if 3. c:2j. dia=eter fuel rods are spaced 20 c='on cent; ors is a squate lattice'
.

array.. The' density of natural uranita is lif..I ;;.7c:2'..

!
'

Area of a cell = 202'- 400 cm '8

Area of a side - 4538 = .1.025 x 1G.8. co'.,
.

1

g ilmber of ce.11s = 2.025 x 10'
4 x 10'1

. ~

i. =.506 cells or raids
[ 4 s. -

,

- !
6-
I

i.

. e .

.. . .- , _ . . . , _ - _ _
,_

4 . _,-~ .

%
'" %

.*%.*** hg

i l o b. 6 !
,, e ee.

-os O/ 2e'

. VIJ - -

.

e

6

-4.- N- " ^
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i *

I' Vesit=e of f uel - ar* L (r:.ds)

(3.14) (1.n * (453) (506) ;
1

: =
,

= 1.61 's 10' c::ts i-,
'P

f i
~

-} C :itical Mass = D 7
. u u
'
.

..
! - (18.9)('l.e ' x 10 4
.

* 30.4 x 10'
!

_ e U_,.

ExJ:rit 2 : Solution of the . crit: :al . equation. with a sic;*ification.

for a 14:ge ? reactor.,

Civen . heterogeneous arisy of .stural ura:1us 'in' heavv e:ter"
moderator vat:n kg = 1.20, La = 175 c. and T = 12") c=* . ' Det* :iEe the ,

critical bu:. liig. .

1
'

If one uere to use ' he form of' -he critical. equation
'; t

a

h. e-B T . ,
,. .

k *=
1 + L* b.'

. .

-
it is quite .0 vious that one runs. in a 7tchles tihen a choica ' Of 3 2

sust be =ac=;. The prcble2 can. be st==lified' cen=1de rably' by :. e
fellowing anulysis:

.

*

' P.ecall :f ro= 5.ction 5,15, that . .T is the slet.k.'n ,' down l'<:sth *

of last seuttrer.s approaching ther:ali.:ation. 7.ecall. 'also' f;;r: Section
5.17 that L ~ was defir.ed as the ther t.1 dif f' si n leng:n o.r ,t e ':'i. stance

.

u
! t raveled f rr= 'ther .al to aa:;orptics -.v a netitron. , 'Cbeerve tt:.it when a'

neutron sc.t tars there is an equ'al 'p: cosbLlity that it vill s .stter
fo'reard or ':'. :kward. One might cone' ude then that on the ave:a e the ;

scattering ou.ie will be 90' or rJ: .rs.dians. :;ivind ' defined'. as the
;

! " crow-flight-' distance from birth to -her alization of a neu:::n and L ;
l.. i
}

as the "cr: 2 -flight" distance fron' :niert:al to death, and the :.:st probable
scatter anglu as 00*, then, by Pytha.;orian theore:s ;

'

c =a +b
h

.

.t

i'

!!ow if 8 i .u and L E b (See Fir.ure 1.fl. then the su:n of the s sares fof thess ter- .s would be the square ::d the "crou-fli;ht". distx :.e f res: ~

{birth to deat:;n of a neutrou. This ne.v quantity will be callac the '

zigratica arera and e.xpressed as f oll.,ss a -
*

IH ; = La ,7
)

,

.

q

As statted previdusly thia cua:::ity applies for lara,e.
-- .-.

, 'etactors
and can be ; dified in the follevi: ; =are.er: If the syste:s :.s lar;e -1then 2 is w :y s=all and in the eq" : -4 cn

f
a

*

I.

, _ _ m - -.-.- _ . _ , _ . . . . _ _ , _ . _ . . -
_ ..... _ _ _ ..._._. __. . . -

. ..

.

. - .
. .. r

.)I 6+6 .
.. . . - - - - . -

, ( .5 -0 7 R 'g

.

'.

=.

'4* '.L
'

Q

E.r ,

,L'x | " 4> ~
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'-3 T...I s, a

k= 1-
. + L a*

5 -
, . .s

- : r_g 7
a can Le v;1ccen as e whe s.x ih veer snall a:.f ca= be ap; xt-j sared by (1-x) or

's (1-B*T),

1
1 + L' 3*

. , .

Again, when x is s all (lex) can De appro' imated by *..h +x which =a's.esx l
the expressic amove

,

'

k'
'

' 1 - Q + L*S*)(1 + 3*T;~

. ,

.

thus, .
,

. h -
.

*

4

1
* + Lf s.' + 3 t + L-1'- .

. .

g, ,_,,1gg , 3. is very S : ' k af.d. gan L, neg et:ed ,2
-

and if 3 'ith some,

f actoring in the denominator, the- es;iression trcomb ,,

r u. -

1- '

q 1..+-(L'~+ T) 2', ,
J

2 3= L '+ Tand if, as stat ed, ;1
,

,

1'

(+ 1 . . .

-

1 + n' 3'

,-
.

; :cv ret :rr.in,; to t,'ie fata cf the e.xacple with : ccher iapr ession
to ' work with,10. exgfes sion unica is simplifie'! by ' tie occurrerc.s ofonly one U* ca 2, ; can be obta1med as follow =;.

.

,

, ,.i
.

k-l
,a =
=

.i, -3- ,

. .- ,

'

' ' 1 1, .- 1
i .
! :.' - + T

.

.
..

1

| . i 1. 20! ' 1
'

.

,'

{ 175 + 120- -
1

'

9.5 x 10 * c -8: -

! ,

!

{ i 8Vith an e.xpedient sencs of rstimatins _3 , one :.an use the =cre
| 8

exa ct for: of Obe critical equatt.:rn to solve for the buc'elir.c as
illust rated is the next ex a;.:ple . -.xa=ple of the iterative procass~

, *

; of solving the critical equation
1

_ .

- -__ M .w .p.

~
---..

a} /> !. f. f.''
- -' '' - ..

, gc: u f ,0 -
_

-

+

b.

-.s.

.e.-- m - %y . . 9 ,, u- ..q-r .m,. ew-+- =, ,,-c- , e -- -
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i e

Takir.g the value' for J* ' ich as deter =in sd f rc= the sis;* ifi-'

' .

cation of the crici:al equatics. 'n the previous exa:ple a:d now sL-g
, ,

i
- a more exact f er: rf the esith el eqdation obtained f rc= the a;e
r dif fu.sion theory, one obtains

8' 5t
k e

&

k = 1 *B'
= .1.

rewritin:; to set 3* on' both s'idas
.

2 2-3*T 1+L3
e =

.

b.e
,

ccv ir.serting 9.5 x 10*' = 5* m -the right
.

-5 : 1 + 17.5 ('t.5 10*E)2
=e 1.2S

S.910= . ,

B*t 0.094' =

, 7, g 3. , yg.* c=_2 -22 ,
.

st.ich is cat in g. sed a3ree=e:t ..ith the esticared value of 31 ~ f r.r:*
. the previous exa=;re. Obviouti t; the.. large.' reactor appecxi:-atiin

2gave too lar3e a value for 3 ;;w the 'iterstien'.procesc , 'try.

B * = 5. 5 x 10 ' c=',
2

'

~

-3 T 1 + 175-(3.5 10-').
. L.28 -e =

.

0.807 --

B*T = C.109
. . ,

t 0.109
u . _ 120.

.

9.07 x 10 ''. ' .
=

. ,

j thus , 0.5 x 13-* ==-* is too stell. A third atte=pt,is cade viti.
'

B* = 8.75 x~10 *
i

2*

4 ,-B r ; 1 + 175 IS. M x' lo-'),

.' 1.23
a 3.901

,

8B t = 0.1049
,

'. *

3 . 0.1049-.

>

120>
'

..e

o . 74 x .10''' o.-2!!
==

9

i
i

,,.

g *M8N .W- 8'Wh8DT s*--- _ , , - , -

. ", - . . " *** ~ *** m m - - . , . _ .
,

. . . . _ _ _

W

' ~
- - -- -

-t| ..6 l . (~ I'
-

-
'!

/. 2~ i- 'D-

- ' " /-- .

/. v

_

.--.._ _ . . _ _ _ . . _ _ . . _ . . _ . . _ . . . _ . _ . . _ _ _ . . _ ____ .,
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i

*

': ich is-,

reasan.tbly close to the 2.75 x 10 ' cn**i ::e third iteration. value chosen- for ^ '

,

1

Tr.e Ter:1 1;e T and diffusien length are ver" basic picper:ies*: the S:1ut'ien of the critical, equatics.'
'

*hes e ; reperties ca: be4:er:itef fer a.;&rticular lattice arra:gement ace:
:

(
37 well es ta'.11shed aperime .t's perf er:ed with thi caturial cre osition,-c

c ic be calculated frem dross sectics iclor:Atir .e:cter 1: q2=stian,
t

One f:. 41 exa:ple before scving on to ete sext
tu elf ::.: less .alculatio.s. ;.ection vill :.: .cern
ci 10' :: ;o If a hacz eceous. = .:*are in at
f: gra- a:e =f graonite .a:vi 1:--235 is us.4 fer a .c:..:icci e&.ss e.*re et::: ratio

0.~.03 bar=, c f e r L*-235 - 69 3 ba r.. . 12. = 54 =a , t '- 3 51.s
c:'.a- 2.C?,p 3

prs:.aoili:7 of Icakage for 'a criticci core.,'C. = 1 (because 0-235 is not p rea.c :). then !!:.:the -

,. 1:
i. - .-

f.,

'#y-
-1+,-

1+t . ..
-

t
I t

a 1! 3
a ,

.

.
.

--

1 + lo'(. con.-- 'a
0. 6')9- ,

-1.(690),

,

.

b. n c.p.f
.

.

t

- 2.0c (1) (c.67,') '. .

- 1.45 . ..

*
. I..

L * - L* (1-f) =.54 '(.3U1) '%
~

8
1

j p. ,~ /. . -|-
'

.

6 [. N', , , A.e . .\.-
- w

1 ..-
.= C78 cag .m's. '

'

.2 '

..P'-

The :tal ect-leakage is ..)d* Y.
'/ , ,t

%.

.! _ f ,,,
.

-

^ k 5

Q . ,. .
iy>< A, t .,

k 1.45 M
.fI

I
- 0.600 -

.

$~ '

-

theref:re, c :a1 leak. ace is -.
-

,

I c .

a.
L L - 1-0.690 = 31

.

, f t
| -

.h-, -

%
.

. v.
.

1

4

.%- .. ,m.- . . - = = - . . . p..... . - - _ _ - - ~ . _ ... - _. - - .. ,,_ . ...._.

. .

.; i

.- , . . ~ ** - o o e-eJl orc ~ ~U ,/
; .

' C.
.

-

.

e

1

1

w

- egas W--yrp c- -eiwyv m wm7



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -____________ . _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _

..

|~ -

l

.

, . - . . . . . . . _ - - . . . - - - - - - - ^- --
'"~~ ~

<

5 '1, .

I
-

, 3y sethods db cribed re :.ously,1.4. , big ret.ctor approx 1:a-icn 4:.d
~

iteration*

i
.

-

2t 3 3.25 x 10 '-
,'

f'. chus, .
.

t

g, = a.13.25 r '10~')(304)
.

-} -5 T - .8 .'-e =r

J
-

P = 0.850g ,

and the fast leaka;;e is .

L = 1 '- 0.083 = n.2%
,

g,

'
-

1
*

- > ? = *

t 1 + L* a' .,

.

:
*

.
. . r.

1 + .7 . (3 R5 x 10 ').
.

.
.

~

+ = 0.770.- ,

I and the the r:41 leat.a,e 1.s .
'

- ' ~ L - 1 - 4.777. - 22.2%. C
,

> ,
.,

Since only' * .0T. o( the e.-igi:.a1 ccut;; as. ever slev .ccen. . cl.es 22:;. o*
+ v

this su Ser. leak as thee a.1 neut.rons . -
*.

.
. .,

.

L 0.222 (0.3;rd = ~19.7%[ e .

' thus , the total leaka,;e 1.r
s

L=Lf+L = 11 2: + 12.7.i -
i- -
et9

i- = 30.9%.p

} which cocpares favorably t. th the 31*. found above4 '

d
. .

* . f

1 5.21 ' Aonroach to CricinL i

6

S
-

Up to this point the. reactor' syne = in questieg uas always a'. " paper syste=", i.e. , 'the rys tets coc e-:ints were only nu=bers i= a
'

~

I critical equation. '.;ou. ecc: rider a prs .tfeal situatf.0.. vhere' c e has '
.

i f uel ele::ents., moderator, 0:strol rod.4, an i a sr.all. .eutrou source '.

;available to ,9ut together i.nto a crit:.r.a1 syste::. T.:a first probis.: 2 ;1 *-hich should becece appare::: is that c 8 kn:Nic.; tihen enou;,h fuel has i
.

'} teen put to', ether to sustaa: a chain re. action. For :is. purpose.a i
1' M neutron ser.sitive detector vill be used to dater =.ine a count rate.
.

!

From this infotsatien the ca:arness to crLeicality or hou close h,gg
,

s
. *

!
* i
I i

-

i
,

!.

-*******W*** * - em^
, p y,

_
_

_
. , _ , , ,*

'

e
,

/ 6 l. / '
e, e4 *.*6* *

74 '- ! v<' 9. ~x
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~
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.
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1
.

.

is c: un:v ill be citained.- Ware about t!.c =echs=ics or the :ethod **
in tu .e.x t sec tien. Tirst, let ths relatirtship Letween c.cu= rate .

; and 's.jcg he established in this sanner: Su; pese a' neutros c.curce
which is a-esilaole cita ng =eutrc:s in the first generat1Icn. ' Then by

n.=ber of neutres in the (n + 1) ces.eratien ,,

!
'*

seer pf cautrons ts the, cta ;;escratica

it is reen that in the second generation there are prisent >n ceutrons.o
The f:2Wi .g tabulation is .then. possible -

,

Generatfon Nrber ef ?.eutrons *
, ,

1 n --

* o -

2 no- (, k.t 1) *
,

>

2o (k + k , ,g),3 o ,

' ('h + k* '+ k8 +.1)
' '

- '4
-

n- .
0.

-): ... ....

'' *a n (k + k2 , y , ,,,, ,; p , 1) -

O.

then ese would write -

n -s, (1 + k + E8 + k' + ..... + L" l)- ~4
r-

,

..

It fcl~.w s, thec, that

1 - h* '

_c .

n 1 '- k
o

L: int : '~ f one we're to actually' peAf oro the J1 vision of l' - d*/1' - k,
the q gtient would b) (1 + k + k* + . . . . + L:) . Let it rs.r be assu ed

-

that ne critical asss hors not pet been ebcained- so- that k.-( l. Is
! this u.s e, as = approaches.=,!? approaches o and
I
j n 1

n 1-k,

o
.

;..

at thi.s point , let .15 m,ultiplication of tt'e count rate, etnus
t

ti . C R
'- i -

,I
Ca !o a

t
!

where : R might be scoe count rate with just~ the neutron smurce and a
. |n

; -detec::: in place and C I'. is the count rate with an initi.:.2.1 a=ount of *

1- i fuel a ided to the systes. , clearly, then, the counc rate ist equal to the
i numbers of neutrons. detected so that '

j*

-

! i ,

! I )
- . C Rt }
n "

i n CR ,

to o
.

' i
., .

-
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and then one can vrite.

*
-. ,,.-

3
*

L ~ ,n
.

' or f rom the abeve equacien it is se that as h approaches 1, .! goes.

to =. Perha;s by scivi.=; the abova expression for k as folless,
|

1

.!
k-1

X-
)-

.

and noting that as ;! . oes to a. k .4*Troaches oc.e, one can better appreciate

the way t sat the count rate infor::::nn will. be t. sed to predict crici:ality.
As fissio .able .niterial is added tn the asse .bly, tne count rcte vill
cer.tinue tr inc reasc :nd the recipir :;sl o.f the count rate %ce es staller.

If the rec;?recal ic;r,t , rate curvfc :ro .; lotted as f uel is, adde.l c .c can .
otrapelate to tr.e' petst where it!' .11 be zero, ar.d hence, when criticality.

re next secticIr. .t 111 describe the, precedure for cca-uill be're3the.d. :
ducting such an experi=ent

- .

5.22 crd. tic 1 i;as s' ra:pehi::er.t
.

The purpose cf a criticat ua.i.:: experi=ect is to detec:ine the mini =t.:=
critical fuel Ita31:;- for a parti'c s. ar reaircr bystc=; censeque:tly, it is.

perfor=ed tihen !.c reacter is to r - :ritical fcr the first tice. A
procedure that- vruid'':e ic11 cued 1:. perfer ins a cr:.tical : r.ss exp rinent.
might be cf the icilevin,, for=:

,

4. T.esition source and onetectors
b. .seasure ir.Itial coung .rcte-i.-ith tods in and with pods cut.,

Slo t euciprocal of ,c:$un: race.
c. Icsitice *he first ciary of fuel.

d4 '!easu.re ne4 coun.t rata trich rods 'in and out. Plot ncv value} , * - *
- *

9 and cake th6 first ect:inate of the fuel ne. ded to :o critical.-e

.| e. If' results of esti: tar.c allou, add another. char;;e of fuel.
#

f. ' Steps d' & e are.repe. tted until critica'lity is reached. - ..eI' a.oont of f ue', added .is cdde s=allar as one,;et,s closer to
j ' criticality.
,
4

A core detai' led discussion' of the critical nass experi. ment is noe-.

| offered. . For reasons of scf ety, ct::e or more neutror. detection c!iar.nels,
.

independent of eacn ' ether, are use J to deter =ine tt.c count rate of the-

*
i 'l growing assenbly. .ne. details of. s. lection of detector type. are discussed
I j in the chaater on Instrumentation t.:nd Centrol.
'

,

!6 The ideal arran3e=ent of the duel, detectors, and neutron source uill
be chat geor:etry wh'ich will esie tnie detector =ost.sec.sitive to. increases
in count rate 'areu3 t . bout by the u:iditien. f fuel to the asse-bly.h,

'

*; peaking in leneral ter-s, this si::uation exists whenever the eczinu
accunt of fuel in the syste= is loc:.Ated between the scurce and the dctector; ,

i
| -'h
, .

.

-e

. . . . - , . ,.,.-.,,e ..-
~ _ --.w.--- _ . . . . . _ _ . _ _ . , _- - '
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thereby of fer:::n3 the greatest ceu: c. cf a ltiplyi.;, cedium (br seurce .;,! neutror.s to : : ravel throu;5 pric; to de:ectic=. , Figute la she>s. the.
i ideal loc.ati: : . :f the ce:per.e ts as cpm: sed :;o the eo .etrf in FL;:ure 19

,

! where, becau u.-e ' of'the close pr:xt iff cf the cvurce to tr:e detect:r, the
-

seasured cou:a:r.: rate ,sould be ' insensitive to hel -t.ich w:ld be added.', .i
! 4 .

1
l-
! -

=i

.,

, Sc>ource' j
i D Tdel

v '
,A

1 '

,

.6 'Mediuzi
. ,

_

' , . . . . . s. .
'

,

c- * Detector*

4

;

.

Figurs 13
-

Con Cec =etry "for Cric1' cal Ex;erimen t .Cidesi) '
, '

. .

.

+.

Fuel..
.

U _ Source-
.

'- tiedium -

1 .

-

. erector
. .

/

f

.

l '.., -
i Figure.19 ,

'|',
Core Ccye:: etry for Critical Experi=est (non-ideal)

I
a
,

', A typical i neutron source used in this type of experieent might heAnti.sony - 2eryh111u:
source with the followin; reactions occurring:2

. i

.

e

... .~..~ . m..n- _ - - . - .:
, .- s , - - - ~ ~ ~ - - - -~ ~ ~ -- -

., .

w-
. . _ . . . .'

a f '6 i:. 7 _0-
- +- - /o95 U ~(, 0
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I $ bats , t Ss'** ' ,

a1 , o.. e
''

.
60. days

,

,{ Te'8'+ _g ' +y (2.1 !av) + Y (0.6 i:ev)i
~

1 -
'

3e' + r(>1.67 : lev) > De' - n
.

i (%33 Kw)* t
- o

The antimonj is r..ene. rated by keepic; he source in-emre while the
'| reactor is operating at high pover' lese b .
'n

Recall frW the: previous sectics ::at , *

1

M-1*k.

. .

' - *

yhere M is the Meltiplication of' the C&;:t race and k is the cultiplication
'

factor of the et, .
. tsen the counti race goes to infi-i:7 ;.s k cppreschesW. Tc Set way usable inf or .ation f:= a ploc ~ of c,'uct. rate .ve rsus . f'.el

. aboard one vould need a rather, lar:,e.sh. sat of raph ;;;ei. Fer.chis reaso5then, the recipt... al 'of the count. rate t plotted agai n t (Jei aboard and' _

this quantity gc=a to zero as k a;proach es one. A rer.iprocal dount rate
versus fuel =as.s le shom in Figure 20.,

.

*.

- * h
_

*

.
- %.

\- N,.-

'

, s -

.

' \., *
iG *

.n -

,

s.
- . .

B -

. .
-

,

.

. .l N
* s

'.g!' ' '

j j. \.
' '

. ,

. p
, , ,, Fuel Abcard

Figure 20
i

. Inverse Count Rate darvesi

for in perfoming the critical mass expe:-hect',The line c. art ed
,"A"- in Figure 20 1.s the ideal curve one night' hope

Jocica that the fi rs t c 'o| . ,# points plotted pre. ict.the exact criticC sass.,

This cf course. is co tI

.
.

g '

*M
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the case and in s:tual ;rsetice one. cxperiences curves si=ilar,to "S"a=d "C" in Tigure 20.
7.e core desirable situation i.s that shws i.a "3"'

V ere the curve always :re:.ict's cc:Serva:1vely u-til.the poi:t of
.

). eriticality is reached. A curve si:1.lar to "C" vould refle : as i=sensi-I
:ivity to tne 1:1tial furl Icaded and curryin; this : tion to a:8

ex t r e:e! c:a could get a curve similar to "D"' bhere criticality is over credicted'| |
,

u::11 the critical ass is Trac:1cally asse=tled then the u ;1eaia :i surprise of super crt:1:ality may occur,
t
.

'

the step by step ::cedure of addin , fuel, ccun:ing, ar.d redi::ic;
.

'

is carried out ur.:11 th'e ceunt rate appears to increa.e slevly . thru:lisit. A: :his point. th e :eutron source is renoved frca the cere a:d if,

' - the ceunt
rate holds its 'xn :1.e reactor is indeed critical. If :ne

rate decreases af ter receval of the secrec then the reac':::
c: ant

*

vas
cri:ical and an additice.al s'=sil'a cunt of' fuel' is necessarj :, cbtain=c :

:r e cri:ical = ass', 3 '.3.::.itini ch'e cass of fuel to s:all qua::1: ec as7
4 c a gets very cic'se to c:-itical,- a.d by, checking ecuct rates 01:5. reds in

and out. one safey,uards ,i sinst the possibili:ies cf settit; s= =uen fuel
,

.,
-

1:.:3 ti.e core thst*cri:1:.211ty is pcssible with rods in the cere'. '

.

,

he above'descripti = is, just one uay of Jerfor-ing this ehercise.'

C:her cethods can and cus; be used ur, der cites::stan*ces, where fwl is so:-~

readily" accessible. Ter i= stance, ia' power resc:or tha't are listed and
swaled cf f, ene.co Id ap .r:sch criticelity by adjusting the level cf the;

t ::derator. Another poss1*:ility is to chac, e fuel concentratien t
li uid 'ura::ic fuel cixture until criticality is. reached! a

O'evieusly, the
7. articular design vill dic:ste,the procedd:e :o be us ed. but the t'asic iSea |

Iis :he s.a:e. 'I
-

i

,nis concludes the discussions on Reactor Physics unich to:*. tne
,

s ;; dent f rc- censiderat Ws of the intensi.vs properties of reacter-
c.sterials to the, point c.are taese 'eace' rials, a=d their' nuclear ;ropertiesi
were used to create a cri:::al asse=bly capable of s,urporting.a s:eady' I
st.a:e chain reaction.

-} .Tae s bject of'.the next chapter vill be a natural-es tension of the investi;stion thus f ar. In particular, the. b'ehavice of(
the reacter uhen the steacy state-is disturbed vill be the poi:t cf| in t e res t .
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n.e past chapter dealt with the stes.~. se* ete reactor syste= of
a just critical reactor in which the cultt-2c. tion f actor k was unity.Any cha 5e free the condicica k = 1 vill reo'.18,

in either a super- .'
critical or sub-critical reactor dependinc usc.. 't.e.ther k > 1 er' h < 1.
Ffture 1 shevs the behavior of the ficx vi= r..;ect to time {c; the.-

three conditier.s described above.
.,

.

i , ,
'

e

c ,' /-

. e. .o.
.

k > 1. supercri:: :.a1c;
.

'.' 0 ' k * 1. crie.ical
hrn ' a . / ,

o
1 O

t [ 1, r:st citical=-

I /u .

* .;
N %' -. ,

0,

t.
* '

T6e.

.

-

~ Figure 1 '

Time Variation of Neutten Flux for Various * e.. tor.Conditiens

the study of this dynardc behavict.is Wat' ta e..c:. passed in Reactor *l'ioe tics . '

o
.

.
.

For the nost part. this chapter vill' da.al with the dyna:ic. cr
transient ef fects brour,ht about by the r.sveru:nt' ..f centrol rods.. Thecontrol rods, of necessity, . initiate 1:r.udi.L e '..r short

'

~ terr. effects inI. reactor behavior.- Other ti e derendent ,effhets Src caused by fuel burn-
fission pecduct inventeth and taperature < tenges; hm.ever, these*

up,

-f. chantes are loas toru and vill'he discussed e.n r, re* detail in subsequentsections,
q.- i

.

...
!. 6.1

.

1

--Re activi tv .

't.

s

As previously mentioned, the. subject c:f r..ctor kinetics deals tricha system changing f roa k = 1. ~ 'teac tivity4 (p . 16 defined then as a measure,

.

of the deviation of a reactor tyste- frem.the ciltical icMition k - 1. iI
l

(
*

k

*.H D * [tt
.

(1).e'

, . ,

k

t, !

. .

+-|...-......,.,.._
_ _ __
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. tere ku iS th' EM's s ret.ctivt rv. Perhaps a = ore acc.: rate cathe- '

r.atical definition of reactivity ticsid be .3

I
-i k -1

eff
i 0 "- g (2)
4 eff

!

store it can scv be seen that D can be either ;osit,* ye. or ne;;ative If
,

:me limits D so that kef f is never .f ar frse unity, :.en_ the ic11 ewing; is
true.

.

k -1 k ,, - 1.
*r= ' . '

1., g g = k ff -1 (3)- e

and frer ently f or s=211 reactivtty. :hanges one writes,

9
*

o-k - 1 - 8 k-'

eft (t.) '.

i suppose one had a critical ru.cter and at a gf.vec tr.stant. cf,

ti:e a 's all a:ount of fissiorable -.aterial vnose reactivity worth
..

, fr. = 0.ON1 was inser'ted into 'the ra s:icr. L' hat vet.i; k be e' qual to'

j. siter the insertien? !!ot14e that t.de subscrip t en 'r. :.'s dropped and-4 is intended to cean k,gg..

,

~

1k = Skt+
!

-0.0001+'l-1.h?O1
!

Oe 342e reactor is- cade critical a t .in, i.e., k = 1. and a s 41149 aunt
:* saterial is inserted ente note ario the core and .t' .e're.sultir.g k ts
. 3998, wat *:43 the' reactivity vc -":h of ' the second - -'eri.al? .tgain

; 6k = k' *1
-

= 0.9998 - 1.,

.
2

. -

. - O.'0002'
. .

t

'::tice though that 61- can.be eithet neestive as in g ; 3 e23 ple,or;ositive as in the previcus exa:ple. Be. si tn 'of !k .' 11 deternine1
aether one han a s.ger-crit,1 cal .or k .aub-critical r e.a-tor' asse=uig thei
rystc= is just critical'W.cr. the a,d:: tien is n.wie., ti Tigure 1. the~

gituation described by k > 1 was obricus.ly the result 5f ' adding a,

j ;<sitive $k and, co=versely, the decreasieg exponenti.ti associated with*

1 < 1 was negative 6k 'added to the critical system.
_

Reactivity is quite f requenti+ referred to in pec' enc. For,

a
instance, the result of the second !,rxz ple. would be referred' to 'as'
-0.02: ik/k. Notice that sv=ethin; rev has been added. Reactivity isi a unirless q.rantity ar.4 to keto it 3 , yet not cenfus e a reactivity value'l

I stth just .ta ordinary decir.;l or pe se:tage value, tie "unicless units"
t f $i/k are carried 410c;; et ch the :n=ber. So then a reactivity ofe

1

. g 6k = 0.001 6k'/k
( f.s the sa=e as 0.1: dk/k but h'as 'tha opposite effect st.en inserted into

_.

.

.- ,6
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a e ricical reactor a reactivity of,

.

j (i = -J.1% dk/k
i
. In a later section acher unit of reactivity, the. " dollar", vill be

-

! defined.
!, -

| Another et=erics! exa=ple will aCain assu e : hat initi.ti!y k . ;
l'8 a given reactor e t dk = 0.0025. Hou cacy naur: cr.: vill there he* ~ .

,

k t.5 e n ex t g ene ra t i v:.?. *

, .

! , .,=%+1-

= .0025 + 1 =.1.0025
alaa,

a.ie-icro: s in n * 1 ceneration,n. =*
seutrons in.n generation*

.

S.ut..titutie, the vale f or k into t'he above equat_iuer.. . one ge s
-

1.ty,13 o + l
-

'
=

-
m.

th.., fore,<

o + ; = 1.0025 a

or Ihe population haa =1tiplied 1.0025 times in c:ae next ge eration. .
+

b*2' *1:e Denendeer? v! T1ux .

The. fact that now:rpa population, flux, or powec-(since they are
all rreportional) inca sase with tine fori.a positiva. reactivin -inser:Ean.

.

Will be abe in nathe .a . ,.: ally as f611ous's
~

-

1.

* - Asso= leg or.ce are that o is ' call, one can wr-ite as befvre's '

4
'

Sk=1 1 (G
' 1 fro.*'which,

k = 1 + 6k . '

(.9)
-

.

3 med.2

( kn*1 -e

2 (7)
J wher. n + 1 and n ref. to nurnbers of neutrens in tne first. acu! secocd.,

8"* r a t ions . .

Therefore,-,

# ,

. .
n+L = 1 + 6h (E) -< n_ .

'
' hua' Ion (8).can be re ntten* .

., /*

a + L = n (1 + 6k) (9).

I
.-

!
.

I.
-

,
- -.. - -- _ . , , , _ _ _ ,,....-%_ ._._ e- - - - - - '

.

.eD m.

.. ,. ..

9| f; f. 'I ( -
. _ . - . - - - -

.~ Q C 0 ;/, - ,, ^
:

, "

.%

.

f

, - .. *
t
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and the the ratis herseen second and third genera:::.ons is '
' i

[n+2
1+ k f

*
=

n+1 (10) ;

- I
!-subst.inting Equation (9) into Equation (10)
|

,

n+2 = 1 + dk (11)'- *a(1 + ok) -

or
!" #

(1 + Ek)*
,

n (12) I=

'
'

which u the ratio between the first and third gene:L:i'e .s of neutrons. &

It f o1 *3.'s then that the ratio' between the first anc :he =th gene ra ticen 3~
~

is
*

" * " '
(1 + di)*=

(13)' -|'
-

n

Since C;.:s is en a1 to the nur.ber of neutrons in a 32neration..one can
write -

!
. . '

i- = (1 + dk)a (14)9
,

where 2, is klux at time zero and C is flux sone ' ti=e la te r..'Then

inb=.cln(1+6k) ' (15)'vo

and by t series expansion of in .(l'+ ft)

in b ='n (6k k + ) ' (16)-

Co 3
... c-

.

.
. !3ecaese' ~k is purposely kept scall all the terms. in tse. expansi9s, except ''

the.first taru .are neglig'ible'so that

in b.= e6h.4

(17)
[. to ,

, ,

! .

tTaking ac::ilogs . .*
t

, afk -

i $ = 4,,e @).t
. '4cu let : be the tic e in seconds s')tch elapses after ih is inserted
| into the reactor. '

|
If 1 is the neutron generation lif e ime, then

p*

t
| = =~ r .(19)

t
1

or the ec=ber of a,enerations is determined by' the time available for
the generitier.s co 'ce e into existence divided by time to go- through |

,

3

one generttion. . Substituting Iquatica (19) into Equar:.on (10) yielda '

t6k/L7=0 eo (20)- %

h

1
-

t
;

' e f
;-

|
t"Ohg. _- $$ . OO' E M" ". --

w y-
w O'

.,

.

==w ww .
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.

'

1 Sw let' t".e reacter period 7 be defined as the accust of cire required~

far tne flux to cha: e a factor of 2.718 (e). Period is so:eticesref erred to es "** folding ti=e.
,

Thua in Equatice (20), when c = 7. _ the following 'is true by
.

:.

' jdeficition
a i

e

b=el (21)4'o ;'

Cocpartug- e.x;.or.cnt s -in Equ.ations ( 0) and (21), oce sees that L

. 1a@| (22), '
or. .

* . il
7=g (23). -

*

which, when substituted into Equatien {20), allows o=e to write,

z

e /Tti=0 '

o (2I. )

Equar. ion (21) neu describes the.ti=e behavior of reactor' flux,
cor.sezw.tly. ;cuer, !ct a small. positive reactivity insertion.

-
,

o

lefoye suviq se=e neerical examples, a closer look at neutreu '

lifetime, or re crat1Jn ti e -is p6cha;s in orier. Generation tih4 is
the et.2.tity 1 introduced in Equatien.(19) above2 For an 1. finite
cedi .s of brj oo'cerator the r.ean (br' . average) ceutron 1f.f etime is

.
i

described ty
,1 . *

.*
t = - -
o- y (25)<

w'here L is the mean free path a }oeutron travels ' bet scen abso.rpticr.s.3
and v is th* ve hcity. To.accoint, for the decrease ir. Lifetise then-'

.

,

one cens'idecs a. finite systes,-ar.d'a' system shich is'not pure nederator,scme cev expressier.s eserce. The latter effe.ct is shown first by re-writting Equation (25) as '*

1
<

E, * p (26) f,

a-'
,

Nov cne clearly sees thatcas other caterials are added besides coderator,
.

.

be'ccees lar:et watch decreases the'lifetire. Then vhin one multiplies
. ' -

!y

Equati'on (26) by the ther al non-leaka;:e probability,1.ifetime becoms j-
* *

f,
L e

* I |i -1P -

a (1 ,'L*S') (y}. '

ot 1 + L'1' vi

1 *

o Asstning that
! a good moderator is. used, then the h'igh energy, or i

f ast neutrens u111 spend little ti=e slevi .x down to thereal; thus, L
*

'

precludes slovica devn ti=e f re.a f ast to ther=al and is prisarily a'

reasure of dif fwico time at thur=al energies. The validity cf this
*

' ' ~#

asseption is demonstrated by the followice approx 1=ation for graphite:i *

(

.

.

t .
.

w

v.e. -,~%...,,., - :3-1 - -=+. -- - - . . - - . . = e p" ;* 'S ** * ** ** * * ' * *

.m.
o 6

,j '6 t.<**77 :nq q .? ? '
, '

p

_ _ _ _ _ _ _ . _ . _ _ _ _ . _ .
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total f.as t : thermal.
,

22:* )f ,1 1-

+ 0,. c. E :: a,

s th a
|' 'A 8
.

I
4'f2 x *021 x 10 /0.021 #i *

0.153 4 0. 365)(3 x 10 " *)!
.

';
12+

6. 11 x 10''(1.2* )(3.J.'x 10**)(2.2 x 13')

' 1.5 x 11T' + 1.64 x .1078 s'econds
. =

,

= 1.655 ::: 10~8 secocos:

uhich for ~all practical purposes is ,the thet_ul diffus tos tire as
indicated fcr sraphite in Tablae 1_ below.

Table: 1
', . Slovt:g Ddvn and Diiffusion' Tines for

Neutrcns E * 2 Mev':o'E = 0.0225ev'. -

.
o th

P.oderator Slesice ' i wn Tf,M .Diffurien Tf.e
(S=c::.ds) (Se: cods)

Water (2:0)~ 1 x .10~' 2 x 10''
Water (D 0) 4.6 x .13~' 1.5 x 10-l*2

Beryllit 6.7'x 110~5 '4.3 x 10''
Graphite 1.5 x,2?"' 1.7 x 10-1 -

.

For a larse reactor like' the X-10'., a generact;:: tire on the order of
L = 10 8 seconds is a Valid nusher . Recall t' att X-10 is a h'cte:cgenecus

*

n1xture of natural uranium and gr:chite.
i.

-}
Let.an exa=ple be offered herre to exa=1:e: the chaege of' flux for

a gives reactivity insertion. St:zr:ing with'a :ritical reactor in which'#

i- neutron 11fett e- l'= 10~8 seconisk and'for a po^asitive reactivity insertion
.

'

of 6h = 1: !.k/k. let the flux inc:reas4 for 1 seccond. tJhat' v111' be the
'

' flux ratio at the end of 1 second!?.6

4 .Fro, Equation (23)
1- '

T = 6kI '

!,
.

~8
.

| 10
=

g== - 0.L rsecond., 1
g- . _

1
.

:
.

.

****emo -stag ter , e * eAP _. - -We*** . - - .
%

, y _ _ mates . Pd** .""M**N*W4D8****** PW'

'* *
,

e.m 5 '* "* *-

, 9

8 *

.

.-w -
-
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and fro: 4 4 tion (2I.),

0 = c - e /T -t>
. o

| = 0* e /0.1
'1

'

';

8e'; =$
i 0

h=21000
'

T. o
a

'

or in thec ie second time during which power was allowed to increase,
the level nuld go up 21000 tizes.

,

.Lec'c. .3 t the s a: e exa~;,le, let,thi . lifetime of the neutrens be

now 1 = 10~8 ~seccids thsen fcr the same 4k and' the same,'increasec so that
ti= e -.

'

.L
' " 'E ,

.%
,

10-2 ,

= 1 second -=
10-'

*
and

*

y_, ,, , t /T...F '

o
, o . -

!

. ., .

e 1/1=e = 2.718---

'o

j Quiet a reduction in the pccer inc5 eta.se for,the sa..e reactivity '
insertice. Netice that the' hi;: difference is in the lifeci.w 1 of'the
ceutron Jc:ierations. "Is this,only of acu.;c.ic interest?", one =ay ask.'

t Indeed nc . for the interplay bet.een per: tad, lifecire, and reactivity
.

; vill be established in a f ew sections hent.at. 5efore that ds!veleptent.
'

however, a subject which =ust ncu be consit:ered .is that of the neutrons
_ in the va .aus reneraticns. As . indicated .sn t'he last chapter, not all

of the new trens which result frc= the fist 22en process appear i.T. .ediately
as prompt teutrons. A s=all portion of the-; neut'rens are delayed andj the.se two categories of neutror.s. i.e. , preenpt and delayed, still be--
discused :.: the next sections..

.

|' 6.J P ree-t Neutrons
I

As _.c=tioned in one. of the early sec:tions of tr.e last chapter,
-

one of tha cost i=pertant products of the . fission process is neutrons.
Creater th n 992 of the fission neutrons t.xre liberated instantaneously~j

(from 10- P seconds'to 10-38 seconds af ter the fission event occurs).
1

!

L

.

- . _ .
- -- .- -

- _ _ _ _ . _ _ . . _ _ . . _ . _ _ . _ _ . _ . . _ _
,

.

.

s
-

..

-A / 66 0-
-

- .f C c g o 7 f., p-
.. . . . - -

.

1
3

w %-
, , ,

, . ,
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T*..e4 e reutro .s are called prec7c neutrens anc it is to these neutroca'

vi :. their relatively sher: lifetize thr.t the i in .the expression e

{
t b>J L t

0 = 0* e (29} .

l.'

is :ne last section refers. ',

C
Stace pre =pt neutron lifetime has been s. specifica.11y defined, now

| let the sy=bol used for prot pt neutren.lifect=ie be desig ated as L* tedif f erentiate it from i which vill be used tc %.an so=ething dif f erest ,,
*

: 14
t

s s.; sequent presentaticns.
* ;

f' he nu=erical ca:ples of the last sect 1.- shew that when one
con:1ders only protot neutrens in the reactor ::=e behavior, a rather.( I
large cor. trol preble. develops because of the'':arief . generation tima'

I scle.ss .cne Lee;s reactivity ir.sertion's very s u.11. The savin, feature
i,
*

as . nessed again f rc:i n.cerical exa:ples is tae lengthening of
[j generstion tine. This is acco plished by the * yss tha: 1 of the

fiss.bn neutrons not accounted for 'as ' ror pt (mt to .be confused with
-

i

p

f as t .nith refers to r.ectren energy).' This s.al.1 f racticn of neutrons
-

,

la dts:ussed in the next sectica. ;

", ,L

6. f. _3elayed 1:eutrons
t

Onlik their pre =pt brcthers, deleyed ner:rons do not cer:e directlyfrc= -he fissien process but originate-f rom the unstable nuclides orfissto: pro hets. Th'ese nuclides are kn:1.n as vrecursors ind since they
are radioactive they. i. ave . associated with the= :pecific decay times :Thedecay times of the precursers actually detett.1 er th6 arount ,

~ of. delay or1a; t. .st *

the neutrens _ experience in enterin:; tNa chain reaction,
fi

''

j- A typical em:.ple of'a delayed neutron p ucursor would be the 54.4
*

seco:2 half-life isotepe of Broisine-87 ;,

Ulti=ar ely Be-17 goes' to s table I| Kryp:::-66 or to radioactive Kr-C7 which decays by the'follewing schene:5

(isKr" ' 3 6' , s 7Rb'' -g 3"-> s sSr' ' (s table) h
e

.

. .. !,

The 1.steresting f eature though is the vay in wh h 3r-87 gets to Kr-87 - ,

and cris sefie=e is shoten below: t

f
i s Br" .38 '- -> n Kr " 307. 'of the time

iisBr" .38' nKr" -2Y 6G: of 'the time
a

nBr' gS' ; n Kr''
e t -- - = a s Kr" 2% of the t1:en

sche =e with its er$ssion of t:ne neutron 2% of the ti=eand it is the last

which -laces 3r-37 in the delayed Teutron precu:n.or category.
f,.

t

I I
t

| 1
'

!.

- - . . . , . ,
_ - - - . , .

, ---
--- -. - ,
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Physicists have identified at least a half dozen a .d possibly r*

auclei such as 3r-37 which c.af eventually lead to a dela- ed neutron^ emissico. D,ese precurscrs can be e,rouped into six dis::::: groups
depending c::o the half-Jives of their respective decay s he:es. has,

gives rise to the six delayed' neutron groups which are tacr. lated for'
U ~J5, Fu-2D , and U-233 as seen in Table 2 on Page 6-10.*

As :entionef *reviossly, the delayed neutrons can be identified as
cont .; f rco sta dis tinct groups cf precursers. The ter=.1 1.then refe:s,

to the decay constant of the ich grosy of delaved neutre .J- (actually de
.de:.2v ccnstants of the precursors ec prising the ith gecq). The rela:ico-*

61; betseen half-life (t j;) and A then isi t
0.693

1. - (29)
*1/21

vnere 0.693 is the nscural 1cg of two. Fron the reciproca*. value cf i<
one finJs rg er the ea: 11fetica ~of .the ich .r.rcup of jel.r ed' ceutrona!

1-
t *p 00)i . 1.

Of course, 5 is the f raction of delayed neutrens in the 1-h group sec.1
as indicated to Table' 2

-

s

E O *6 (31).
*

g'

1-1

and is the total f ractich of deleyed neutrens referred te z.s.the beta
fraction.

.
.

A feu words of expl: nation bout sene ete.flictina: v.C.:es of :S th.1:
:tght be obtaine.! from varicus texts. As a result of sece .trk gone h4:s'
in 14!.7, a value ci ?.00755 was assigneds to 3. Ly, by virtue of : ore
co=terporary techniques, S !s .found to be 0.M'6f. 'for U-23!. This 1s -a

valid cumber and is characteristic of U-235 in any re.s.: tor. Feve e r,
very

when 8 is Measured for a particular core conf 1;;uration, by ;first
deterdining i then oscillatin't. th'e core to oeter=ine,'5/*..' t value of S..

cay e:terte which is closer to the 0.00753 number.
* - '

*:ne resc1ves this situation by resorting to an ef fect:.voness f act:r
whirt. shall be terred 1 Then the expression- f or the frac:non of delayed
cautrons beccees

I
,

0,gg * Y S f.32). '

s

| yhere Begg is the actual rieasured value fron an operating che. The Y'

| accounts for the fact that ' delayed neutrons are -iven of f ai: Icver
-

ecergies than pre pt neutrons; therefore, their ef fective:4.s s is enhanced
; because they do not leak out of the systei as readily as pr:-pt neutroc.s.
I Also, if one 'is talking about a larr:e reactor',- there is,les s chances for~

'
leakage of the 1cuer energy delayed neutrons because of th.e increased
size. Then dependia:; upon the features of a particular system B can leci,

; ;, like a larger nu:ber by a factor Y. For instance, in the FT'R, S is
- i

' I
1
- _-_ . . . ..~n- -- .-

.

~~~~ . . - . . -- - -- '~

;/_ 6 / 3 2
, Io >3 0 7 6 6.c

.

g
*
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Table 2.

I
! Delayed ':e::ren Data for Ther:22. Tission

of I-235, Pu-237, and U-223
*

Neutron- Trace:. m Decay Mean
j t;roup in ith Gr us Cchstant t.i f e Product

*

1 S hsec"Ig : sec $ t see r 10-8
,

_.

ti-235
1 0.00027 3.01 0.33 '.0.0C9
2 0.0007a 1.14 O.SS .0.043

'

-
.

3 0.0025; 0.301 3.31 0.524
4 0.0012.! 0.111' 8.97 -1.11!
5 0.0014Q 0.0305 32,3. 4.59s

*6 0.00021' O.012t. 30.4 1. 6N
.

s
s[ 8 " .M64 [ $t _* .Cd 21$t.1 -

t.1
-

Pu-2'39
~

.

1 0.000097 2.70- 0.371 0.002- 5,

2 0.0001.72 1.12' O.392 0.01-
3 0.000 W O.326 3.07 0.20+.

4 0.000t. 4 0.124'. E.03 0.357
.

5 O.C40615 0.0301 33.2 - 2.073,'

6' O.0000N. O'0125 23.3 0.56+-.. .

s
s 6-

I S'=.CC1 - '

i E St = 0:222*

t=1 iii=1.
.

__

i a.

'

-
W233 .

.
'

1 0.000C84- 2.50 C.6 0.003 l.
e

2 0.000132- 1.13 0.887 .0.011?
,

,
3 0.000722 0.326' 3.07. 0.221

-

!
? 4 0.000651 0.139 7.22 0.470
i 5 0.090772 0.034 29.7 2.295

6 0.000224- 0.0126 79.4 1.73C ':
s

| I. 8 = .CC26 I Bt = .047I2 i
' s

i i=1 i=1 1 i. ; ',. .
.

~. .

I ;

.v| I

:
-|

, .-
.

_

i'
.

4

.-4 est. W
p . , a se * ,
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*
't ,.

s

O.3')64 f or U-235 but the reactor behawts (via measure e:-t) as though I,*

.
3 were O.C')7 so ene can deter =1ce Y 57 3

.

'! t

I
o

$ " eftt Y= .'..,

.

i I0.F70
. j U * 0.0004 |'

1 1
*

; - 1.09
,

t {
-

:or f or the ?STR
'

<-, .

,
'

S,gg = 1.09 3 -

.

"nfortunately, the subscript 2 gg jus like the subst;.t t 'in k,fg is.
{dropped erst cf t5e tice and w.$en,one a:.ays S for an c;er ktinc reactor

.

he c,enerally = car.s 3,fg.

To illustrate, f urther, how .1 ct;ht I:e af fected t,e a particular- ,'
reactar systmu, an interesting exa:ple as be cited. If teryllium or
H: is used to .ny great extent in the eactor core, the 'Y.n) reaction i
which results N111 a:tually look like ene seventh grow;' rf delayed i-

~

,

neutrons wit:, ~ an chvious change in.$ resulting.
*
,

row to shou quite sicply the ef f t:t of delsyed r.c.trc:.s on.the life-
tice of neutrcn generations, recall tha-

,

e *

O"iiOgb
- , @ ,I,

- ' -

;
^

......_.,i
where all ter i are as previously 'def t..ed. Ther) the fra:51on of neutrons

.Iremaining are pr m at or

- l-
-

Pronpt Fr, action = 1.- L (34). (
-

!then the cean lif eti:se of all fissign c.eutrons, .prorpt acid delayed, shall [be L and shows machenatically. as fo11cvs:
1

9

e
.?

,.

'I- . L = (1 - 8) 1* + I : c - 05) t1 1i=1 '

e

and sisplifying still further by reali-d.r.g that 8 < < 1, one can. write
*

.

4 6
L= L* + E B t - 06}g

i=1,

.
*

If socie relative values' are new 1.serted it.to Equa : ion (36), the
role of the delayed neutrons in stretch.:. g the lifetime :.s apparent.

I/ -For'a large :eactor la - 10-s seconds is feasible urd the sum =ation,

t.te: is approxicately 10 3 so that,

I .

l
,

4

y

. oo -

4

~ . _ e9he
gggg p * OON b

A) 6 h C l' pc.)3 \0 7 h F
..

9

'
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! .

E = 0.001 + ':.1 = 0.1
{
i ,'

or i is essectially the aa.e as' the meaa weign:cd lifetime of the ce' r;edsev:ron groups . New the exa:ples shcvn previously on Page 6-7, pc .:ps
, take on = ore meaning.
,

, 6.5, Ti.:e N;e-der.cc of T1ux - Stable Period
?.

:

A.s a result of the. fisCuasio3 in Section 6.2, Time Dependecce cf
Flux, the following e,u.tuon energed

0 = c, e"N
-

(37)-

This e.x;ression is of embe an .over simplifica:ics of the depenie=:e of
Iflex upcn time because, .x pointed out previsusly, only the pec=;t me.tross
|4re carcidered. To il*;.as: rate the contrast between the behavior cf t'.e

fix f ror tr.e. abe.*e equitun .and an e.xpression shich vill be 1:vestigated
. i

a little latert the flux a.tpression will be developed in this santer:
di- 3k *

g=pC (33)
.

.shere dO/dt is the chaage an flux and I is -the ; ro:pt neutron lifet:.me.
Cr.e sees then that 'the 'c:ssage in,. flux is properti::a1 to the flax _geg_.:c,
tr.e chaa., e in re activity''"2nd''the 'is.ver e of ' the r.eutron generatio

r

tim e . ~ inte.; rating 'Equaence. (35) ylelds hie-
~

~

In ( = S k.pteC -(39)
|vnere C is a constant of.i.t tegration and 1/dk = T as 'previously def tced; |, -- -

.

,

. In $ = ar e + c
6 (40)1

To evaluate C let it be msuned. that at- t = 0 $=c then substitutinginto Equation (40) one ott: sins . '

---- -
,

1 (0) - C 'In 0 = m-o a (41)
or

C = In 4,.,_

(42)..

. - '.8

- Nou Equatio (40) c.a.n be vr-Itten as.,. _ -
. _ . . _ . . -

1in4=e t + lis 4
& o (43)

- - - - .-

which corresponds to, the me uation of a straight line as shown below.,

#''

+b
(44)

where n is
in Eqsation (43).the slope c'f t!.x straight line and is represented as 1RNow if .cae were to plot Equation (43), the results
would be as shown in Figurce 2 on Page 6-13.

-

Observe that when tha-e natural l e_of,_the flux is plotted _against
time, straight line power *tnereases result. Also note that as the~
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' Flux Va ria ics . .tt - '--.e for Proc:pt ;;eutrocs Only.
,1'.

.

r ea_:ti;.:1.tl.vh.ith_ css g gs t e 2.'.:stchange -is i:treas ed, the retiyrocal ef
E.7e p< rita 1/~ incrau a . La is the slope ,of the li=e) . Taus. the

inve rse ,relationshi;. : e rw' .a. 7,ariad and' reactivity is sic;17 d.s onstrated.s

A more exact ex- es., ;.... f or' relating ceriod sed t'eactivity is the
'

cxpression cecsocly --**e . :.a 1: hour equatics. a .: is written as follows:
.

.

I .

- u= l- i ...i ..> U i. s'- WS .T.

p , 1 + .; e ; = .1 * w'+ A
_ s c,g,_ ' (45) -

, g
$

- where u - 1/T and all rther 4.r:s are as previously defined. In a' future
wetion, the actual 1. x: v. atic. will be gives is' additien to cefining

,

.

as inhour of reactivirt.

Fcr the present. t.. -cr., obssrve that. Equation (45) ices to zero
as u a- reaches zero .. .:: .' . ... tha t T ,apptcar.h as =) hich is censis tent. .

With the iriverse relat*.: .s . II !' ice. allso, as y ap roaches (o f ,

approaches unity whics u :... istent with the defi itien of Gfutuation ' |(2)).'~il'Elly, it is 2:: 2v. that Equation (4) is a' seventh.desrce. ,

polyneqial which has s r re : .. .ts which correspend to seven Aroups of j
g neut r_gns (asse.ing pg .,.r , ::tr.1._L bc.cce g r:up). Clearly .as, each -; *

| approaches 'a l , the te:: ;: v_tt ". These reven roets lead to thei

4
followieg expression f:: ::, wariation of ' flux vich time:

' u: s. . t wet
o

A:e + ....... + Ase (46)4=Ae -

; o
*~

An evaluation cf tre : -atants shews that all A except Ao are
thus Equatios (46) .can be rewrittes:negative as are all s e=:e';t -3

'w : ::- tt -ust
o' 9'= A e A.e ....... - Age (47)-

o
~

t . ~ 4.*2' t. is.g. a f t e r t, = 0, o r th e ti.ne wh en on eIt is now obvie.a tr.a t i%
inserts pcsitive

ill ra;;.d
to the operating etactor, the. terms, except

the TICte'5,~ wreact n ts~

::- to_ ero and af ter a ti=e, comparable tot.p-
1/1t Equation (47) red :es t y t.

. . -
.

g#
- .m

0=Ae (48)
*."

,

-.
.

. ,
.-

*
e

=.h
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4

where T i lla, or the stable period. This is essentially the sa:e as
Equation (37) cf tnis se: tion except that af ter a short tise interval .,_

when the stable value of T is reached, the Oeseratics tise bece:es i
and not la.

,

The short tice interval af ter- t - O, krevn as the transier.t tine. E
,

is of it.terest because this is when a rapid increase in flex cccurs.
This rarid increase in flux is referred. co as the pre:pt ju:p. One can

~think cf this pro ;t.jumpias happening before ene delayed neutrors have
a chance to enter into the chain reaction and lengthen neutren lif etica.

- - ~ - -
- - . . ..___ _ _.. .. -

The pre =pt je:p effect ca te shewn by an evaluatien ef Equ: tion
(47) with the appropriate constants but this it quite cu:Sctseme and
the sa e sitcarica can be detonstrated by saiing so e simplifications.co
Equatic= (45) .

,

If ene SIcars f ractions in Equation (45) and . regroups, one gets,
the folluving:

s u3
i

p = wra (1 - 0) +- E J .(49).

i=1 " # .* i
Now from the definition o'f Q, one finds that

1-k (50)=
eff L-p

,
then af ter substituting Equation (50)?into Equation (49)*,' one finds that *

'0*
"ie 1"+ (51)

0 = 'eff- "*A1-1 t;.

Perf arnin; the su=sation yields

' r.:6p = 61* + - (52).

o+A,

:. '

where S is the sum et all' the iracticas.cf pre' cursors,1 is the. average
decay cor.stant, and k gg - 1 because o is small.e

{ By clearing f r, actions in Equation (52) and' regrouping, one can
| write

'

4

i 101 '+ (S - p + 11) w - p1 = 0 - '(53)
1 . .

1
- I which is quadratic in w. !ce the solutions to Equation (53) are, after

-

simplification:
.

,

0 - ) (54)ut=-(u =
o 5-p L'

. The uhole purpose of the develornent from Equation (40) to the
| present is to shcw that'ene ca illustrate ge:1]u=g_by;asse:1r4 % r
; the sjx_ neut ton croues. canleTavmucd_by_an,averacc,ter= correspond.ing

to the r12ht ha-d side of Eq92H " (52). Then by analogy to Equation (47),
| one can write f or the llux variation eith time ~~

l

l
I
l

.

-_ _

.

_ mm WOwne%,

.

&W0- [ /
, _

gg [O 7 - _ r

*M AM%M

A/ O
.

.

e

. |A

(

'0W ^

,

b
6 .''



< .a
-

e .s.

L

,
..

, .
* * * ' *

4

~

. .. . .. , .--.=. .-- - -.
-

^

. . . . , . ..

!
' i
' i

I
.i 1

I i,
3

b-tr
9

* * Gt Ust
'I & 4*Ae - Age (55) !.
* *

. j
1 .

I unere u,and wi are ;1ven g hua. tion (54).

Dece acre it is seen that at t = 0 the first ter is A and --he
second tern is -Aa , both ter:s vill behave expecentially wits tr.cittasing

.

tice. Since e, is pcsitive, the first ter= vill increase at a ragte (*

deter =ined'by the size of the reactivity i .sertion, conversly, the - second .
,

ter . will decrease at a rate deter =ined hv the sa=e reactivity inss errien. !.'

D e secord ter= is the t:ar.sient terr and will disappear in a short: time
. ,

and the behavior cf the reactor will be as in Equatica (I.3 ) . Flux.: *ill.

f
1 iecrease at a steacy state er en a stable period. '

i f -

' Povever, in the shey-e interval af te.r_the; reactivity inser tion -
while both ;e_r s exist, th,e te=ay.ioy of the flux ts the ste: of the_;r.'o ,

terms and is she*.m in Figure 3, *:ctice that the rapid decay of the... .
!

transient ter:'alloes a rs';id ' rise of the secer.d teri ti~}ts stabla . ceriod a--

increase; th*.s, 5.e" pre pt 4u o associated rich a sudden incEase~c!!-~ !
!reactivitvJs._ax-1..ine'd gkiMiy.

~ ~ ~''
I

}f -
.

2

IIf one ncv compares Figure 3 with Figure 2 where.only proupe reeutrons
were censidered It is cbvious that Figure 2 is just the first perna:n of [.

!
; the curve illustrated in Figure 3.

i
I

'

j lst Term
, - f

'~
.

8 --

^i'/ |
'

-
. -

'

3" ' A
'

o Sus j
--'

' if .

\/u
! 3 6 Proept Jump-

,

i.
e .

-

E A I
' i|s /'

Second Ter:s *

l. !,.

, , .

g , . O

; . x

,. Time -

t
'] Figure 3 *

.

|
,

Time Behavior of Flux vich Prompt ande .

Delayed Neutrons for Positive p

.

I" It is interesting to observe that the sa e equation which was unsed
~

', for the discussion of, flux behavior for a pcsitive reactivity inser:1:.cn
| also predicts the reactor ti=a response of negative reactivity inser=1ons.

The values of A and As in Equation (55) are given by-

|L/ - -
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6'16
!' 3)- A *

Oo 5-o o (56) Wt-

i

^8 * ~ f. C ~

.

e (57)
:

so that Equation (55) becoces
:

lo to p)~

S i~D *?-: A Loa-o,- (531-o B-9 .pe

.

by the inclusion of Equattor.s (!!.). (56), and (57);

:*ctice new that be,th.A
insertion and that. beth c52cntnu bec.osta:d As are positive f or a .c;otive react- r-ityo

,

ner,sti ve. ;hs: results in.a netflux cichas in,_the,-o_ , case, dec rsases sharply t ut cher.teac3.s a st,u:,.rate of dec
,

--. hal@ed ,rtasti.'|.*12 14. govern e:,by,_sep(,ifet.: Stet ava :;e cf ce 1e :estJ rec,urser .' .
appreciated by again cen;sidering.alf-life of the 1e:~est pracursy,The sqbj.e egative,per:g vg31 3 g,3ty

3, g3,y
group or 2 3 secocc.s. 'This can be

the seven po;lyno".ial, ta.: s in Equati; m(l.6) .
as the transient terns d1+ out the depinent u berores the one

associ.ated with the loncest half-hfe. .,

sudden negative reac'tivity inser.1:n. Figure 4 shows se affect of 4,

C |-o ,

*

A 's
o *

Siman &s %

.5 \- ~% /'''', ls*. Teru. N
.

. .>
.

ed
o A

T \

V , Second Taru
ea

3, g

t

N
\[s' %

0 7tm ,

; Figure 4.

;

|
Time Behavior of Fis:x with Pronpt and

$
Delayed Ueutrons- f:r Uegative p

- {f
-

6.6 . Pro =ot Crt:1 cal - )
.

r
In all discussion up to this point involvint a super-criticalg

reactor (k > 1), reac_tidyjnser._e_ns,ve.r,e_ li=1ted to_s=.41.asountsso that k cover deviated r uch freu unity.-

Under these conditions the
reactor __ie~s.31,* IOe delayed cri: .~:al and all t.he equat mus involving

-
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.

%

( k ar;_y:11Q, 2,se _ k was sileved Jo._te us ed'.as _urity. If.- hewevecr.
| 71ar .e -- - cL.,7e me t ivi v . is'~1-scried itte a.,c ritical_r eac t.o_r .:

'

is pcs:P lc ths: :Le re n:rr would. increase never so ra-idly.:ba:. :he
delayed i.ates.s ::d1: .a.s ni sfie:: u.aon. f e".t:J ' 0 21:"3_ df O*'070"5
ar.d t he ' e r ;:th i~s ?.b'TC! :F ':-e~p ::-? t critical. A si:t.a:10- r :h,

as pro pt-criticality" 5. h e' qEida -creus if the M1 ele.ets ue

capa*,le of handlir .tte 127~e''-025titics of heat W1'ch "Q1 t eact.

g e n e_r_.i.~.t e : ' ; ,. ' - - - Mv 6 ::: r_e_r_i.o.._d. c.f. t.i e . further. 4 the-'
*-

rea: tor t.w_s_r.s.c. have a 1:r e -e t::ve te-acrature c eef fnient.
-

- - -

'

tc:; eratures tav arait, res: u re e per:grtiers. e.e perature--- -

ccef ficie r.ts .-111 to d4 sit' .cithle'subsedirTsecticas. Ecr now L3
that ned ti te said is t. at sc-e reactors hav an inherent e'ci1 :y3-

to add :v".:tive reactivity to the system as .the core :V$ra.ture
in:reas u. By this de'tice.'th.h.': err.sIa.U!Ief .tec p: vers ef pre- -:
critical reactcrs co:.4 oe li ited To reasecable values.'

. --

--

,

The meant of rea::ivity required to yMie_L.III.II:_ pre =pt-cr.:1 cal.

is found in the f olloirir.y . x. net: sinc'c"caly pro r: r.cutrons are
,

involve! vith the = 1:1711:1:1on f actor fer, a pr: .r.t-critical rextor.
then k..t ce. (1 - f.) i 4. .i new defining, the situatica fet pro m -
critical as.r.es

,
.~

(1 - 2) h = 1
'

(39).

~_ . . _
'

and recalling, again frc. the defic.icion of k
.

i

k. - (60)
1 - 0;

e

one . can .ubs ti tute T. ,s.a:10.. (50) into tquation (5?) and find that.

1-S-1-p (61)-

or: the' tinin._um cond.ition for c. ro:pt criticality is*
-- -

w
t p=8- (62)

J*

6

L That is. the teactor' vill 1: crease in power undcr_thrUnfluence of*

g prompt . ncutrons cnly when the p'oE-JTc.tc.ac'U.vitrinsertion ig ar.-

; .s=ount of reactivity equal to the f ractit n of neutrons whic[( Are
delayed. ~ ' - -

.

-
The .1 mount of reactivity t hic.h utll make a reactor core pror J :-

g. critical is ' the basis for a systen of units for reactivity ceasur reents.
I The " dollar" is def t=ed as L$__p::eunt.-of.tcactivity. For exa: p12, if a-

= 0.M7 then the a=ount of reactivity neec cd toj. given ret.ctor has a ' '

j rake the reactor pro:pt critical is 0.077 6k/k or 9.7*. 6k/k or SI.M ofJ

- - - - - - - - - -; ;.teastivity u -
r

Suppnse one vere to 1. sert 0.0735 6k/k into the sans reacter. 11o9 '

1 # cuch would this be' worth in the new reactivity units?

.

.

.. .
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p e (3L/k)

; ($) , 0. c 7 (skik/5)
,4

0.0035 (!i/k) *
' *

0.007 (?k/k/5)

= $0.50 or 50 cents.

+

The adva=tage, then, of' a syste. cf ' units such as this is that the
af fect of a " dollar" is the same for any reacter. 31s dces net say that,

a dollar is. the ss=e for all reactors. Chviously, if S is dif ferent the
dollar is di!!erent but non-the-less the affccc is .the ease, i.e., pro =pt

.

criticality.

'
,

4

6.7 The Ir. hour Eeustien , *
.

Recall that in Section 6.5, Equation ,(45), was identified as what
is cocconly referred to ,as the inhour equation. It vp.s later shcvn that

,

Equation (45) could 'be written as
.

~
'

* d
D * da i* Ik w+A (63)

'. eff i=1 1

The actual inhour equation is a ratio of p in units of Sk/k to
one inhour or

o 6k/k
E *
la 1 Ichour ' (M)"

where a= inhour (short for 1'nverse hour),is that .ucent of reattivicy
which, when inserted into a critical reactor, vill cade p' ewer. to i= crease -,

on a one hour stable period. Sicce the p' eriod irvolved will be stable or
"C = 1/u,, then Equation (63) can'be written as

~ i
-

is s S
ti 0=a + t

j _ * k gf 1 + T1 (65)g,g g

'

Turther, if the stable period is to be 1 hour or 3600 seconds, an inhour
of reactivity can be evaluated in the folicwirs =anner:

'
.

o . 10'' . 0.00027 0.00074
360 1 + 3600(3.01), _1 + 3600(1.14)g

I
0.00253 0.00125,_

1 + 3600(0.301) ,1 + 3600(0.111)

0.001'.0 0.00021
* 1 + Te00( 0305)- * 1 + 3a00(.0124) (66)

'
-

.
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s V ere la = 1?"

secends, k,gg : 1, and values f:: it a=d 1i
u'ren frc: Table 2 for U.235. It 1 are those
is a ver7 s:4 1 acouac of reactivity on ene cris quite obv.::s ::.e: that an inheur

-

!

a r =f 2.3 x 10 ' ik/h.i
W1 en cre desires t'

1.s seas that reactivity in ir. hours (?go express reactivity in Lthcu*s then, by Equation(64) it.

is:

| le *
. r 1

g n '
1+ATeff i=1 1

, ,_

"In
-

g (57).. s

. 3600 + E
i=1 1 + 3600 A1,

.

The above e; atics then is knevn .as the inheur ematir1

. ..

An c_xa=rie calculation irN:1ving the threedescrib ed *.: sp which have been
has a ?. - 3. Lt .ex ressing reactivity follo.:s t i. ;csa : give: reactor
t'.is cachlee? F.ev many ir.he;ra vould $0.5C he ei:.ivalent to in

?

1

$1.00 = 0.'0046 dk/k,

3 50.53-= D.C346
2 5k/k = 0.0023 C d

a

06k/k 2.3 x 10-3 h /k'' ' s 1 Inhour. 2.3 x 10 T . 1-2.ouf
,

- 100 inhours is equivalentt

to 5?c porth of reactivity.
') . ! Per!od e. rnications,

If or.e were 1:terdsted in determining what} f rc.: a give
insertion er ccnversly, how cuch Istable period would result

rea: tor on a certain T, then the r.eed for a sol : ton to thte i- sert to put the!
. e equation

j- o =c1* E i '+. k
1 eff i=1 w + 1 (63)i

! i vc*ald arise.
Sc ething else whidh vould become eroarentg s r:e project

Faced vith the needs of the above situation. .10h arises in making repeated eval.atic s of Equation (63)
is the cumber-,.

I.

tvo areas; | o f ir.terest,, large and 'scall p inses ti- :s,:euld nr.at t by defining,
, onc .

1 nahe

-f
' assu=;tix.s u:til Equation (6") becoces less cutbersonet'.en proceed to

8 -

to :anipulate.

|
Tirst,

and since one is tencerned not with transient eff ectcensider the case where ene assumes E'ALI. reactivity insertions',
.

Pert:Js, then v=u and s ' cut vtth stable'.
t

1 O
! ss
! w [* u$; i ;=1+ Ek

eff iw +'A
o i (69)

1

_, , _ _ ,
_

_

_

-
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i
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because o is s:all, <.,2* vill also be smil thereby =4M=s the first
,.ter on the rii;ht hand side cf Equation (69) r.e*;11;'.ible; thus

e a
o= I (70)v +A

1 o t

Using a weighted average for fl g and letting u, = W ,one W.tes
' e| *

p=1+1". (71)-

'

Transposir.g f or T

T=O
pA (72)

which allen an approrication of I or, o to be made fo'r a particular
reactor syste- by the seleceien ef 1 The arrrexic?tice for I has
an cbvious lir_it at 0 = 8 but then azain if this li=it is a;;: roached,
p is no longer small,

t

For IAM E reactivities, the assu:Mios that 6 .)> 1
, *

thus Equation (69) becoces '

can be a'e
;

u La

+ E 0' IIUp=k
1eft L

and it fellcvs that
.

>
.

to
p.= +S :(74)

'; f te

. where as before u, = 1/T. Solving for T
.

'
. , to 1

T=k
.. *

p-8 (75)'*

|- eff
f

l'ev if a >> S, (o -6)-1 1/0 and.,

*

T = L* to '=g (76)
-f which is the sace expression that was used when T vas defined in terns of

prompt cautres lifetime back in Section 6.2.

Finally, the results of f.quations (72) and (76) can be coebined as
follous:

.

1* + (8 - p) t
6 *

0 '(77)
.

I where t 1/A. The above approxi=ation alleus one to pass smoothly from ' '
=

the realm of small reactivity to that of large reactivity.- Notice that-
.

e
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I

) es G soproacnes : t '- t:r - 5 -; --'*ro *che s * ~ ro nd "q'atti?n (77) loe'e s
g like 1 uatic (7f }. % the ether hand, -ts : b e cc e s s 411 (3-:) c

}S=cc es quita sir..t rica .: when co. pared to the Front: nen:rcer
,''

lifet:. e 1*, ):d h,uir:en (77) Iceks like Eqvati:n (72) fer s'.all a'
reactivities.

t
t

'. In an .;:ert :e deselep a feel f : vhat is sns11 and what is
,,large re a c tiv t :y , sr e li:its till be se en the a;pr xicatic s which t

ra a teet cerelo;e ' for es ti=ating reactor 78 10d5- f.

.
sEcu3 tio:- Linits '

p
is' _ =- - o>$ a

O ;
F

* !

, - .LL:s , el \
.

v 2 .

- ~

i,

.; ~ t ,- . e 3: a
. \-. -- -< < a ;c 2.

.

'
.

!
k"here gree: ..rcuracy is desired, it will te necessary to go :o the

;inhour qu. tie:.
.

A *eth:d vhm. can be used with ;te st c.cnvenience to esti: ate L

re:ctor perise fre a recc:or which is incretsint in rever is the
doutlia? tire. 1:. . .- flux is pre;:ertt:nal to pcuer th=c

.

F(t) = P e @ (73)o
.

Mere P
g is reactor ponr at any tire t snd.P is power at t=o. IfCe careik1ly : loch o ,

the tiae it : ales the reacter to increase a factor '
of tvo in ; oar : hen

P *=*!T2=e (79)P- - - = I
.

twhere .").T. is the t! c it takes for the power to double. Taking the'
natural loc of moth , ides of Equation (79), on* Fets,

i

; .ln 2 = D.T. (gg) f! T

| or the relatienship Letween period and doubling cir.e is
.

{ 0.693 T (81)D.T. -

! Thus. when one deter-ines the douuling ti=e free the recorder charts the
.i period is readily foi.nd.
I
I A si:ilar situ.iticn arises when one speaks of a start-up rate or
j SG v71:h is d t fined as the I!!TEC ul., cr whole number decades per

minute of ;over inct.1se. From Equatien (75) again ene can write, ( +
} _P-- = 10 = e (92) -
1 F

o .

1
p.
,

-e. g.a.ame., e == ew-==== _ em. - --ee

h-

.e.* =-hg c, :s e m g,g 'O o.-

.

"'k
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s?.ere the start-up rate is 1 decade per mi=ute and the ti=~e is one fk

\C 'auta or sixty secess. Taking logs, j
N

la 10 = 6n (8 3) |

'

' x
' i

60
2.3 = g (84)

er T *6 seconds vnen SUR - 1 decade per =inute. As indicated previrusly ;

the' expression i
I'6'

T s'ta-- (SS) i-

is valid cnly for integtal values of SUR.
- t

v
'
.

5.9 Centrel Rod Calibratien p
t

. 6

A Mi'*-* r;1icat ted _th3_Dhea1 equa_tLqa_.te af epqalic.&. tea tor ;
is a f :-cti en that wa t te ce rjog_,d_as soon as_4..crif_;A _.V.ss is !1

as : t-aleg--e - ecctrol r.;1._sil.OIaiion. There are a nu=ber .of vars |
; it which cer.trel reds can be calib' rated. A partial li.s.: =ight consis t of '

the folleving nethods: }.
% - .

:
,

,'< N ,-a) P.osi_tivc Period - w' @ ^. *
. ,

.' N, 'b) Red Drop,

3c) Distributed, poison*

d) Rod, oscillation
'

'

In chis section, only' the positive period =ethod will ' e considered i: +

,

d-tail Wile soce of the other r.ethods will. be discuss +d in subaequent y

ch apters . f
- t

, The theory" underlying rod calibration by positiv-a serio'd is i=plicic !
~

~ ~

in the following equations: i

I
e /T (86) :t

. P=P *o: ,

!
4

-'i t

D.T. = 0.693T (87) i
,

,

i

* 01* 1
b 1+AT I#

1 :. 0 " Tk i
I l.

eff i ,

.I |
'

:.

--! Recognizing f rces Equation (88) that reactivity ar.f reactor period ;
j are relared in the indicated canner, then oy Equatien (1 ) a given period ;
; neans a ccnstant increase in rs actor power. Sen the p.Wer increase is :
; a f actor of two, the stable ' period and the doubling ti=e are related by
'

Equation (87).

The calibration of a rod is accc:plished by first bringing the reactor , ,

to critical it soce Icv power and removing - the start-up source. Two points ;

' l' (
t.

i,

.4

== * ... '
'

e . . . _ .. . _ - .w ,

e *

e-

- - - -

A/ 6 6 9-5- /095 4_, /. ~
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! to be mad.a here are: t.) the t en; power is cecessary to ir.sure that the
.

3 ef f ect of .r.e ce,; 2ti m te.rerature coefficien: cf reactivity dces not
*

' " fluence the =casu: cents being oade and, b) : is i=portant that the i
;

i reactor 5 * :rttical * 1.",00) because any d rriatien f re unit y vill
,' ',

either add :o or sut::act frc: the verth of tre rod to be calibrated. !

tiitt -he rod of interest at the lower ' -'t. nichdrav said rod, a !,

'.
3 411 a:se.2-: (the ar:.::nc of eith'.'raval sheuld - .' eld 9 30 second oeriod), )

-

ellow a si.:rt pericd ;' time fcr t ransients :: **dic cut" then deter =ine i
3

:be dcubli. e tire (a a by Equadion (?7) the ;e: ed) for the i=cre=ent of {
reactivit* . u s t i r.s e r in d . The doybline ti:e s .:r:14 he checked six. er

*
,

eight ticer bef;:a - .J G0v 2 : t r f p e * * *. r e t :Med. Af ter averayng.*' e N r.in e j ' d 3 1&** Of PdfiOS. 0:e V0uld Cc to a c m e.#

w ich shevr re u ivt: .5 a f 2G.t"' ''
Equat tor. t ' f ) . ard'T."..it e the pe rir: ~7 N' U ' " *' e as in~

-

4 just deta tir.ed with a value of
eactivity. Then the

.af ferrentist varth.cf c. e. rod (ek/ units of travel) ,

;is pictted at the :123. :n: of the travel of, tha incrc=ent of rod just- evaluated. 'ss

I .

The resulting =u:-ve is- a <g* t fera. stim r- f yrrt5 curve, and the crca I

>

! under sue' c u- e__1;_n:, 5,.1. .mts i . :M_E,r,1,5 ( I t e ? * -- .- 5 ?. -a A.3 ). It g-

t

Tth e 1 :< . r s t r e d ' . _ ,- 5_ qu:1.c./hi t'L.ijL us e d,, :_.z t c 12:::: ,'. :ith a pa r- '

::.:ular re,; :s relate u-
.

ir.crenent <.! rod nove e t wi th 2 s tivity'U5r:h. '

Repeat ed reacci r :y insartient.- and worth evalu.;tions are perfur ed
.

f o r th e er t:. r'e s t ro's e " the rod. Cach time c:t deubling time is
:.easured tn< reacter s n euld be br.w.h: bac'; te - e ori.e,inal startir.guover levei vich sere ; :her rod and the operat:r should be certain thatia 1.000 t.4.f ore caking the next rr.ictivity ins e.rtion. .

Ir th. . above ea .n.t.r. each rod er bank of eds is calibrated and a
3

'

me:ticular niibrati:n aurve. is ast 1;*.ned to a r:.4 or bank of rods. Itr.u s t b e res-et e r ed t hs =c.d vorths vill chane.e t.s flux chah=es; conse-mtiently. .u f uel depler o and fission product r- sons build in, rod' ster ths util :harge. In
!_r the vict...;.:y of a e:m:rcl tod c.u, chance th< verth of the rod.a res earch re act or, a h s.t ey ex?cri..cntal loading|

Forc nese reas..n r . periodi: recalibraticos are neces sary to keep . rod worth
'

cx:w n eurr e .t. ;
.

t

!'
More ecairs to 5.e aaid about the kinetic t ehavior of the' reactor

<,

1I vn.en poiso=.s esult f r::- fission prsiducts and h v
te 2;'erature chances*

rwetivity;
Towever, th v:.e topics ut il be covera d in subs' quent discussions- ,' eom reactor emerations.

,
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* . 7.0 Int re,duc t ion,

I - L.*e hope in this secticn to be;;:n to tie toeether the varieu individual i
lectures which ycu have already recieved and .r.all recuve during your [

. .

1
recaining weds here. It 13 hoped that we vill be a: e to dra :nis caterial '

.| to;; ether and ralate it to your esperience to date 10 : r era:1::g our T".lCA
i

reactor and also to relate it to the broader..;icture _f cperating a large
reactor facility. la this section, we shall discuss sa:ce reacter operations !

.

philoso;5y. This se:tien will be rainly tetended to J :i:ulate your thinking {

on developing an at:1:de :6*ards reactor operations. ""51s area, like cost a,

philosophy or philcsophical discussions, is open to a peat deal of inter- g
.

; pretation~ and cc.*. sideration dependin;; upon one's pas: cxperiences. ;
,

-

.

t

.I 7.1 Centrol 7. d f.reration '
**. \

In order (cr the control rods to werve their ice. ended functien, the .'j. rate at which caen can affect the reactivity balance :tf the core is !
ig ortant. Saf erf rods . - f or exc:plc, should have hi p. reactivity wer:hs ,

. but do not need to ae 'drhen rapidly. On the c:her r.und, they sheuld be*

I capable of beira s: a=:ed'it.to t.he core fa;1dly, t.e e.in rod, in ;cneral, j
_ ,.' . '

vill correct fer 1: ; tcre reactivity chances a-d n.re.:. not be capable of **

*

high speeds. Fir. ally, :ne regulatine rod is ree,uitec Le u.ake, in :sst. ,

cases, stall but rapid ccrrectites in pwer. ' An exce-:len to :his is the
4 situation when the rea_ctor is being taken to pecer'a: a time '. hen the u non :

; concentratica is high. .Dhe to the burn-up of xenen p: 4s ent in|the cere, ene
generally experiecces ti.e cost severe reac':ivity tras;r_ent. Also to be

] considered is the fa:: that provisions for la'rp e rates f reacitivity change
i are buil: into the control red syste, An 4.:ciJent d.a :o rod drive :-al-

functica beetues cc:e probable because of taese larp sactivity rates..

,j Thus, we see scx.e rather ceeplicated and cent.ra C.: ting require =cr.ts
which cast be sa:isfied. In the PST?. the proble is-relatively easy. Tog-
provide a rod with hi;h reactivity worth, we locate L: cear the coru center io

i vhere the flux is high. ('ivu vill recall fre.: your cuit.:rol'rmt, calibration
ex pe rimen t that the red worth is dependent on flux le el). In the case of !

$

the regulati:g red, a special high speed drive is uti! :. sed.
'

Unfortunately, the situation'vith a power reac:=r is not quite that {
simple. Icstead :! four con:rol rods, you say heve f.I for a Pt."A or 135 -

for a B'A type reactor. In a pcwer reactor, several :.mds are grouped4

together in-a ba n 'and are =cved at one ti=e. A1>c , 2s cperating cocditions ,

change,' the func:ics of any cne control rod -cluster ce ,* sank of rods =ay !

change, Also, the rods will have identical' drive syst.s:s, thus all the rods {will operate at a coc=en speed. r
f
e:
t

7.2 Control Rod 9.aterial i
i.

i
', v Le.t us take a lock at the material used in a cer.:rol rod. Since
*thermal neutrons produce fissioning of Uraniu=-235, cine first considers
i.
.

L.
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.' that any caterial that will absorb thermal neutrees effectively is a good E"';. .aterial to use. Esever, f rer a practical point, other consideratiens;-
are required. The saterial cust be sachineable; not suffer frr= radiation'

d.t: age; should not change physical properties, (1.4., st ell, beccce brittle,etc.). The list can go on acd on. Let us tala a look at sc.e ca:,arials
' l tt.at have been used in reactor control rods.

>

'

| Cadmiu:2 was used in =any research reactors. It has a good ther=al
.

cratron cross section (See Table 1), but is expensWe and has a Ic. celting
.

pc '.st (310*C) which excludes its use in pcVer reactors.

The P5TR uses a boron-carbide rod. The boron-10 isotcpe has a a, cod
s etrptien cross section. The :ajor disadvantage is the probles caused

88(n,s)1.i' teattion., (Oas fer:atica results in 1::trnal pressure5r tne 3
t :._' 4-u p) . It should be noted that as lon+. as les boren.10 crncentrations,

: are used in alloys of carbon or steel, satisfc.etory results are achieved.
S.O low boroc' concentrations, however, terd to lisit the worth of a cc: trol

,

rrd .

.

. Table 1

Fir ent of buclide Averar_e ther al cross-sectio >' Thickness for !!1ac'.nes.i'.
(barr.s)

85' 3,470
As 54 ..

0.00l.*

.

.62
C4 2,210

.C102 i
in

_
,

165 , .310
Eu 3.980 .0175
Cd 39,W ',

.i ! .C?l7
tif ' 91

. t. 71

Currently, reacter'd'esigners are using ma;erials in their control' rods
_ vlii.t . have. effective epither:41 cross-sectiens as well as :;ood ther al ~crcss

-.

Thus, if vc can ef fectively capture a n.:utrca in the epit.nercal i,sections.. ,

,'

regies, this in af fect supplements the' captui14 cf neutrocs af ter they
'

- t*

bectee thertal. ' the total worth of the control vill be increased in this .
. can er. I:any pcraer' reactors are usin; a Cd, In, A;; alloy in their control

'
i
! rod.s to satisfy not caly the neutron absorption require =ent but also many ,

of the other physical. requirassents centioned earlier. :

|
a

i

Ij 7.3 Control "ods and Meutron Flux !

,

1

The shape of the thermal flux te a reactor core at power which is a
i
'

right ' ircular cylinder with no control rod'is shown on Page.7-3.c

i
>
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Tigure 1

,

'

This is the cas.s for a ht:no:;eneous' core. J.cv let us s,ee what happe .s .' i wnen se place a cent n1 rod in r.ne core asste.ing we saintain the same
power level. *

,

f Fully inserte,d cectrel rod...

[- I '

Digtsd Line

H )N , y , -- - Contrel T.od Out-;
" ' ' ' , , , , 7.- p Cf C0re..

,'
_

/!. .

/ -\ / , Solid Line,

[ % I
'

{ Y * /"'d C:nt rol
| V R:d In

.i ! 's
\

- - -
R$iel I, it 1 r * Ya n ' Core

,
**QSa r. .

t ' : -.=J ' |
\ -' .-

, . Controt' Rod Location's N. .; s
2 <-

t

Ti:;ure 2,

The control roa affects k,3g of the core in two *iays:

.$.
a) by aiusorption c f themalaeutrons

,

! b) by.1:ncreasing ti:@Lneutron. leaka;;e from ti e core. l9,
*- It can be shown thatI the terr:th of a control rod varies as .the s<;uare

'
of the flux. From Fi.;:cre 1,' we find the flui distrilution to be a cosine,
the control mi has t=s greatest :!1fferential vorth then when passing
threugh the centar of the react.:;. You may re' call this f rom *your 'observa--_

*,

tions during the cont: ol rod cal.:~bration experiment.
*

~

Throughout cora Mfe, it tr11 be necessa7 to have the control rods
inser'ad into the cors various aciounts 'for reactivity control purposes.
It is of interest thes. to ccasid.cr tihat ef fect a partially incerted control.

' rod has on flux shapes,
'

/
,

t Let us rc=ceber =$at since . flux and reactor p?ver are proportional,
.

i
' !7, . they say be used inter::hangeably. The reasocing goes .s fol. lows:

i
^

l'
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j- P = If V C . ~

f f
I

Here we find the reactor pcVer, P. in say ther=.al cegawatts eo,uals'
the average (1:dicated by the tar) neutros flu ethich 1 dicates the numberj cf neutrons' rresent :er unit area per urtit ti=e. Eg is the averageJre-

,

'
taillity per unit neutron path that fissienir.; vill occur. Thus ; Ig is
ths :rcher of fissio:s occurring per ' unit volice per uni't ti=a in the cere.
If this 1s is turn nultiplied by V , the total volme of fuel present theng'
we have a easure of the total nu:bar of fissions takirg place is the core
pe unit time.'

Fir. ally. we :ast =ultiply by C a cp. factor (3.2 x 10'" W/
} fi.ssics/s=<ord)' that gives us the reacecr pcVer in core meaningful ter=.s.

~he 1.per:acce of this digression assin, ? 3 c , i . e . , ~- '' N --'-

pc:111ga L* , " * . Another way of sayis, this is vhes you double the pwer .
yea dodle the ficx. I;o.r back to control reds and neutren flux. '*

,

y
.

t .

g~ -

g Flux
. With Rod Nx

d|:_ \
In s ' ''

. .

- -

- g .c. % ,,
' Flux vith rod out

-# ..

r 3 <'

:/
'N ._ )

:
1

't ,

. .t ,

!
- Figure 3

,4 .

You vill find when a ecntrol rod is partially irserted, the flux
le.el will tend to bul e out near the bottco of the core.- Due to the, j presence of a stron; themal neutron absorber, t!.e fltix vill be depressed

., near the top as in Figure 3. The sasa situation ca.n arise in the radial
~

j- direction and is illustrated in Figure 4 .

RN .od out of-

.

core *"A..

/ Edge of Core
*

! ''
!

, ,

'. -4 ( ! #
f C,./ .

-

../ '

. -

Ocorrol rods ~

partially inserted -

Figure 4 * '
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I
:;ov you .are ready to ask the question - so what ? *|e wi2.1 re f e r*

I back to sc=e Trevious lectures.for the answer.
,

' j 1. I.et us cor. sider what is happenin;; fro: a ther=al st:.:.dpoint.' '

Recall our digression which desenstrated that pover .ts pre-
porti:r.al to fl.a. Thus,ne are really procucing : eve r
bulge in the core. Pever relates directly to the hast

j preduced in that 1ccal region of the cere. Thus, ov. arheatingi of the fuel is possible with fuel celtin;. as a possti:Je retult.a

, 2. l.et us cocsider uhat is happening from the standpcitzt cf nuclear I

ins t r.c en t a tic .. :etectors in closc prozisity to .t aa flux bul:;ei ;
vill read hiCh a:d tho4e near. the f12 depression 'rcc: ion vill!

read lev. Thus, we lose our indication of true pew:r level.
Inis :ituation is particularly bad when one has ta : spend on

. a fc.* detectors to indicate pcver level.
:

} 3. As uc vill discuss in creater|dctail, in lat.er chaprcars, this -'

sito.ition givcs rise to xencs oscillatiens in lar:;e . reactor cores.
,

.

l~ I

ilhat can bc Jone to =inimite this uneven fltet
'

'
distributi m ? The

conditten uou:J 'se alleviated if it vere possible to distributc2 'the control'
.

.I rods unifor=ly over the entire core. The borcs uhich is disa:nved in the
+

prir.ary systc= el a P:.t does just that.* .It provides a good ~ t . ::al nencron
absorber (d') di.Spersed ever t6e ,er.cire core.,

This, hewever. d:es not do
avsy totally vitn cur need for centrol rods. Seactivity va rict.10.s caused

' by a loaj chanye re<;uire a . ore ragld ad,tus t=ent is reactivit .- than can be
.

accc=plished with a che=ical addition or resoval system.'

forced to ior:. vich control rods. L ua., ce are

Just a fro years a;c, a reactor used 30 or 40 control ro:ts in a,

crucifors shape uhich tended to concer.trate the location of tw absorber
,

!, ,

icaterial..

I
<

! Today's tractors have on the. order of 60-90 control rod issemblies,
each consisting, cf 16 or so scall individual control rods coupiled together1

in the for a of . centrol rod " spider" (See Fi::ure 5),

la this n.meer, the designer is able to distribute his c:rstrol rodsj over a lar;;er rc icn of the core. This,[ obtain a core ev,;n power distribution in the core.in turn, takes it ;danible toe
Ideally ue *:ould lika+

to have each scetion of the core produce the sa=a relative ar:o.:r.c of power,
.

Finally, the cove'nent< of controi rods by the reactor ope.vator cyst becarefully considered.
One does not vant to wit!.dre.: roda f rei ene side of

,

the core uichout re:ovin , so=e froa the opposite side. "Iuch ac: tion vouldproduce a great imbalance 1:

' {
in proper ccntrol rod man s;e=ent, power distribution. To assist thw operator

~ incore detectors are used. auch detectors
indicate local lux levels - and aid the operator in identifyin:; ' re;1cb ofabnor= ally hi;;h or lou power

s.i.

.
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7. t. Cther "ethods of teactivity ControlI

! Althou;h aM erbint_ cent :1 rods. are the nost vi:elv used : ethod for
ceg -m-"et_ ty, tney. -y certain c;1sadvan ts. e::. 7..ese Jisadvant-,

i, ares are =echa:1ct! c: ;1 exit- , cost, distortio :s of_ s *tial pc er-
- - - -- -d i s t rib u t ic n , to na a -a fer. . f fchle. also arises f;guently .a the4

difficul C bein ; a';1e to t r:or* orate enou;;h coctrel rods inte a cegeJo
co pensate !ct the excess rea:Livity v: Enat core, uf.en o:.r.gr sc..eLes are_

cemce:: uit- r M .' t recs E: ::pensate for core exca s reactivity.
*

he such :. acd used c: : enly in.LI.usg=ed ua t t : reactors c: dayis to uissolve E! p "* ~ - ScL; ptprial in ene r_y. ry sys ten, as
nentioned earlier in .this cha ter. This is f recuen 1, Eeferred to as a

Noluble poisen system. Tor =c s( po.ier plants of this' :ype, the soluble
.; pc.ison is bcron (in the for: ef boric acid). .>oren hu the r:ajor advantageof being able togglifer-ly rciren dc&..

_ t h core a: d h:~ 1 de. n the cG'Es
reactivin in tne ccre uit:tes.: :rer t t: - l a c - ? m yEf . . . ;.. . ..t the
sa:e ti..e cne shculd re .c=aer that L.m saluble .--: --a cts;1y .s._te thete=grature and .:oderator vet: ccef ficients of res:tir.:v less r.e ,ative._,,._

f{hi;h bc ron ' ccacentra-ions, thcse coefficient 5 'at.:' -A -

beCC':Le pCS i t.h--
-.

.

_

.-- -*
_ __

Another ceans of reacti.-ity control which r.sy be . sed corc and t. ore
in future reactor sys tei..s is :1.e burntic rgtgn, An c.4.=ple cf Lurnabic
poison is a r.sterial such as :.ai=17-J 9 tio, (Cd-0 ) v.di.: 14 cixed in eith

3

the uranius exida fuel. In t.e pecper propertien, one .s atie, to_.|at ,li:e
burnable Eo. sons net eniv_ to * :ld do m cxcess reactid L n tr.e core atithe Smil.n.1_n g ccre iife. ..: ago CD,revu.c a rois m. unic:a .'i lDurr..

out_i_E 29fl._; 1.3r E as to e tve a lirrar reactiv: v ETT ~;,Ls alltr. sfcr cetansatien of fuel bur: .:p. -,

A nethod screti:.es used r. the first core it' the. inccrporaticn cf
fixed poisen cc . trol in the cere. T'wsc cculd be likx .e: to a centrel rod
nichout the drive. Generally, durin'; the first' fuel 1:ib:ing Terted these.
fixed control asse-Ulies can ~:.e ec=oved.fren the core. rney are usea,
therefore, only during the pe:-.od in schich fission prc.;u:t pcisons arebuildirit into the cere. Ue *.a 11, in later sections, ti. e a closer Icek at,

a coeposite picture of contrel .in a powr reactor core..

7.5 Reactivity Require-sents
' {. .

One of the basic dif f ers :es in the *. ode of etera-'r:L.httwess a
, .

f,ossil plant and a gclear pl e.: is thTtituel f or t:.e .~: F li.1_ plant is
I

',

j continuously added to the svs: cs "hile for t'ac nuclear -lant, it is.
!added perhaps once a T. a differrnce ree.uires t .tt suff W nt I

~

veir.

fDi loaced meo the nuclear plant to'al1ov it te ep.erste until_che
~

,

D
I scheduled refueltz- -E ' h a. ;
. ;

{ The code of operation re ires a certain a: cunt cf excess fuel which i
*

i.,p must be added to the reactor initislly to provide for s.t-called reserve
reactivity require =ents throus :ut the lifetime of the erre. The reactivity
losses which are cccrenaated f:r by cl.o a'dditional fuel 24y be broken into ;

{

I
,

t

1
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i
t

[ the ic11Wieg categories ' *e. g e,
.g-

4) Tuel depletion
.' ;b jb) fission product poisening i

c) Te=rerature effect.:,

} d) Control require =ents

Let us look .at each of these. '

i
,

7.6 Fuel Desletion
;%.
1

As =entioned earlier, a t!1ega[ reactor burns l'-235. Therefore, we
nast ajQ fuel to allee for this loss. The A.ount of extra fuel-

'

required for this purpose requires the soluties of several differential
equatio:s severning fuel bua:-up and isoccpe build-up during core life. iFuel depletion a.a.alysis traces a . loa,1c as follows:

i-
_ --

;
Cne fission yields abque 200 Mev of energy. This energy yield at

{the rate of 1 fissica per second is equivalent to a power level of 3.2 x ,

ic *8 8 vat ts (i.e. , J_. 7 x 10 ' fiss_io .s_ a.r s ecendjer *.ratt) .
t i

At this
enerr,y yield, 1.35 grc s of U-235 ffs:1!st' @ l result 6 11".! of thernal ;

e.erey, 3ut we knw f ro: previcus lectures t.2at not all the ceUtror.s
,

a'asorbed in J-235 produce fissior.s. in fact, approxisately 1 % additional.

U-235 atoes are destroyed uicheut fissionin . Levever, f ast fission of ,

U 23, in turn redi:ces the overall consumption of C-235'by 6 to 3: in cater ,.

iOther cen-fission absorptions reduces the total amount of U-235 ~
reactors.

destroyed even core. The 1:portant neutron reactions which occur in
[

,

uranius fuel are'
''

Uas 12: b8''
!+ n !!2% figsion + ener y + extra n
.

lgass,, 1 f as t, fis s ion. +, ene'rgy + ex t ra n'

93 _ 'Pu-239 [
73* fission + energy + extra n;

g, ans , , 27'. _ Pu-240
. (

{
y

'

Put t e + n -----" Pu-241.,

r

I ;7K _
.| p,ast, , ,27: fission + energy + extra n- I

Pu-242
,

{
.

-. .

I The depletion of fuel in a reactor is frequently referred .co_ask " burn-up". 2uru-up is of tea discE2Te'd~id u,'51es of r a$3'ti .d_ays of
~

'

I- b e enerky produced per cetric con,(16e., 2000 pounds) of uraniu:~ 2 fuel.*

This is ab,breviated ;!UD/.Iav. L.et us see what happecs to a batch of fuel
in a reactor for 3 years with a burn-up of 20,000 !r"Dh1TU.

.

e
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. l. . ~
f .. N w Fuel Elece=ts
* Coccainice 25,542

'f | ics U at 3.09*
3 | Enrict=ent , ,

i
,

| ij Irradiated tc a burn-up of {; 21.073 MQ/.:Ti.; in 3 years ,

f

i
| 24.5~ 7 k;s ; at C.OS2 sprich=e:c |Spent Fuel Elements Co=taining

,

*- '

:

f | and,152 ,.;s fissionable Pu - {
! i

i7.7 Fissioc "reduct Poisenin? '

*
.

'

You will recall f roc ear ;ier lectures that every ti=e a uranius
ate = fission.s, tua fi.:sion f rsr ents are produca ; as c. ore and core f sel

*

is turned u;, we' observe 'a tut 4-up of fission ;r: ducts within the fuel '

, ele:ents. Tra.se _ fi.s.51ca pt:f - t!.syc assccistti,vich the ; e'. sorption i

. Or ss-sectSr4 which resu1_t..i . pr._avtr. increasig ic4s of 'nei.:trons in the '

^~

| co y ,ue to paracitic capture. 7:us ce find a s teady icss of rea'c-1v' tty. i
'

- ~ - . - . .,

> '. Of.the fissica products .:rrsuced,.t*o SI-r a - s t e t_ - -- -- - - '%n *

.
.i.

i

the .opr * * - - - - - - - - - --fy 'are xenon-12 5 and shiriu=-149. .;tey;
~~are i=pertant ainly .(;;c 'to e- q _ ext re .elv lii-;. the=al :.eutren,eross
s e,,gtion s . Xenou-135 :ay. Le p.r .;u:aus dirac :ssy.11,f_f;ty.,e. ii331on -
process.vich a.relatively lee . L .1 o f C . 3 L .zt is to say, 'U.003 i

*

xenon-135 nuclei are; ;;odWed .:in tr.e avera'';e per fission. The naiu source
-

-

of' xenon-135 is the.n s k irti n de - w n ' - M ? .r - -135. Tie decay'caain :for te11uriu=-135 as as follous - - - -

-

- ; i
o,

Fission 6.1:; Te885, - 1
*885 - Xe sss'

., _ og gaas yields . cin G.7 hr 9.2 hr

! I

-1 |
I

.

.

i
1

'

'Cstas 1x10, yrs - 1ss (stable) ~
_ _3

-
|
t i

Te11ciu::.135 has a fis.st.- vield of 6.1L therefence, a relatively
lar,qncentratice of xenos 4 mileps in the ru: tor core. The ther:a1

i neutron aGYptr5d-'noss se ct! if sf'~ xenon-135~ii~atout"3'x 10 barns. I5'
- - -

- 4

A conveniant vay of look:.ng at the situati:n is to tirite a balanced
equation. Since the a=ount of ::enha-135, ; res e:: in' the core..is creatly
dependent upon iodine-135 for- _on, let us coc. seder waat dl,4+rm&4i;i>4 its
concentratien in the core.,&-

I
l

.

.

( i
i
- -

_

.
-

f.

-

.,,

M6507 ~

_ O S d- ~7 E~E
.

i

I
r..
>

,.
F

r' .

p .. ,:

V
w .u, . . _



~ _ _ .

# go

s

. . . -

.

,
- - - - -...:._..

.

l
'

g

I

!

- 7-10
!~ (

,

:
w=

1

bdi .e is ,_suced by the' decay o f t,1 t u nu=-13 5 b ut ve :iay-4ss une , j. , -

'

sir.ce its half-lif e is se sr. rc (gfy = < 1 min), ths: for purpeses, ofs

4

i cct.putatie=, icji e-135 is pr:duced direct 1y Tro: fisj ien. i

1
,

i yE4 I
gg tl

; where
*

.y - 3.m Waetusal Huien yi@
|g

t t
# ,

- 3 I (per em) - :acroscopic (ther=al ceotron) cross sectiong i

i for fission of tr.e reactor fuel like U-235 i
I

,
.

5 i.
8 ;0(n/cm -eec) = thermal flux

.

t' '

Iodine-135 is ic - 'y t; ifferent sechanis=s.. Tirst by its.na'egral A- _u I.radioactive decay,

,~

'

'

r

(1 '

, - - ,,
t.

I -
"

where ,

A (per sec) = decay constant for iodice-135g

. I(= :. lei /cs') = concentration of iodine 135 'at any ti=e-.

t

tSe cond , tod.L: s_1.s. lcs t bLeapturir.g a neutron- and' being 'co=verted
.

.

to another isotope. This ay be represented as .

- - - - . . . _ . _ . , ,

7., el .

.
.

.f
where-

8I(c lei /cs )~ = concentration of iodi e -135 at any time ;
;

o (c=8/ nucleus) = microscop'ic cross section for ther:a1
|'g

neutrons '.
j.

._

84(r.fcn -sec) = thermal fluz
. -

,

;.
'

i.

| ' Jew , assembling these terms into an equation: s.

|g -

_.

at L
t y= yegg - A l 'c tI t

g g
.r.

; ~ . . *
I

The above ecuaticrt.can,Se, solved .co deter =ine the bdine concestration
f, 6 4 tist. Event ally the iodine eencentration reae.hes an equilibriu=.
8

(const an'tPvalue af er_the .reac_to_r h'a_s operated for appr_ox.imatel- L :Vo days I
at a constant power level. At this time:__ _ _ _ _

--

g_

'".; --

'

! '-

, .

.j-, e
-
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_
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6 +
t sg*

- A l, - C ?I,
.f.

h*0=y!gf g g

I
i
1 0 I.

~ Ilf - -
lf.

., 1 .
A

' o Ag+oo gg

i
since e c is se.all'ecopared to A .

g g

Now let us write our balance equation for xeno: in verds.
.

-

Rate for=ation of xenon with time = production -' losses. - ,
-

Let.us Icok at the ways'by which xenon-135 is produced, Firs s cce
forts directly as a fission product:,

1
-

0Ixf
'

.
.

.

where . .
.

fractiocal. fission yield = 0.003=y
,

cacroscopic (ther=al neutron) ' cress sectiocE (per c=) =
. g for fission of the reactor fuel lik'c C-235

. .

80(a/cs -sec) = ther=al flux

Secondly, xent a-135 is produced by the decay of iodine-131:

AIg
.

,j where
decay coustant for iodine-135; A (per sec) =

g

d.
]- I(nuclei /cs') concentration of iodine-135 at any time=

.

)
.

.

t Consider the :.rocesset 'W.J. Aeecre.-L35 is lost in the reactor. Mt
.] some is lost due to natural' radioactive deca 7:~

.

.
-

.
>

1
,!

A: where
., 1,(per sec) , = decay constant for xecen-135

.

s

)
X(cuclei/cs ) .. concentration" of 1enon-135 at any time

i V/ Xenon-135 is also icSt by neutron capture.
_

. 1,--

i
(

.-

-._

*- 4e=w ,

.

0 7_ 7 ;
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i vbere .
!e (c='/oucleus) cicrescopic crcss sectio: for ther:a1
|

=
*

neutrun capture '

8C(neutrons /cm 1ec) thermal flux=

I(nuclei /cn') = concentration of xenen-135 at any ti=e I

.

Th ere fore:
.,,
,

4*X_
;--- = y E $ + A.I - A I

.0 CX (1)xi.. s x x ;

*

The equiliS M - " n concentration uav nov bs_found. If we follou the
s.ce line of rasoning as we c-4 to deter =ine. the equilibri.:: iodine
concentration,

*X
-

e

r.c = 0 = y E 4 + 1 I -AX - o tXxf Io xo x o
;,

and y*E o + A,I -
.g **x, .

o A +cg
x x.

As centiend in an earlier secti.on meng:.-l.3L acd sa=. trit:2-147 are i

the.nos Lir m aet f i s s ion . p rod.:t Oo.i.sens.~/.s we have alre ady seen, xenen ;

build-co and decay leads to certain control'considerati_cas. ,

- 7

Sa .arlu=. is important due to its ;;ractial but continua' buiid-up in
-!

iche cpre and itLMO _ therma 5 curon ~~cioss~sectien~'~ 54:alf-i~if produ,ced
-

by_ th _. decay _.elche fissica pred .;tt neodyeiuga.f ~~~~ ~ ~ ~''
N {

' ,

;;d . 2 hrs n, 53 hrss
3,s ., ggg, y,y [.

The cayg cu_ssegitler !? '' 4 = * - F'3arna f o r the =.tl.heutrons.' 3ecause h is stalls, its ec.:ilibrb-- !

rep _cantratien and pcher.ip; (Q). are
nct dr2en_ dent en neuiron flux. E so atra- A re 'ecox._inshtatdown, the l.

ser.i}e ccucent ration dp.es._ncilass thecuch_A gaga as, is -t' e case.willtv er.cn. but increases touards sece maxi =tru value.,

-- -

The nest e vi nus ef f ect of xenon and sacarit:s build-up* in the core
is the lgss in reactivity * vhich .tey cause. I.et us lool. for a cocent to,

i set ubich f actor of the 4 f actor. equation, stich' :ake's up the infinite.j
multiplication f actor, is Te'in; aff cted by these fission product poisons.

~

!

le (i. n,d that the ther 3al ut,ilization,__is_. essentially the only cae.boin; f
t

affected. You will recall from earlier lectures that the,ther.al utilization
|, _ _ . . - ~

\j , ou:-ber of ther=al eutross absorbed it fuel T
|nu=ber of ther=.al neutrons absortreds w._ {'''

_ . . _ . .
G

_ _ . ,
. _

_ " *

.- _
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'

W. let us look at the the al utilizattua -in a . raac::: ~i:h .2=f. vithout!
3

p01 sors.
4

*

*lithcut fission prain:t poisons , see may wri:e:.

%,

*4
- - ~

. A-235
~

, a.g, -

.U-235 * . n * alli N . 6, - 'a
. .a..'

,

. . .
,

where I," is :c4ers:or cr:ss section, an.1 I,'l 'is capi:$rof
cere nacerial.

;. ' - . - - - -

If ve treat the bul"d-up of the pu,tsons separately, we c'N1d write
a themal utilization with raisoning as ,

2~ ,

.-
,

1 a. g5 .

.' t .b.u-2 * 5- n + u,all + E poisocs i |+u- : a : '
t

.
-

Iow let us define a sev tem calle.t 6eisen.t?; , :f a reactor as. . . . .
'

the t2tio of the ctr.ber_of ms alEiEr.itt be :. e :
.

thes e absorbed in the fue., -J.,tp,al neut ra e .is e.s to-
.

g- -

I-
[poisca..

*
/ +

*
q, :~

' .~.I
-235U ,. .

s
.a

.

.
.

5'ha t ide are interes ted in et tai.n.i.n.g is rein.cie.n. s.hi.r .d e:. e.e. t_r.e. a ttivity and-- -
.. .- Q u; in order to qttai: a quantitattve neasure :f ::: affer't on the$

cy-- * *= ' , r_r agor . Lt: us start by to ling a: |4 . .= e r a - 2 . .g.
-

=tAiS11 cation due to chat =s in' the thern.11 utiltil-i_r .1. *E the j

.

; i e f f ective quit tplication f actsr withcut r...Ison be ' *a..<< ans. tu:
.

"vi ch a *-
by k,'gg; then -

I,
i**

; -,
t

. . _ _ ~ '

k,'gg - k,gg g,
.. ,

I
.

k'd f t''

, -
,

. . . . ...

If one asstces in the interest of simplicity that:s -U

I,ll " C-135 o r I,. t hen I,ll cas be eglected
a m aa)

. | _
a,.

.

t, -

ea
b) y= by definition for e.athe=4tiu'. co:venience [gt,g-

i s,..a
. w

poisong
.

c) and that c= U-235 I
j = - f a

E ls. -

!: .
:

L

i
.I

. .

.

i -
_.-.

._

.
. . . .

_. _ .

'- .63l 1-
_ . -
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- i' .' ,Then it can be shcvn that,

*

.

! t- k..

eff eff , t
6, 1+y g

.
- - att - -.,

Ke=e=5er that for a critical reactne k'g, = 1 and the lef t hand -side of
I.quatien (2) bec:r:es' equ'al io~the reactNity D due, t _ poison

~

-
-- -.

-

. 1+7
'

. .

N, _/.

, 7.7.1 Xe:.on Ef fects Juring operation
. ;

::nv let us takeJa lock and see what tar.s seans in terna
of reacter operation. 'First, refer to F1;ura e,.Page.7-15. This
is a plot of reactivity effect due to menon vu ti=e. Starting ar.

,

point A, the reacter has reached se e steady Icate power. At
this poict, ve begin^ to muild up xenon iets 'ta.Irdctor cr re. At

-

ti=e 5, we have r.p'cheWEil1I ti.u:ada5ue fer EEnei'6: t;w ccre and
as.).ep; 3:_ ue =cintain our initial ,ocer leve-., the reactivity loss
due to xcnon bdi h-up in the core will'~i@.fi: censtant.. Tne tideduration bMWJpsTTan?'3J~6peEcenGIrIthe re.3ctor pcuer,

level or ::re particularly the averahTIG 1.. the. care. This isgenerally on the order of 50-60 hours. ~~"

. . . .

Gat, let us assure that at time C, ca.i. teactor 1:. cithe'r
| rhut down or accideetally scrs.::cd. If t e ra:.er back to a.quatien

(1), we acte that upon shuttinr, denn the reacc.or, the fles uill Oo'

to esuntially ze:c., Th'us-'~the"forEhien of : enen .by 311ra ct
fissionir. in th'e cero Dill 1;g- gdshe7 and the burn-up

- oi w.;en _b_ v abscrbin.:' neutrons in ai oteratiac reacto_r_ullt also Jo
,

'
Je are thr.rif6~r?'I~f t uith 6nly tur-,, to zero.

::=s: one is the '

co cc i ng.'.1 de c_av o f i'od ine t o p r_o_d.u.c. .e._xe_n__e_s an c the secor.d l'ein0 -

the natural de % cay of xcnen. S!c:e iodine has s shorter I.alf-life
--

.

than xtnen (7 hours vsT2 hours for. xenon, ue find that xenon
|' builds up in the core. This build-up riigheC .:s naxt=u,1-at time 1,

Q, which is'on~t')T5tder of M2 hetgs af ter :Ae react'or.uss,3 hut- '

'

g .* After that ti e the EninYtesent'fE.Grs iiill 'centinue' to '

decay out ref_lecting its 'I.2 hnur half-life. Eventually, after.1 or
{

_

7 A s, we sif g*ach a time ,T., in uhich the reactor core it again.
|free of all xenon poisoning. --

; . - - _ _ . ...
. _ _ . . - 3

.i Several points _s_hould be re=embered: fi,rs t , that the'
greactivity ef f ect on the xenon in the core is dependent en the -

-f
a;c flex ~1n that1 core [ Thus, for a :;iven re.setor, the repcti tty"f f eet is a function of the. power level at vn:..:n the reactor is

j

opEatc'd.
~'

,

' '
!
I

Also, although Figure.6 hcs arbitrary . units on both the I '
. 4 and Y scales, it will be possible for any giv_= reactor to assign

values to both these scales. That is, instead, of arbittary react-
ivity loss due to xenon build-up in the core, noe can substitute ,

I
- .__ _ ,- .

_.n,-

_.

Ai -65 12 ''a. , o. s. 077^
v

.

s

._



, _ - - - _ . , -.

- . q
. . . . . , . . . . . . . . _ .. - . . - . . - . . . . . . . - . . - - - - - - - - - - - - - - - - - - - - - - - - - - - ~ - -

-- I. .
. . _ . . .

., , g,..

Is

$N

IN
..

m..

.I
. O

c-
M .

'

Dependent y Dependent ifpon3 g _ lipon Flux'. > Flux %10-12-hre.. ..

%50-(0 hre

f

i -

Y| b ,. . . -.
I Sw

a c '

o
.

. n. .

t% .3*

'O u
8 !! '

0 '' Xenon decay half-life
P. 9.2 hrs,
. . ,
et -

!
*

N
N

,

A e i i8

i P.enctor at Equilibriu.m itcac to r Peak. Xenon "

- i 3 o.scr Xenon S e rnened
|-

'

*
.

I lit -'

. 6

g Time (flours) .

7 $,<,.
, ,

g
.

*
t - 4e

!. Fir.urc 6' j %. ,
-

* ,

' . - . -

. .

U s**v l'.e 4.. .t. h.it vm { { ,.. 'I

-

. _ .

9

*d * \'
F

b .

. ,

'

n

1 d.^
, .i

e(<1 .i 4 g, S , 9 , d

.
'

,,- . , , , .

**

! >. N, .w. . . ~ .~ . .m. .~, .

. " .r. , , . - - . ..._a...~..-...a .~ *
7I & *

,
, .

*

; ? ~. '

'
- ~ '

t . -l
,._, ,

.,
.

.
,

s-

'
,

h 'h
)1

_ ,;_ , _ . . ._. , - '

.:-



_

_ _ .

'

,

s

.

*

.
-- .. ^ - - . ~ -

t
t

' f

!.

!
!.
'7-It.

1

reactivity 1:r /ellars and ce:ts, g..e tis's scale can be laid out
! preperly in :.e- rr-- rflec:d ' de 44L'dJespensa,of the
! xenon'Tull6.whecIy f:: that A-hine.
; - -
'

. w Lu: us cccsider so=e et Ler ccx2diciens that : tight arise

| with re ;ards :o xenen in the reac*yr core and their effect on the *
,

rea cto r, opera::;0n. First, ::: sider a reactor which has been*

; cperatin;; f or so e period cf :ime, ..: sf ficies: to allov for equil--
8 ibrtto xenon :: be reached. hen, :.e to seme insdvertent cceditien

the resc:or : accidentally r:utd:.. . 0:e then finds conditions<

depict ed by ? -; ure 7. Taf,e '-17 i.a will notice that up' to the
,

ci e the rea:=er was broup.: rack *e. *o pwcr, -he curve is the sa:e
as tha t for _ pre 6. 'Iovere. , at - : * Cice.wher cne eighes _to b ring.

,

.
' the rqact or ..a:i. to_;sverc e are ir a Cendi:1:n.of extrenely hi;;h ,

xe :: i:ncen: :.:1on in the .::ri fac_t . al: S t . tt' ice tht C3.our
nor:aL equi .11 tr:r- Tc' Tee 5t;ir;en, 'i:

.

J
~

f.- ~. tha t _ pow e r. Then that ene finds-
.

is U.e'f olled-FQ:in rrfrrrii: tQuat'on (1)) we find thati::

the p roductie. of xenou is s e;inni . tut a;;ata 1:'s a very small
otcher. ':e f: =d that there s es,p.-ially no iclinc present iri the
core and thst we are just h-r.n sin, to produce iodine in, :Le core.
The xe:ca des c", is of coun s, co :;-H.:ini;. to take ;1ste, but cotr-

the over-cic = f acter,' ti.e f actor '....ich.f.s having the greatest6

- 6__ . ::8 is. the,5,urnur.of xe:csef': influence on .:.e reactivitv
sdue te neutr:n abscrption. .e fing se r t..at the reactivity in

th'e cr.:m.ii':'.T. : eU,frDerv ::-,iisi'
idir 3te to the turn-up, cf,,the.xt On

and in f act :ns': is~Bne of :. e 1verA .crant tents _srhich the
control reds - u*: be add tTHeile. It will'ba ne:cssary, as the-

|
x@_ 'gu rni j_ Mn the, ce re , tci d.0.e t'L .t ht.cint rol rods to
cou.teract _ta: . r e a c t i,v,,.i., t.y ..s.:Cually *te

- -- ild- ~+ and x enos. ..do reacn a. , turn-.,%.in ,2.

- as nei:al a.nd the
*

aroucd point - M r '< e c--
. . ._. -

reac.. tor retur m. to so e equil:.briu; .-K,g .ue
- t .

.
--

t
; Tigur t E. Pa:;e 7-13, 'depic:.. the variation and poisoning ,

due to a pcn.ec decrease. Aa r.=e t. ,: the reactor has been. operating*
,

| at full poser I:r a suf ficier:ly 1.--.: time to allev equilibriu:

| xenon concent: niica to be rea t..ed. I:is correspcnds to time A. At
time 3, the ::ua::or pr.er is reduce.y let us asstce to 53: pe. er'.
1.*e vill notica : hat the xe .cc. in :h, cerc builds up to scce maxt=tn .

,

value and then ;;radually deca, s av=v cncil it reacnes a nev equili- I

briun value at. ti:e C, which .:orreMeds to equilibriu:n condi: ions !

at 50: full pcuer.
'

,

t
t

The last c:enditico whic'. -re shail consider is depicted by Figure
') , Page 7-19. ;e have essee:_ ally r versed the previous condition.
Here we have ene react or opera:ing 3 say 5~2.of full poter and t*e j
have reached Lcce equilibrit: poise:. concentration at ti=e A. Then -

at ti=e 5, the reactor power 'is incicased to 110.1 of full power and -

'

ve find that f.nr a short ti = :he re.:.On concentration in the core
decreases | then. it turr'c arc .;4 and ,uilds up to a new equilibritza.

value correspenuiin;; to 1000 t 11 pc.f or at time C.
.

.
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f 7.7.2 Ian:n Oscillations #

| ta q ;c.er reactors c:eratin:: vich relatively,31gh I!
ther al .eutern flux canpecto.A r::;e= re.Se_; red to ,as !xenc_n escillatien. ..ns esc 111211cn is due,,1;; OLit.edhack,

, betver.a ge entter p.: er and xenen tr:ducti . in the core.
I Varittie S in the s;stial distribt. tics cf xe .es pJ!stentn; in4

the core can'c'cT;; even thou-5 the reac:ct =m:_ = = m tt_i_ne, at (' i ia c:nstant avsra:e power. Such escillati:ns are _ssociated with'

a disttih-[1745 tne xenos poisohin; 1- te ccre. Let us star; !
*

5A censideria; s reactor operating at .a ct.stant tctal pcver and . i
at eeuilibric xe::n conditiens. If a s all disturbance in the l'

*

flux shace is introduced in the axial direction 1: :he core, which
!

,

causes the xenso to burn out more rapidl.y a: the : p and less
!rapidly at the bette= uhile the local rate of fer=ation of xenen
-

,

f ron icdi.?.e decay re aics conste.nc for s :e ti:e, the increased f
reactivity at the top and the ccrrespec:i=g decrease at the.
be t:o-: tend to cannify the ficx tilt. . y

, - --

i. .
Eventually the increase in xenes and iodine decay is !for:1'n; : ore rapid 1'y at the top a:d the ra:e of decay of xenon at

{the betten reverses the reactivity distributic: a .i the power then
!peaks at the bettcm of the reactor. In at

oscillaqlens, cne eauein_ force then byy,teg:': L.to_ ccrrect. suchm es cr. trol- ad.;ove,-,

Ccnsequently, it is pgMle to ec :inue,:n_ese..oscillaticra=ent.

from the top to the Lottom of the core 44 :.s . the cas e for cur ,
{

:

discussion. -

cen oscillatior.sf.av3. a ';ened ci. sh:ut.ona day.
i

Xenon oscillaricas are~;iiderally = cst trc@leac e alcng the axial I.
.

direction of the core due to the local disturbacce in the neutron |fit.x caused by the centrol. rods. F.elal',_gns f.:ce.nti . experiences 1.a buy e in the flux at the tott - of a_crttrollred ca M i M re
{

*

suscq,g ip te esta lishin, the oscillati-g. 0;.14 a ancther I-

important f actor in determining the possibility cf estaWini.iint suchI
' 8

os,cillation's7 In the POTK coreIsiac'e' it is as ex:re=ely sr.all core,'
'

xenon oscillation: are not a concern. 20Jever, in tcday's pouet
reactors, the 14-e'' d* ;ension cf the e- e M a*"> l' -_ aur o ri
height _can be. *veral tices the cirratica len;th fer r.eutross_is.t. hat

{-a Le . It is essy to see upere evo.or core re;icas ei the. core cane
'
I begin to b.nction as independent nuclear ua.its.. That is to say, [

fission that takes place in ece rea,, ion, is not caused by' neutrons9, produced to the-other regions. In the lipMer,_ ate' rasctor
with a migratibn area on the order of 50 stuare centi =eters, ve need
to vorgaTBUrtsettl !ttns 11 ene cf _the ca.nensi: s g.6 core is
over 80 taches. i'.ecall that the actlye ic g:5 for a _ typical,,.E.7.

|
,

core is'I A nches.
!. . . . - .

From a control standpoint, since the oscillations are of .such
a lon; period (an the order of about 1/ day) .one zicht first think
that the escille.tten presents no problem since it is easy to =ahe
cc=pensatin ; reactivity adjustnents. This, however, is not the tajor
proble= with xenon oscillations. The concern is one core of variaticas
in the local flux level in individual fue.1 pins is the core. That is,

!

~
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l the local heat generatics in the core. Such oscillations could
i

j very easily produce local tot spcts which possibly could danage .

several fuel pins.i

k '

7.7.3 ?eactivity Coeff'icients,

!
Let us take a look at the five reactivity coefficients I

.

1 uhich are nest i.:pertant in .the operation of a pressurized
,r unter reacter. The reason for e,califyiq the type reactor is' ;

that there are other coefficients rhich influence a boiling
water react:r note pror.inently than they do pressurized water

', reacters, i.e., void coefficient fer o:e.
.

1 7.7.3.1 Ooppler Coefficient - a reactivity change >

( caused 'by changes in the fuel ec perature. As the
'j. fuel tenperature increases, the effective neutront

*

-

absorption cress section of the fuel in the resonance.
i regions increases. That is to say,.as the fuel teep-.I erature increases, nore neutrons are abscrbed in the *
'

reso:.ance region with the ef fect cI re'decing the neutron
production in the core, that is , reducin; k,gg. This
effect is frequently identified as a pron;t effect and .

ccatributes to the control of reactor power excursions.
In. the case of our TRICA reactor, r,*. of the pronpt,

|
te: perature coef ficiene is due tc this. Ocppler broad-
eming effect. The range for the Doppler 'coef ficient in
the pcVer reactor under operating cc :ditions is on' t!.e;

'

ceder of.-0.1 x 10-s go ,1,7 ,gg_s ek/k per degree,

.

Fahrenheit..

l
1 7.7.3.2 : oderator Void Ccofficient - causes a change in

.

.

'

reactivity duc to the presence of voids in the watgrh noderator. These voids can be caused by high heat rate *

producin local nucleate 'Lollin; on the surface of a fuel
pin. A reactor controlled by soluble *,or6n in the prinarv ,.

, syste: may initially exhibit a small pesitive coefficient .

i ;upen initiation ef' volds within the core *ovever, as
{t h.: percent of volds increases, the coefficient becomes

- ,

negative. This is due to the initial displacement of i.j the neutron talance uithin the core than the renoval of i,

| a snall a::ount of the water nederator. The' expected range (for the void coefficient in a 79 core night be from,

x 10'' to -3 x 10*8 6k/k/7. void.
~ 1 i

{
" 7.7.3.3 Moderator Pressure Coefficient - The noderator i

*

pressure coefficient causes changes in reactivity due to '

channes in coderator density. Changes in moderator density
| cay be caused by several different phenomena. . One being

tne increaae in c:oderator density caused by the increase in
prinary systen pressure. As primary syste:3 pressure increases, ,;

g '. , the density of the noderator increases thus causing a
.

" '

p' pcsitive coefficient to result. Generally this coefficie=
is considerably less than the other coefficients censidered

I
.
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, , i

in this section. A typical value for pressure h,

!coef ficient might "ae 13 x 10-' is/k/ psi. ;
-

e

7. 7.J t. ;.oderator Te=;erature Coef ficient - Indicates '.
*

the effect u;es neutres =ultiplication due to a chang
<

|
in pri=aty syste cooling teperature. Changes in the '

cederator cas affect the reactivity is three ways: 1)
there results a chan e in the density of the caterials '

in the reacter core and thua a change ist the atocic
t.

|
de=sity. The density change in the r.aterials, partic- ;

ularly t-he structural caterials of the core are veryj s=all over the range of te=;eratures being considered. ,i
It is safe, therefere, to assu:e t .at the ato:ic den ity
cf the :tetala in the core re:ais relatively constant.

:

I This is not the case f or the chaege in atr=.ic' density of
'the cater which is signaficant. In additio=, reactors

usic; solf le boren fer reactivity contrcl esperience,
*

alos; with tas decrease is cater densi;y with increasing
g :odcrater te=perature, a decrease in boro concentrattues. '

j !
^|

These two chen;es de; ecd. considerably upcn the concec-
J' trations of bcron existin; in the coderater at the cine.
I This is due to the fact that a reduction is 'ooren con- ' '

centration results in a positive reactivity change while'

a reduction in roderator density, i.e. , water density,
results in a negative reactivity chaa.ge. h us we find
f rapently for hi-Aer' boron ce=centraticus that the
::derator teperature ef f ect may be positive while ac

ic .: heren concentratior.s the temperature coefficient
can be negarive.. ) the. change in coderater te:p-
erature also causes a change in the lov e:argy neutron-

'spec'trum in the core. This in turn af f ects the cross
,

section of caterials in the core. Recall that-cress
sections are a function of temperature 3) a. change

'
in the density of t!ie core results in a sr.all change in

,

ene apparact size of the core which in tur: affects tne
Eemetric buckling of the core. This cha:Ze is brought ;

about by an increase in reflector savings due to the 3
'change in density of the water which in turn affects

the geocetric huckling in the core. This change is ,

quite small co: pared to the te=perature effect !
mentioned earlier. The operating value rarzes from i

approxir.ately +1 z 10-' to 3 x 10 * 6k/k/*F. !

!.

7.7.3.5 pH Coef ficient - Currently there is no definite :

correlation for predicting pH reactivity ef fects. Yanhee !

acue, Oaxton, and Indian Pcint nave all experienced I

! reactivity changes at the time of ph changas but there is
'

:

I no clear cut evidence that pH is the direct cause. Ot!.c r |
! ite=s such as clad material, fuel asse:bly crud. deposition,. .

systes average te=perature, and prior syste= cher.istry are ,

j all included. Saxton expert =ents have indicated a Ph ,

reactivity effect of 1.6 x 10-3 Sk/k/pH unit change. !'

.I
'

-
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7.7.3.6 Measurecent of F.eactivity Coef ficient.s 'Je
j vill n:v cr.a= ins the =ethcds cce f:llows to deter ice_

! the vario.:s reactivity coef ficie:ts described t: the

{ prevsous section. It is hoped this esproach will give
the student a better understanding of the =ady_ reactivity$

-

I coefficients, ve will use as a ref erence for t:.s secti =
the ::35 Design Su =ary, Voli=e 2, prepared by 3.i;'s

g
; ::uclear Poeer Generation Depart =est.
I
i 1.et us start at the point Were the re.s.: tor has

already gone through the pre-critical test phaa.i. Initted
feel leading has been co=pleted. laitial crit:.::.lity haa
also been achieved by control rod vtthdrawal bc en cen-*

centration adjust =est.,

First', a ceasure of core excess reacci-rity is
c b t.iin ed. To do this, the reactor is taken cr. :. cal at

'

"roce temperature." This is acco=;11shed by ut;ndrauing-
all control reds fully. fro = the cera. Then the .>oron

concentratica is gradually reduced etil critic.s.lity is
reached. Next, the. reacter is brcua;ht up to uc.=al
cperating te=;erature (average te=per'sture of f ic'F).

in steps. At each. step, the borca cenecatrati:= =ecessa y
to acnieve critica'.ity with ;til . the centr'ol. roc _r. receved.

c, will be determined.*

The boren concencration recuired to =a_.:.tain the.

reactor just critical, with all redr. cut, is re'. aced '

ansiytically to the hot ccre excess reactivity and cor:p.sred
to the cold core excess reactivity to deter =ife the tc.:7-
exacure defect.

.

.

7.7.3.6.1 Te=perature catf retent :te;_r.:rcents
-

|
, .

To evaluate the : ederator Ieperature.

. } coef ficient and pressure c:ef ficient. ! e react:r-i is taken critical at operating te=periture and *

' . essentially "zero" power. ~he te=pera:ure coef f-
f" icient is deter =ined 'uy changing the =oderator
i ter:perature a slight, a cunt at con:ta= . beron
I concentration and rod position and obswrving the

resultinc, reactivity change. Th[e . react.tvity
change could be deternined in the sia=a =anner a.s,

you follcwed durin5 the Fi!"; tontrol r:4 calib-,

ration experiment, i.e., all.ov'the res.: tor ti=e
7 to reach a stable period, tnen.neasure the ti=e

it takes for the. neutron level to inersase by a
factor ' of, 2. This so-. called dcubling i=e can be
related to reactivity through the inheur. te,uatie=. '

In order, to speed-up the data acquisit:.on and '
reduction process, one frequently deta==ines
reactivity by an on-line analog comput O. The
corsputer is progran=ed to solve the.12:acu'r' #
equation continuously and indicate core react-

ivity status fecc the rate of change ci neutron
''

level.

!
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. 7.7.3.6.2 Pressure Coefficient !!easuremest

The pressure coef ficient is deterr.ined
by chac5 5 the pri=ary syste pressure a slight

{
1

coust, at co:J :an t tecperature, boros conce -
tration and r:d sitics, and observing theA
resultant reac:ivity change. *ote: At this ti=e,

4

I one vill also deter:ine the differential and ,

I integral worrJ.s for ber=n and various centrol rod t

| patterns. F.eca.11 that the integral vorth can be ,

,' evaluated by a:clytically integrating a plot of
the diffe:encial worth for either rod position
or boron concentratics.

I 7.7.3.6.3 Moderater Void CoefficientI '

4

The void ccefficient is r.ot deter =ined,

*

in a s trai:;ht ' f trvard =anner at the power plant ,

sa is the case f or the two previ9us coef ficients.
It is necessary to pla:e voids in the core cf

! li.ncn volecs a .d =easure their reactivity affectI

in order to arr ve at a deter =ication of (t/i/ ,
'

void. ,

|
.It would le pcssible to rely cpon calculated

void values ar.: :: serve reactivitv thanges c: arrivej at a measure of the void coefficient.
!-
*

7.7.3.6.I. Pover/Coef ficient Measurenant
.

The >a'er cceffi,cient is Secerally,

defined as.the cha.nge in reactivity resulting.from
a unit chac4e 1: roacter.pover level. Chan;es

| in core and moderater ceperature and density'

contr.ibute, to, c2:.s rdactivity ef fect. I
i
. . , *

,

i One =ay. conclude that tu'o najor -

cocponents of the. power coefficient will be the '

j Doppler coef ficts .t and the effects of fuel rod'
i- hovin:: due to t'..e =al expansion. oth of thesei ef fects reflect t..e fuel emperacure distribucion''

throughout, the core.
,

The,dif fere tial power coefficient is +

reasured at a diacrete' power level by varying the
4

power slic'.stly, at constant . control rod position,
and allowins, the average =cderator tcmperature
to cccpensate fer the reactivity change . Control
rods are then adjusted to return the noderator
average tec:pwrature to itz normal value.

.

'

I7.3 P.eactivity Contevi
,
t

In the previous Aections, we have d.iscussed the effects of fuel i

dep etion, Doppler. soderator te=perature, and' fission product b'uild-up
on .:re reactivity, h let us look at the reactivity balance for'a

~ '

typ :al F'!R core. ,

!
l
.
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e s ''l
Excess Keactiviry Conditions. '

. .
'

f' .

; Berir..1=g of Core 1.ife ( ffe
*

i
P

cold, 2ero Power 1.302 '

i Roc. 2ero Tewer.

! 1.247 '

Mot, Rated Power .

1.229
i Hat, Rated Pcr.'er, equilih rium Xenon 1.102 1

-

Hot, 792ed ?ouer, equilik rit:1 l'enon -
and 3asarium

1 1.153

rote:
} ?so cold, fuel au.c=blies side by side have

*

L a kff > 1.3 except when :io'th eq:llibri.= 2:e and S:
.

are-prosent. Three fuel asse:.'alies are super criti.=ci
.

;
! regardless of poisons. ::c catal scher of fuel ,

- '

assemblies"in' the. core, L 7.,

t-

~?

Another ray of locki=g at 'the'abmve effge'es vould be to.ccmnader thec
~+

reactivity balar:ce as a function of ceri . life.
first fuel cycle (!,efar to Figure 10). tie vill again cons: ser the

.- i
r.1.302 -- 4

.

- -
,

=oderator te=peratura defect is

' ' . . 1.247 ~~ !

1. ., .,9 . pouer e:ppl.e effect.-

ewilib rium 'xencn pobacing
!

,

i 1.132 0 '
g*

*

1. 152
' equi.libritse sasarium :neisoni g-

.,

; .

!
,

|
.

'

. . - ' Tuel Depletion
3'

I lsotope !!uild-up -'

,' 1.000
e

"

N
}j

0 200 400
Core Life = .'.L3 full power days '

; l Figure 6 -

-- I Ef fective !!ultiplica. don vs' Core Life
t

l t;

Each reactivity defect has been d=a.m to scale so that you c.2n* .

c epare the relative magnitudes of each select to the total core exceess.
.
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( 8.0 _Ir.t rodv e r ion
h !
a

in this series of lectures, ce ':till discuss soce of the basic t
t

concepts asscciated with heat trar.sfer and fluid flcu as it relates to i
] the removal of eneray fr:: !a nuclear reactor. Of course, this subject) is a very co= plex disci;line in itself, vhich requires hia,her - athe-

'

| =atics and the use of diaital and analo; cc puters ches one atte pts to !
*

solve the proble:s ass:ciated with actual reactors.3 It s-ill be the I'g purpose of these lectures to atte=pt to provide an insight into the
physical phenocena that ta'ee place and to previde a better understanding ;

of the definitions and units , utilized in solving the problens associated% vith energy re= oval f roc a reactor. j
L

.

To acconplish this puspese, the lectures vill censist cf two parts.
.

) The first '
is a prograc:nof learning section en heat transfer and fluidi flev. This sectien 13 cade available by the At=nic EnerCy Co :ission and

is provided under separate cover for use by the studa .t. outtida the class-
;

j roes. The'second ; art of the lectures vill be devoted to classrocn, )

discussions of other hear transf er and fluid flW peckle s asseciated .ith
*

,

*
energy receval fro:

[ nuclear reactors using the prea,ra :.ed lear .in; svetion-
as a ceans of introducic; cencepts, units and ele =entar-1 / exa:: ples.

21
,

*
8.1 _Enercy re : eval Syste s -

$

there is no upper linitOne of the u.,1 ue features of a nuclear' reactor is that in theory
,

:

fission process is centerned.tc the rate of release of enercy as far as the |
~

=

Of course, there are practical limits
'

inacsed upcn the .ystes Lecau.;e one cNtt renove the heat energy f ron the
e

,

I
!

systen or it vill e.l
entcelly destroy itself through eeltdsn of the fuel

elements., core components, etc., or through excessive stes:1
.

.

pressures. etc.

An engineer Lac is that clesed that=odyna:-ic rover eyeles' involve the
addition of eneri;y at scue high' te=perature. (and pressure) and the reject- |.] ion of a certain. ortion of this enera,y to as cold a heat sira as ij pcssible.

Thus in a fossil fueled plant, one adds heat. energy throu;h the
. s

i use of hot fla es and ;ases of cedustion and one rejects heat
- f) turbine condenser, in uhich one utilizes cooling uater at as lov a te=per-

in the
i

sture as is possible.)
. !*|e krw that these tuo tenperatures ara i=cortant

from Carnot, s.to in 1G24 introd::ced the noe famous Carnet Cycle dhich
I

f indicated that the cycle efficiency depends pri=arily on'the absolute
tenperature of the ener*;y source of the cycle cud the absolute te peratof the mediu:s to 'thich the heat ure

is rejected. Thus if we allotr'TA to be
the absolute te parature in Ce3rees Fankine (dea,rees T plus 40'0) at which,

i '

heat is added and Tg to be the absolute tecperature at chich the heatrejected, then Carnot tells us that is;

- j cycle operating between these tro limits would be~the naximum ef ficiency of a pouer

T
A **!!2ximus Ef ficiency (U = x 100,

^

! 4s T
A

Because the te=perature of the coolitr; water available for use in1

I. the condenser is normally fixed by nature one cust i=preve cycle ef fic-
s .

e

>
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tenc~- ty cpe ra tir..; wtth as '.if. a ee peratu. t T as is pos sible. 7..u s ,
{ in a ; ::.er res::ar. ene vistes to operacey'_:.n as high a f uel ce pera-

g
**

ture . (and ster tcoerature) as is peasible v.thout exceeding the
i ;.hys ac . cal 112t ts of tr.e =a ter.als present.
4

,. ". . l .1 17' and C ' Cycles

*

To these of you attendir- thes.1 lectures, the concept
of a pwer cycle is well hac.:n. You h.cre ver;.ed with pecer plants
and knoe en r ...~ ere is f ar =cre, t,o a, ;" t .c than the prebler.s
as sociat ed uith adding and ref ecti'r- St.:t. I'n rure that yeu aref s
also ausre of the fact that engre is a reater di.fference between
a nuclear and a fessil f t.eled ;lant tr. . just replacin; the fire-
rex, t:tler and the stes: dru vith a : ._ac t o r and a s t ea- d rt= , er'
a reactar and stea: Eenerators, etc. ic.cever, fer cor purpose;
which is to look briefly at, scre of th.a heat transfer and fluid
flow cur.siderations is a nuclear reacec r :=re, we vill assa.e that
the pre e:ca of a reacter care is' the p rimary dif ference betwees
what you are so ''a=111ar with ase what you will scen work vich.,

Serious study of harnessing the ener y avai.'sble frm
=uclear fissien besan in the United States before the end of 1orld
..ar II. 2ecause water vr.s available ani Its use ecs fa=111ar, it
crersed as sa early leader 'as a coolant a-d. =cdcrator fo'r meerInitirlly, it was believed t:.ct water could not bereactors.

:e =itted to bcil in a reacter vessel. T..is belief resulted in
the early devel:Prent of pressurf ted wat er reactors. The first.

t ressuri2ed water reactor ve=t critic.11 _s 1953 at the .GC ::stional:.eactor Tes tin; Station in Idaho.

A different type of cater coole; and ':cierated :teactor as
started is 1753 with the first experi:en t to pe ..it boilisc uater

. It a reactor vessel, thus =ahing steam :. rectly. Successive experi--

rests established the principle' that bcC.irg was accept,able and eves
adv an t a.5 ecus for certain purpos...,

Thu osa is able to sub-divide ::.e ge=eral categorf of.

'

veter reacters into those where boiling .s su; ressed and those
z.ere a s t;nificact a=nu-.c of. boilin , la er=itted. 3 oiling is

cuppressed by caintainin*; the water at b.th pressure so,that it,s'

:e:perature is belo: the saturatics te: e.rsture at that pressure.
' ' :).ese reactors are called PWRs for Presurized "ater Reactors.
.

c.bse reacto rs which per=it a substantia , a=ount of boiling are
4 slied ;'' s for Soiling 1:4ter Reactors. ,

'

' '. . l . 2 Pressurized !'ater T.aactors (!!cu foo111ng)

De pressurized water procran retzeived its greatest i=petus
[ ftire= the extensive C. S. ifaval Propulsice. ;'rogra.n, so t:iac coday
{

is techno!'>gically uell adve:ed and the experience't.e concept

|
. :etac4 f ece the civilian power progra=. 5.us de=onstrated that
: reswri:ed water reactors are safe, dep.endable, and reasonablyI e masy to control.

'
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:-|
1T:e clas.es cf pres 24.-ized " ster raec ers fr.11 inte tuo :

^ divisiens: "r res s u r e' vcs se- ** = r " tack" ty e a:c ";rus sure tut e" |-' i
ty e. In c: se vessel type, :: .e fuel elenen:s are bu: fled te;; :her~

! in a core ra.a: is centaire :n a tank. The f cl ele'e-:s are
I *==erscJ in ni bly-pressurtz.et rater that s=-ecs as i.eth o!erater ;

.

and coolan:. l= the ;ressu: s t4:e ty?e, :ne fuel is place ! 1:t j

{+ tub e s , t s ua v in s:all buneles, through "hi:h va:er flo.:s a: hir %

j pressure. T .e tube separa:ns the fuel and ceri::t fron the =eder- i
ator, which s usually rear :e or heaw tra:er. Pie present ;

, *

. ' , disemsic: :5 li ited to the Orcssure vessel type of reac:er.*

t.

A :-"ucal' flou d_iap= for pressuri:. vater re:cters .
' is shown in 71,ure 1, which :.llustrates the r. n c::,erents ci

j the syste . *ete that an :::er ediate heat cx nan er er sect.-
*

I;cturator 1. required. The .ater is 'caa:ed i,. the react:r -/.-
,

is pu=? d ::.: cush the heat u. chanter at abe.: $?'*T to M *T.*

-

- In the heat :=chan or, the 7 t:er ';ives up Le::
:Le v ter f rom . ciline in the,hi-hto lencra:c ,

;- pressure (1 '-*' esi). prevent.: ,

reactor and crizarv syste::/ It is.cf in: crest to core that,

advanced r"'. systees (f er e::.t.=plc 'iaukee) n:-r rur-it 1cca'l Leilin;;.

i,.
in th e - pr i=.t--- syste. it c r:.sr to inprove. cy:.e .c f ficie .cy. To '

prevent ici:..:n ; also re ,uirtr. hi;h flo-r threA :he primary ice-
' vith a resul tant hi h press re dreo ;nich 1. turn re uires su' -.

stantial st: u:tural r.Teuriai to nair.tais tehr nces unter the'. resultin- fl.:v forces c . tne et' ?c. rents . The Fi-' syste:S re,uire
euca thicker sectier.s of :e .al in the rcssu:e vessel iesi r. nan .
the :oilin" cater reac:cr: rf si-ilar. i:c. : n:rol cf ,the ra:e
of he.c 7c et stica in ecs: . esians is ' ottain ei *:'y neutror-s'. ser' in-,

centrol res.. :'-at. can enter :! c reactor co,r 1. - as s ae..cs 1 e tvect..

fue.1 elc end as well os t .4 use' of soluticns containin: 'c o ron
- i. ("che.ical ..:ta") .

.

[ 07e rr.1:: en:1 experis:. e "ith pre:suri (? t acer reactors
. 8

has sho m t ...it .: Ley are ve::- s:Ule (urin *, .c eratier., arf can
, ,' readily acc.-= Mate 1er .c.1:4d:chanres. Th= radicactivitr cf tac -

priearv vath systen,at chtind"n decays cuinly. to a .tclc ra; le,

; level- durn- the eriod ei. ?- ration for e . tral r64cters, eo
,

:
; lon;-life rv.Jioactivities e: :nec .!:rta'. le n:.- .t:ut'c Sava leen '

obsetred in tre Ori=ary ecc .:nt loo . Cont:-:natioh frc ru-tured ;-

fuel ele.nent r 'oes ose a d s.:enta-iratien. ::;le: . Considerabic'
lon;-ter . e..:*erience frith f uti t'urnup and c.* 1::t ' life is. iust !
beco-. int, pov.-Ji le. Pressur:.:ed ater reac:hr du i; t.crs , te !

*

cor r e t e "i t:. ::ea conditiceis in existir* creratin- Iants. have !
fcund it nwee.sary to ruf :!.e op.rativa. ter err.tures f rcs a:

~ {avera e te-amriture at the eactor outict of 133*r to W*r ;
(ielni acact or Italy) and t some of the later desi rs.as hi-h
is *, 3*! (N uthe rn Califo r=.12 Lcison). This te- erature 1::rease j,

has increaa.d fuel surface :e acrature rest;;in in sene cencern
,

t14t corrosuen vill' limit c'.e life of the feal. The W .'s have i
to vacch tratter c6cmistry ci:Sely 1 ecause of the rcater disassoc- I

latien of u:er eith additi:*: of boric ac.:.. The ircrease in I

aeount of n :dro ,en present . an tcnd to: unde: .ine fuel reli:*.-ility. !
) t s i

': .e U. S. ALC Full : ale hnens tracien Plant at :ht, in rort, {c

rennsylvra.. cc:=enced e ers:lon in lecc.-'ar cf 1*57 De reactor j
stea. suspi" sy stes, desi,=.ef by "estinahouse, ope rstes So"cr

[
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Figure 1-

2

,, Pressurized !'ater Reactor
.

convers ten equip =ent built by the Duquesne Licht Ce:pa rf'to
deliver 50 r:e of eledricit'/. Oir.ce first critical, the statica
has been refueled (Seeded) three ti=est in 1950, 1961, ICE 3 and
was shutdern on February 5,1064 for a se'ieduled ce=plete re-f uelir.g . I. eft in place, during the first three refuelin;s, was
the natural-uraniu eajor portion cf the original core which has
generated . ore than half the 1,790,5C2 KWh (gross)'ef electricity4to luced by the station.

.

The Tankee Atomic Electric Plact, tith a t.*tstinghouse9

F"|1 steam supply systes, is located near the Mas'sachusetts-
-

'
Vermont border. It first uent critical on August 19, l':60, and '

.; full pcuer was , achieved in Tebruary 1001. Le plant was
4

originally licensed for 302 ;mt (110 IMe cet) and has.been'

steadily and pro:ressively exceedi,nc its. design capacity.to Yankee
reachsd a record output of 106 1Ce gross'on its third core on ;

January 1,1054 - equivalent to 500 W.lt and 175 M'.le cet.
';

Thej ceilict .is the ::enerator's capacity of about 103 !".te ;;ross.
|E2perience during is'tartup shoued thrg nachanical problems can

loom. la'rge when trying to place a nuclear sauer' station into !

routine operation. :;ost of the =echanical problems, ' vere of
j the sort encountered in startina, a conventional'. plant, but the-

'

addition of nuclear design facters created =inor troubles suchg

as gasteted joints and flana,ed can sectiota in the canned
notors of the main cooling pump. ,

j
t

The trend tcward higher nuclear couar plant ratings of
!J.00, 500, and nov 100S INe nakes it urgent that 'uetter design
!
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l . techniques c .d 'nore accura t4 le. vledge of conditions within

| ' '* reacto: ceres are develo ec. Te this end, the Saxton ;'uclear '

4 Experisect A.1 T.eactor, a "fes:1:;heuse design, located at Saxton,
Pe nns y lva .:.t . first vent e- .tical en Aeril 13, 1962. It be;an

!. I pcuer orer::.en in Dece:bar IMO. The 5-year experimental prey;ra=-

has been a.= ed at significs:.tly reducin ; the ecst of pcser f ro- ;
! . closed-cycis uator reattors ry 1 previn; the core and its cenditices ;,

of operati.::.. 2,

L.

Tha . enselidated I::.s:n India:s Point ;'uclear Pecer Plant, f.

' vith a 3 ate : t.. ar.d 'lilc x pre'ssurized water reactor vent critical i

* ~
on .w ,us t 1. 'J 0 2.' It uses an cil-fired su erheater ce increase.

the ste.ra t = - erature f rc: -50*F to'10 Z*T. Tessil-fuel-fired. .'

' superheat :.r :cves therral e f ficiency fece about Of: percent to,

- - 33.5 perce=t. and prevides a lever average riant cost per kile iatti, output when cpared with :. .e nuclear portien without superheat.
} The output fee the plant.14 'J3'We nuclear plus ll: We oil super-
' heater, for a gross of'275 .%'e and a net of :55 Fe. .\= ether novel -

I feature is' .:.e use of thori.::. fertile -aterial in the fuel rather
,

. than U-238 a.s used in ccher :urrent projects.
t
-

1
,

S.I.3 Sci;.14 '. tater React. r Syste=a
. .

In a bo111r.3.uater :cactor, the ccclant is water skich3

toils adja:-e.t . to the fuel s'e=ents thus rc= ving heat frc th em ..

The resultt ;- stes=-e.tter : .rture then proceeds to stes=. separators,
! st.c r e the ~;.;uid veter is s.t arated frem the stea.s bubbles. The_

liquid water then goes bach is the reacter where the boilin;
operation iJ continued. 7.. t sepa= vhich is for:ed oasses f ro's tae

s t ea= d rus :: a turbine lec.st' d outside the reactor buildin;. - Thee
; vater uhich ts separated fr-r- the ste:: is retained eithin the

*

reactor tut'_iin; and does r.:t ;o outside of the plant.
i

i
g The 2.ajor differenca in the operatics characteristics of

f'
a boiling e. s ter reactor cors as co: pared to othe'r. cucle..r systens

!is affected ry the stes: vet :t produced in the asse.bly. Vater
;serving the dual' function cf coolant and neutron oderator

j couples the eat ;;eneratioc znd neutren flux characteristics of.
f

L a nuclear s s ten. If this vt.ter is allooed to boil, and' thus
i s i:ni f icant '.." affect c.he de tity of colecules, this codplin,t; j
I becoces core pronounced and thus =ote significant with rea,ard to !

;

I
' '

perfor:ance ~: ehavior. The :.:tlir.; vater reactor designs provide {
a syste2 th.s t produces . react vi_ty_ changes, varying,in(ersely as a '

-

function of s tea:s void contar.t _in' the_ core. That is, a transient
. -

pouer incre.u e uul produce .::e steam voids, reducing . reactivity,
uhich reducea power and thus limits.the excursion.

CoiLir4uater reacters, in which si;nificar.t po"er operating
experience ':.:s been acquired, arc subdivided into two classes: the
single-cycle system and the i.al-cycle systes. 'thile experience

,- uss gained c.= the operating riants using the boilin; vater reactors,
}studies con:1.:ued on the ree.: tor cycles available to the boiling }I i uater conce:::. As .a result af these studies, the cycle types' nov
|being of fere:1 in the tuo classes are: the natural circulation -

.
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single :n:le i ntch is best .r.ted for the 50 to 10 We ras e;
|forced c. rtulat:en si..f;1e :y:Is; and forced circulation, dual t

4 cycle, :::h tref.:rred in the ringe of IM to 1000 W e, Thei natural :.:r:clation clact uJ.-J ne pt. ping of the. coolant throu;h
}

,

'

the cars. -~r.e forced cited i: ten plant pu=ps co:1. ant threu5h the
core, a .- the dual c:.cle pla:: use.e part of the heat of the re-
circula: .ru vater to encrata aJditienal stea . for the turbine. j

1.1.3.1 51:;;1e-Cycl * ys t e=s
.

i
.

!,-

Figure 2 shc*.s the cycle diagram for a
;

7 t .31e-cycle sys t e=. e obvious adv4=ta e of this t6 s,proacn is the red.:'.icn af pla t cos t by ce='ainin;;
h' f. net:otr an ene piert of equip ect, thus reducing e

. e cu::er of cajor Urtem :e:ponents. Sicce the
| 1_ea.:-vate r =ix bre t ts as =oderator a.s uell as. ;
I =:elant, e:cugh rater is recirculated either by

:.:turai or forced cir:ul. tion to keep the. fraction ~,

ef water in che core r_fficient to secc.rlish the {

~

wieratir.g fu ction. ; echnical i=; rove = ants in .the
! resign of the forced airculatien +1ng2.e cycle syste= ,

t. the General Electr.: Co=;any has resulted in a I
f.rther si plificatin f the bt.;1c cer. cept of the

| ::iling water reactors. This has been sade possible i

M the replace =e.nt ci the high stea= drus and itsd

4.s sociated pipint "it: internal separators, ubich
are hichly ef ficient 4:nd reliable for providing reactor-
;roduced stee: to the t u rb.ine ,,

k
; 2.1.3.2 Dual-Cycle Systas
*

,

i 6o gain the attractive features cf boiling inI

a large plant, an earl- innevation was introduced by ,

| t e Ccteral Electric ~ rany that increased .the pc.er ,

i d csity obtainable vi:2, the direct boiling cycle. Ai '

! tv-ical dual-cycle flas diagra:a is shown in Ti,ure 3. '

1: the dual-cycle reacter, energy is rc=oved f ro= the
;I

!
rtactor core directly a stes:-water eixture uhich
!*_rvs to the stea. d . and then to the primary turbine

.
|c.:: trol valves and 1:a. rectly by extractic;; heat through
!2 stea: generator. T% fracci.on of the total energy
!rcoved threuch the sa:enda'ry or low pressure syste=

c <-trols the te=perature of the: cater retu ning to ths *

reacter which in turn f ecernines the reactor output.
ne dual cycle permits a novel and very convenient |

t=etnod of reactor penter variation to =atch load chances. -

S.1.4 Ructor Coolants I

'.:-s e of the energy rel Aased from fissioning of the fuel &

in a reac:rr appears.as heat it the fuel ele =ents and structural {
=aterials. Therefore, the rea.:tcr =ust be provided * ith an

(
' .

adequate c:alics syste:s to re= me the heat in order that these '
,

,
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catarials do not dc f.'r: or t.elt at 2::.:esive'.T hi ;: : e:.pe rmr e s .
[
5

. At the sa:e tire, as .e have pre rica: ly brie fly dis : ssed, us ,

| knc> that in order to chrain-t.: efi ..:.ent' c: t r :dyr.z .ic hc4: I
i

i cycle the te pera:ure at t:hich hea: _s adid :: .the s ystc= s ,:uld I
be as high as oe:s s ible. Thus, c' e --1:s cf :e.e cef:lant are

,

jdefined. 1: zust be able to be use: a: hig:. :t pers:gres a-t
cus t ef ficie,atly re=cs 4 the hes: f r- : the ful sc ::.2: the f.41,

or fuel cladding te=reratures do see ree * :ess:Ve values.'

Aetua1l'y the coclan_: J.us t_s . :.4 f.y_a_.s <; s.f riltr.1a
_ eincluding tne general enes we hava.; :: des cr_'. e d . Ft r ex a:- l a , |

4 coolant sbould haves

a) ..eco._d ther:a_l_oro. tertie.s such as r.10h s~ecific
. heat and hi;h ther:al c:nnducti r rv) I

. .

Ib) ti-h 'eetlin|; 2oin: and ..-D free:::: pei-: '
,

c) c oad st_a5111 v f r== b rea.:.:7. ir:- 1ea: additie:
Jpj,_r,a,d),g rio 3

d) }e" rcuer re uire cats f mt ptrpi: ! (hi';,n density,'

led viscosity) t

> e) li-ited cerrosion' of cc .r':nsn s .: the systen i

>f) small ebscr:ition cross c.n::1on f:: neu tr:ns *
.

-g g) Io i a::-.1e treiQsoE:: it als: se ves as a t
!'

good :seds:cator j
8 I

h) lou cost |'

1) s. gilt'h4:.ird in hacdlin: ;non-te:cc :, ne: eglostre,
|

.

-
lov stora d energy, n:n.:ndicac:tre)

J.'

Actually, there is. no one cecJ.4.c trui:t fully satisfies all |

of thee criteria. In t*1e l'nited S:: ,

2:cs , Sc . ' ver, - :er has eco e
i,

" e
the coolant. watch has Lees used nes: c::ensi,t.y in ; 7.ter rea :: ors,*

as one kpa"s because of' the popularir in thi.s cour.: y 9f t!:'

4 I' 7and %7 systees. - p
p.

i Perhaps it is not surprising :nat wa:er beer:e the.
|; referred pri ary reactor coolant 1: : e U. :telistili:y v s a

.

'

| Vey factor in.tne early development rf react:rs, as rf coursa it- g
g; still is today, and e ter nad many L. murcact advc.n:iges that ill ;j not re<;uire extensi' e wxperteen:al acid devel:-:ent :::graes'. In Iv

| other ucrds, 'ister, at least' to the e::::ent of its ts:;e of pressure
t'

|
and ce: perature in reactor , tras a != min quantity. :: is chea and.

vas readily available in the early d.rrs of ra s:cor ros;rass. It has
relatively coed heat transfer charac:t:ristics .thich ::ald be extended

j beyond its c:ornal narre temperature ran:e by .- utti:- the warar unda:
pressure to prevent. belling, and thus overcee the disadvas:U:e of
its relatively leu boilin: point. Fa:::hcr=s , .if the water :.2 , ken

- |
pure it does net beccc.e cif,t.ificantly 'radioac :.ve. he inducef

.

radioactivity of the water itself (nce includ;.=; dis selved oi .sral
I centent) has a short h. elf-life so chet: =ainte:.ance is not grea:ly

hampered. ''ater is corrosive but. its ' corrosiveness was rease=. ably-

well lutoten. Pressuri:.ition intensifi.es 't! e ca rrosive action. Of
extre:ne early i=;ortance :::sy be the fact that ater :ould ser e as -
a reasonably pood modetator as uell' a:.r a cool.t t, thca elitticating.
the complications of t:ie presence of :so different =aterials :..

' }.
i
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' ' s ave as codert:cr and ecolant. Ia:=r has a relativelT~hich
:c.e: al seu:::= atsert:1cn cr:ss Fe::1:n. tut this c:.s .erc.m.e

g 5 enriching c:.e f uel .s th a ,rcacer '.'-2 5 certent . 'A Lott:M
t.cr nia -wat er sys te si;l net go cri:1 cal). The a b .' 7 :1c n,

k'
cress sectie: :f va:er *:ec: des a grea:cr pr:blem.in : eeder
r eacters where the cen-ervatien of neutrens needed :o cap.ver

: f e rtile : ster'.als to ful is of extre:e 1 pertance.
I
'

0:her disadva .: ages of t ater include :he fac: tha: :tc
: ; tssure nece.:sary to oi: sin reasu:a':ly high :er ; era:ure are

c: :e hi;h, :.- s tre.;uiri .; expen.sive ;; ssurized pt;i:7. vessels,
f:::1 ;s, e::. Pure hr* "arer at high preJrures is highly

*

c:rresive rer.:.rin*, ext:ic and exte=aitie ::terials f:: the syster.
'. + . s us e of 1:s .igh pre:sure, in t'e event ef a sys:c rap:ure,'

tc e wacer flas es to. s:ta= creati:.; extensive hazards and :he*

n e:essity of :.r:tain en: syste:s ca;:ble of uithstandinc.

;;rssuri:ati:.. To =ai :ain' this c:atain= cat pressure within
r t a-cnadu li .::s, stes. quenching sys tens (ccc:Jincen ' Gray,
vtpor su pres sion usic: ice or poci s cf t ater) arc utill:ed.

Theref:re, uater is net the perfect coolant that the
I '

:In: operat:r- vould ; (fer to have, but it bas proven' cuite'

s u:sf actor- f r : a n a-Z er of s:and;cints. Later er, te will-
:L. b ri e f ly ' a.'. u t the need to mai :ain purity of the t*ater,
.n. : first le .a look at so:e of the pretiens associa:cd eith
t rcif erring : .e heat fro. the fuel ele =e ts ihere r.oJ: ef
i; :s ;roducei to the :relant fro 2 f:ich onar can produ:e

. s : t a . t o tu rn :5 e t u rb i:e'.

-

8.2 A t: Trans .is mn and T.c. oval
*

. 1.1.1 S t e s:- f r a't e '.. e :: Trans issien ;itneut Inter al Generatics
i

. .

One ef the pr1=ary differences ,etueen discussin, tSe,
trans-

! ns sion and tre: val of heat in.a nuclear reac:er sys:e and that'

is a fcssil h el.ed plan: is the fac: that in the lat:er case. he at
t 14 transferrei f roa hot flar'es and :;ases through tub e u2113 to the
| c -lant, tihers.as in t.'.e case of a reactor the her.t is ::an ,t erred
[ fr = the fuel *in "hicc. heat is in e- dlie enerated fr~- fissi *.)

thr:uth a clasting cia:erial to tt.e c: clan:. Rus tne p ri=ary
a "a r- Ms is the fa:: that heat 's internally ,enefR h W he
f el ele ent. ~

|
Let us. leck at he si=;1e case where heat is transferred

f-~. a _ hot rec. ien (such as a boiler, a radiator, an iron, the' 75!!
of a house, a::.) thre::7.n an intet- ediate acerial into a colder
c e-dit:3 For er:ceptuaa a:41 stne atical .inplicity, t e vill loc?
a: the case 1: which _ heat is being transferred i= ordy one directian ,
th.t : is ue '111.1 consider the one di:ensional case of a slab or a vall
i= which oae a. f ace is at a unifor-1v hot te scrature, T,, and theI
c:l er suri' ace"La et uni f er-Iv coloer : m eraturem T i. The _thic? mess'#
of :he slab c vall vill be_censidered s 211 cocyared to c5e heic.ht
anc aidth of :.he ' all s' rf ace. Thus ue would c.as e the follo*iinc, --
s1: ation:.
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Ue know that heat vill t,e transfe.- ed er conducted f ro: .

the het !
| sur' ace ur.ere the tenperature' is ~. to :-Id surface r.t.e re !

the to .;ertture is Tg . 1.ct's -defice the :Etc a: ".hich hes: .is -
conducted tr.t:u;ti the. vall 'or sl.ib as y ::_:E .s wip assi;; th

,

I

units of EU.t-dEk.r (f.TU/hr) co'nducted *f :n t*:4 het to the :olu ,'

face.
.

.

On what thin;s vould. t'he anount of :,est perch' ur cead.ucted<

through t5e call depend? Ce rt al:dy .. one v=n.2d _:= ,ec t that :.e rc t e +

g

of hest co . duction vould depend en t:.e dif f s renc.t in temer.iture'

Letween the .10t
and the ccid surf a:es . i.e. . T" Ti .'~T35'O.d51~e". i'

if T =Ts . tren T -Ig *'' a,nd'iie E1d espec: 'that o h'est is ::n-
-o o

,I.ike"is e ,. 14 Ti-Tt ia tvir.e as i

*

. ducted between the tvo surfaces.
great one cine as it e^3 another 'ti:e. ue ::2uld 4:2:pec: that C.e|

.

aucunt of ' eat conducted .sould be t rice a .r. .:22 2 '*e can 847that the ;,1t e _ o f he a t ec .c*uctice.
|
t,

Of ference,in,te: nerature, T,-H. g is pr nertia.-dl- to thenaty./ a;,_:al;y , . : e vould. Say
'

q = T' - T
j .. o (1)

.~ - - - - - - - -

+3-
I 51s11arly, we vould expect the fata f f 4+.'c.t.c.odVEI'.it . c ,

to
b^e a ' fu.nction 'o_1_t_h e thichnes_s of the eace'r :1.~hus. if t.* #j. ).

_

intervening r terial is thin, tre veuld ex e.r: n<- s heat to be g.

trana:-itted than if the 'aterial vere thic'uir. r in other v rds ,,

.')? - the thicker, the . ate' rial do _less the hes: :en+ :ted. Thus. Sie.
e

:

I would say that the rate of heat conduction s 1. 's:sely pron -
tional to t!.e thic'exess of naterial, or ca::ac=at : ally, ,

1 g |

q=g (2) i

|'.

:
uhere AX is the. thickness of the cateritt unscer :.sasideratier_.-

t__

I
I- Co:Qining the e<1ustf or.s of proporti.: mali:v. (1) and C). '

ve see thati E s

. q = LX-

___

where dT 1s tne te=perature. dif ference T' ~: . ::us t.e s e e tha t-*

the heat rate is pro;ortional to the ta=peras:ure tradient, i!!*.X
vhich has the units of *F/f t. |

'
I
i

1
. *

_ -- _ - _ -- 8
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Turther, "v t ould ex ec= that tne p.=ount of heat
_' ~

cer. ducted i' :.7J/* r ould d*Tv nd en the surf:ce area of the
vall or 3'sh. Tr.us . .ce sh cid .c::ect c: rice as ::uen heat to
h c:nducted.cf the wall.I.s; 1 !.t1 of surfice area th.ut the-
case .cr.cra it coul.: ?..*ve 1 f t' 'ef a rea, n..u. we ceuld'say

i that
'

~

"I * A' (4) ,

or
,T

? 9*Ab (5)a - -
._

.,

*;ov . Also we k.c' the.t r.ene aterials c:nduct heat.

'** tear taan ' O [rs. For .ci.: ple e 4.no.* that : "nr4en
* uc:2 t

handle en a noen .or for c is b.s ter if ene is handlic;;. hot.

foods t!.as a r.e tal *..uidic. Thu is becauia the .etal is a,

better cen.'ucter cf hc t/ than ir voed. 1.ikewise, we kness*
,

that s silver SIcen conducts h o : |.,ctier ta.an a stainless
-.

steci secan; ~hu.s. the cMount -5 ficat cc. du:ted is sro-
~

- - -

2s t io.isi to the .th. flal cen2et:nvity.- - - -. 1. ci cno ca$ erit.1 or
,

**t / p' ,'
.

-

q * k (ItY /it) sone t tes bhreviated to (~.'r/p~.F-ft)-(0)
--

a-
.

Combini=~ all of t:..:se equatienJ .- de fic/c that .

\
9 .- !a =t.T 2TL'/*s.: .1

r as -

.
(7)

, -._ -

.

If this equ3 tion is resc tten in the for=
AT-

- (s)22/rA

that thia. is si':ilar[:o C:ta's lair uhere. .e can see
,

*
..

1.*
1 P. (?)

uhere the rate of he.at conducti: n e is equivalent t'o the current.

I the temperature dif ference !! is equivalent to the voltage
dif ference or r etc..t tal ", and = tie eucntitf ".X/Ia (called ene.,

thet al.rettetanca) is equivalent to ihe electrical resistance.f..~
.

g -

1'
~

In order to cespre rates of heat transfer on a.si=ilar.

+[. t asis CTU/hr-f t*) on,s normally dividu Loth sides of . Equation
it . (7) by the surface .trea A. 7:us -o

'

9/A = 1. STg (I':". 'hraf t ) (19)*
- .

a

$ Note that tthat this 4ee:. in essence', is to :tessure ' the .
j heat ^ rat a ca3[.l.Isof1ft*. .f surface area, this cuantity

'of q/A havin the ut.its of *.TU/h.--f t2-e.
is called the heat flux.n .

.w

.

..
1

-+.- ---
.:,

.
_ ._. _ . -

1 .

_
a--- . . . - . . . .U 6 5 3 6. . - . . . _ . .

._ .. I O o, a '. O / 9 - r-, s/s - .-
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6

I
( 14 : us now 1:#4 at an exa=-le. Sups:se va hava s s;ea=
* radiater in a house v ich .h'as 4 f t! of surf L:t crea. ~h e t .i ti.-

ness of the steel is 1/1. inch ced has a the:=.a1 cer.ductivirf ofX 3TL'/hr/* F-f t. The te=perature ef the cu side of the radiator*

will be asse=ed to be the sa:e as the te=pertture of the roc =,
unich is 63*F.

f

a) tJhat is the rate of heat released f ro= the radiater?
b) '* hat is che- heat flux ?'-

s

f

.o solve the : oblec, we vill assu== :nat the radiator.

can be converted intr a .;i=11ar slab or val *. : ndition. Further,
~

,

ve will aas s e that the stems inside the rac :ter is at at=cs-,

pheric pressure, thcs at 212*F, and we' vill -a.csme that_ t:is is
the re erature of the inside surface of the radiator.!-

r.ws , q = rA E - ..

:x.

8

where 1*. = 22 3~V/hr ^
'

s 7.g t . -

--.

/ A = 4 f t' '
,

- fT,= 21.2 d3 = 144*F,

.~

aX = 1/4 1
a,_ - .S- It .

,

, ,

i Then a) q = 30 x x 144' a g = .a2f ,4'4? C/5 r'
V .

o,'
4 b) q/A = "e 'to = 207 , M O ' **'*.*/hr-f r*

L

i
. - Actually , we. v:.ald find that the, tad'.rier reuld' not

! transf er this uch heat hecause'the. cir 'arou ..: t e outside cf the
the radiator vould ten'd to ins' late the radis*::r and thus, its .u

. outside te=perature ucald have to be :bch 'hi;. er to' drive the
{ hea.t through this insu.lating layer. ' This wcCd reduce the-

actual a! through the' .etal and there'cy reducs q and q/A. e
a

**

vill take that.situattre up later.
8.2.2 The Effects of' Cladding,

Let us now lock at the ' ase where our slab fyas for so::ec
q reason been clad on its outside surface. This glA6iic& might'

be considered a coat of ; aint on the outside '.rf the radiater, a
layer of chrose platir.g on a steas iron, a f:v~1cg up uich crud:

.

'on the tubes of a conde:4er'or other heat exe'..c ger, etc.

D e clad systec =1ght be depicted in' t=.e following canner:
- '

.

*\
.

%

e
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t X
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'
-

* . .
,O' a b. ,

4

: . F1 ure.5
.

e.ere in addition' to.t.+.at his 'aiready -tw en' defined, ke is the
,

t e.a1 conhetivity of the :iad matert.L~ and T: is t!Te tempera-
t re at the interf ace betwee. . the evo .ecia.

.

.)

' If ve ncna take T.quation (13)', q/1 = K .4.T/M, and rewrite'

1* in the for2,

'.

-

ST = ,q/A t.I/::
(11).

i we can see that
T, - Ti = t /A . a/:: . (12)

.

a:.t *

*

- "a - Ta =q//.If-*)' .'(10 ).
.

*

-If' ve new acd these two equ.a-icns ar.d factor out o on the right.I
si.fa, ve fi=d that ^

,
F

i
T2 =q[b+b I (11)

7 -

'1 o. LA kA +

j- ~ ' C
If we divide both sides of the equation by the bract:sted'thru

'

'

|- ; . - Ta ' ' '

,

+
q=

a. '.15) I'
(EA , b-a ,d

| 1, 13 !
C i

' , )} . Where it. can be seen that the quantity (a.'M + 15-a/k A] is the4-
ccdined the::a1 tesistance of the' t .*o me dia and is equal to thee

.
- .

of the resistance of the t.o media. .':tice the sii=ilarity
*

st=t
1

to the electrical system where resistance:s in series are added - '

>

to : e another.
'

- ' '#

-1 Sec cue works with heat transfer situations in uhich
there ia more than ene type a rea1.tanca. o=e frequent 17 defines-A

.
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ar -- he r tc , c : , .fc 7,3 :1 goccfi g, : - g . ,,c .c_, f ,7 .

,

a cef t:ed as --- ch---.i
! ,

1 UA = '

Eesistacce f *. - )
s
. 0

cr for this cas.
1CA *.

a 3a
, - - - * -- (17)
; L ....a

Cor

3" ; . _,j (CTU/hr-ft2_.7)
- l3)

E..

' '

n u fquation (15),can be restritten as
- _ _ _ - - - - - . - -

i 'l * UA '(T - 72) (ETl* '.r)o (19), m - aar
-

1/A = U(T, - T:) (37U/hr-ftty
( ,,)'

V- e-]' U is def te.*d in E.:;uation (15) , or Zeustion (10) if the
su. ace area r*aains the scre - not true fer examic in pi0 _-ubes where o

inside and cutside arer. arc .c11fere:t,~~
, pes,

"'

Let us r...,

look at the ef fect of addira- the claddir.g toj the . eat
conduce q e.edic. 'In Figure 6,sr3.n. Ccse r. ...er 1 is f or a estorial of thichncss athere m'ti o um

.

!
0;[. clad, and :r.i ch had a hot serf ace at~ ,which is

; c-. ar surf ace a' te::;ersture T and a '

te:perr.ture Ta Cash nunser- s: oirs the .
o

,' cf"..'.d:UrialC8 thichness a, Let thich is cled.iy s :.ac.ettst
S .

, .

- c' ness b . In case *2,
the en= surface is at the sa e hot|

fe*ia.T3 f f' 'o" in ca enl,)ut the outsiJe of t.'.e cir.cdinaa r is at " e se;e ter.perature, T , as 7 '

t in case 1.-1

h* C**rature profile is. sho m in both cas
'

.

Ec . ev e r *
in cas. 2, there are three ceediciens consid r de 1 and 2*g

1 . ee:
*) for t.e cceditic= rhere h = L. .Thus thereis no difference Lctueen tuo naterials
h) for the condition triiere ke < L (he lesa than t)

'

j e. ) for the condition where k # I- Dc greaterthan :.) e

It can ha seen thatqN are both le .* the heat rate, q, or the heac flux,
his can be seen froc loohin::in the three cenditict:s of case '2,than theya r e in c as e 1.

at the c'quation ;

,1/A = K/a (T,-T )
* *

,'

N?.*-h8Cd.'.are the_sama foi all conditions of cases L and, 1- C 'o 't in
.

'case 1 is
the_l .me.it for any of the co_n_d._itiens.f
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'igure 6,

1
: Gr.ly in the cas'? vhere k = = (infinity)- or in ctr er ! ords

<1 A = 3 vould the e

.es.t t ra .s f_er.r. e..d is cas e 2 os .ecur.1.. to~ - -.

c3se-1 (assu-it; same value of a* a_nd sar.e ,re .; erat;re-.

I13ft) . Cf ee.rse if I'. = 0 then T: -uould ,ee.ual Tt. .
-u-

'*w let a.s look at an exa::ple by censideri:~, the case.

'of the radistor a ain. Suppos,e ce talc the same radiator.a
-

' 'f .

in our previous cxa=ple, but let's as:iune that year vife has,

been na .gi .3 ye. .to paint "that dirty old thing". ' Thus, '

.i you slap en a cs at of the nearest pcine available. I.et's> | Assu.e that the resultin coat of saint is 1/32" chich andhas .a ter~al e -fuctivity ef ET"/hr/*7-ft, Lt.at 'is t.he
new v. alue of q .u J a./A? ~

%

To solvt this, let's'use Equations (IE), G?), and.,

- _. } ( 2.') From Equation (12)
s w' ,

IU= '. - = 2= 713 ETI'/hr-f t ..Fa :-a 1 1- + -
\ .

'

Ax12x30 + 32x12x4
'*

c >

. f.

--'h' gM $ _ - M
- % %

:

.._.

h
. ,g

.. Cs .I
O W k

~

i m .J
5

b'

%

$

I.

k . 5,
.

.] 'e s
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. ./, f ro a Equation (l'')
.

q = 743 x 4 x (212-t0) - 4:'E / M In'/hr -[ ',
;

and fros Et'.uatir CO)- a

q/A = 107,000 3n*fhr-fea

Thus we can see that the c_Est of -*sint has reducef the
rate of heat transfer and 'est flux Ly a5 cut a factor of Jo.

Eis'reduedisc'Na's :een (tr.cht didt !i tae increase et enertal'
*

#

r,sista ce duc to the ec'a:,ci pair.t. 9r~ stated etners:sc. 51,'e
n,yc_ ,a}1_hea tt ra-s f er cee f ficie:.t.nai ' een reduced. Fo r <r.arp l e .
'n tne case cf the unpai ted raciateri

s

1 i. 3''
U = - / .;-----A= 1440 57t/*.r-ft -*F

.

2
a a 1'

~
4x1.::

and in the painted case */=743 STU/hr-f t *F, which is appr,rx-2

imately 50 of the initial value.

It is, of further. imterest to v te cst the effect -f the
paint has been on the te.:Nrature dro:, throu:;h the radir.: r 'itse.* f. '

*

In the si. ple case us ass _ cd enat th= outsiCc of the rae.i.:t=r a.c.s
at rco. te erature of 4~*T. 1=4 us.r.a. see vint the cea:'

nas done to this te perature. *
of peat

, . . .

To calculate this' ve "ill ut!!i:e. the f act that c.e *ie d i,,

rate, as ' wiril as the heat flux, is eq 41 to 42?r* T. * *U/*.: r.J137.003 3TU/;d f ta .

reinectively. . In ~..eher t.ords . the arc c.t of
heat which is cenducted th? u;h c: e r ;;ttor is the'sa.se a that
unich is conducted throur.h the ,caint.. P. u utiliziite. Quation G.0)

Ti = T - q/4 1ali = 212 '1')7,';.T. x 4x12x3,.,
.

Ts = 212-74.2 = 13T.3 * F

Tae interface ten:erature betta en the saint and the retalradiator has teen driven ur;

to approxtr-ately- 130*F' *oy tne Aint.*

Acother usy of, statin; this vould 1,e ti. say that,

it.was ce:essarv; to have a te=rerature dro , c f 13f-68 = 7''*F to ena'ils la7, rJ !!'.7/hr-ft* to be conducted throu ;h the paint,

once again, it is =entioned that ce have thus far e. loct ed
,

I to consider the ef fect of the air on the outside of the radiator and'

what effect this ei.,ht' have on the 'actnal c'utisde tecpera: re of therafiator.,

5
Also, in discussin7 the effect~e of cladding ve have assu=ed

that the ther=si contact resistance at the =etal to claddi - inter-
f ace was negli;ibl4: thus that a good metallur;ical bond ms oc tained.,,

i
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Ic the esse unere we psieced the 'adia:cr'. t e =1;h:r assu=e that if-m
sc.-.ately : re;2 red the s rf act of :?.e id,ia:: Ob.at Fe vould

we

have ( :ained a ::J borid te:..ec: :he etal ar.d t e paict. Zacv r,v. s t a :ct the ef'e::s cf ca pera:ure on :he paa:t tith tire. Ifthe psi :-terits .to blister r flake trich ti=e, : hen tie 'rculd loose
the be:d at,

tr.ese spcts a:s perhaps en:ra;' fasul4:ing pocket.s of- sirs

w dch .; ald cause 2.e contas: resistance to icereJ se.
t,

,
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[ If the value. of the c:ntact resic:ance is 'htetm, this
gives us no particular cal' u.laticcal ;re!;len. 'reczyse t e !.ncar thate'

.

we need enly to stz: the resistances present in the_ series heat!'

condue: ion path.
A

i

a
' = b-a

'

R = - - -s R-

,

,a
L.A. T- 1 T c .'k A

R -

T / \, v h. */ / T

. .

C
O v

.

4 14et al Interface Clad'.

Contact
,, Resis tance

'!
t -Figure 8

.

.t
-

Thus

R = :*A + Ri + b-a
a

'

kA. kg) C
't'

j
and the everall heat transfer coefficient could Le found fro

l,'
I
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*:A = (21)=
o-2s a .

g- --+g
2 L kA

C

:.m.ever, the resistance to the fic ! of heat between t"o
' . solid rurf aces . si=ple sechani:21'cceta:: is hignly ucpredict-
'

--sti a:ar ese be :sfe by calcula:in? _ c'.:e thermal ec . duct-able.
ance c f a ras fi1= of the :hici.: ass indi:sted *>y the rough .esse

i of. the surface, ':ut the results are _ ve: e uncertain. .E.xperie ce
3 indic.r:n , f o r t= a :r le . : .t.t a the::al eenductar:e of terveen

''
5000 r.1 12. 2!'. ; U/:-r. f: *T results a: the surface of contact

; 5 e t le r- uran t e e al reis and farious clad in.. nr.:erials. .:ew-
ever, . tre c ;a of ura.tia.:: diszide it.el, which cracks durin::

; use, a cer.:a - cendue :::e is typically on the crger of ICM
LTJ/.'.c- f: * F._,

i f Further, in ur:ci.r: ox:.ie fuel elece:s :here is ;;enerally
a . gas ;;e ace ;:revided Letveen thi exide a64 the claddin;: to previda ''
space ter fissie: ;ases act to allev' fer dif f~cre=:ial ma .sien

' bec re e ., the fue! 4:d the claddi: . In, this cas e, the two surf aces
,

+ ; egy net be in is:trate cc :act at thus the resistsn e vill .be
relato-a.ly hirh at this ;cint. Cr:etimes this s all space is
fillel .i th F.e l .*.=: gas . ..a.fissies produe:s collect in.this space,.<

'the afir:t is t: ,fecrease he cc due:ivity (increase the resistance),

t'ith cue.

-S.2.3 Coolant Tila Te=rerature ; rop '

1
; :n our discussions :d. date, us hat e assts ed th.St the surf ace .

1

of the :.aterial threugh .ich hed: is heir cenducted is at the sese
temper a.:.:re u pe curreu= din; cc:lant. ' C f ceurse, anyone "*.o Nas
t'ouchn a hot r : trial sur. as a : it irc=.o.r a *iot radictor 1 no"s>

- I that th s is not e.e case. T:.e.fle'. ef heat froc.the surface cf a'

[ solid ,:.: a fluit 'is a cc : lex 'pheresina whic.. is a. function of =any'
4? factors , includ*r: the shi, e and di:ensi: s of the ir.terface betueen' *

i' the tue , the surf ace rpu,*_.:ess of the' s: lid, uhether the fluid is
i s t agnan : or fic it:3, the :.itectie: aa.d velocity ' f the floir, ete'.o
L For exa= le, acy::e t;ho has blo -. :n his soup cr on het solder has

insti .::1 rely u:ilized the fset that the transfer of heat is inproved
by flui.s motion. ,

< ,

Althour,h :envective beat- transfer to or t'rce. a fluid is a
cor y_ lex, penose-i:, for ccr discuasio'n yehull_l'Tock at'i't *in a .

~

~

purely acroscoi.i: sense. Ic r exa:ple, let. us def fse the"Tol'leving .~

equation. 'T.st- the c:nvect'ive trans fer of 2. eat
'

r ~% _
.

'

q --h A *.7
(STU/hr) Ib (22). --

there q OTC/hr) and AT, the temre:ature dif ference between the
.

solid e.ni: the fluid in degrees Tf.recheit, are as previously
d e fine d,. T e ne.* tara.:eter h is called the heat trans fer coef ficient -

(or soc. ::=cs tnit the5:ai cendhetance) chich has the same n-4 ?e aQ
- the ove-:.11 heat ::ansf er creTficie.?t', (i.e. , CTU/ht-f tW) . The ~

t heat trin:sfer coef ficient 1.s thus a measure of the_ ! eat transferred
.

t

. _ . . , , . _ . . - - ...- .. ,_ _ , , , _ . .
4
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|
; per square foot of heat trs=s fc= area per degree te- er==re-

i- ~ df) ?? g .ct.eea g e heat ::::c- f e r s u r : 2ce a .:i t' .e f in.

Act.; ally, if we re-arrse.: e E uation (20) into the:* '

forn.

v
q-fi- (23)*

.

-hA

ue see that the quar.tity 1/hA e= Tresses the ther al resi.; tance
to convective ~ heat ' transfer caa s.=d by the. film of so- e : .sc stag-
nant fluid next to the 5est tre.ifer surf ace. Thus . . i f we noe -
look at the case of the slab r.i :.etal' throcch s hich hear .s being

transf erred, and if vc assu= th.= the slab is clad c:, ent. side,

and heat is transferred to a ex ant f rm the clad, tJe E.r''r the
fello"in:', situation es'she n in' .'irure T, where the overa2

thernal resistasce can be seen .u:-.

E~ = h-*.r'o . i- r'i
-

''c kA ''# tu.hA .
43 Tz ,c .s'

I. - -//Yy- - - - v%.'\ '*, , y\ y,
-

y g/\ \ 7\

"
- ".etal Interfsce Clad Fils .

. Contact
>

Resistance.

.s

: Thus, UA - 1 1
(24)=,,,,,,g.,d,,_=,,_a* .

KA - 1. ' kA -A
C,

If there is'sicilarik convective ' int' transfer at 'the inssde
' '

surf ace such that a heat transfe toef fic'ient, hg (i for :: nside),.

can be defir.ed, 'then U could '.,e .ueter=ined f roc,

.
-

3

.' UA = '25)
1 a '

+ - o.i ,.b-a 1
,

- 1:A kA ' hA
h.1

Ac,
e-t

ii

I ' l ,< j!!- ''q''
- < .

:|- [ uetg . j. 'I
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7 ._: the effec: of additional' re= ta:ances : 1.es: fla.-
, . e.:h. at.rs l'hes: ::ansfer coefhcien: cc,ald be de:errined as '

hu t2en t; ready de= :stra:cd, and.: hen :Se rate of hes: crs:s-
ferred vcCd he deter =ined f rec,

n = UA (T -I ) (v)u --

whereit _ ts the :en::ersture of the hot fluid.,

*,

Le- us ass return to the case of the painted radia:or.

and de:cr ._ .e hat eff ect :he resistsace at the fil:: !.as ca the
te=paraccit prefile through the radiater, the rate of heat transfer *

and the he2: flux.'-

':e vill asstce that the resistsace on the inside of the
radiator it pite s:all. - is should be a good asst:.ptice becausen

stea. sill re condensin; en the' it. side surf ces and this condition
usually res .* ts in .hir,h fil= co'ef ficie~nts.' Tur:Ser, t'e trill assu::e
that the ;;.in:Er did -a good job vith high quality, hi;h te perature,

paints so . .zt we cas 1;(sore' any centact e r air **p resistances
betwee:. the pain: and.the radiatoc. Further, we vill assu='e :hst'

the' hest' c ::sier coefficient .due to ria ural c:nvectica,coolic; bythe recs air 'flowin;; over th'e radiator is 1.5 LTU/hr-ft 't. ,In
order to selve the pro.ble:2, .let us .first find the overall hea:

, transf er cr e'ficient, U. . For this cas9 . f ro: Equatica (25)
*

1-
. ' CA =

.a b-s- 1- + - .e. -
TA kA hA

%e
or

l 1, ,~

a
- & k-b*a + 1

1 1 l~ . .
4x12x30 + 3?x12n4 + _1.5J ik hc -

.

. or
-; = 1.497 = 1.5 3TC/hr-ft* *F -

1 . Thus , we see th t 1ecause of the. lar;e thjei:al- resistance
of the fil: for le" hest trans fer coefficient. h, of the fil.) the'

overa ll ,h.ea: :ra
this csse. us.nsfe_r_.coef ficienta _U.1.s_ev entially. equal .co Qn

.
- ~

=i, h the - - - - - -

cat. transfer ratey111&ontrollei.nr
| -' ligtrLbu.e filg fa ochte words, the fils is actinc as a good,

,

i'
x

insulator ir. this case. ~ ' - -

~

'Je eau now deteruiine q and q/A

:; = UA ST = l'.4 7 ' m 4 x (212-(.3) = BC2 F.TU/hr
4 , , .

!

'| q/A . 015.5 BTd/hryf t a

.

The rate of heat transferred snd the heat flux have been . I'

reduced by a f actor of 495 by the outside (11n (as can be seen by
~

' - -

the cocparis.:n) .
-

. .
.

t
- j.

.

<-
,

t

.e.*. - ,-*T-** -- _ , m ore. ,. _ _ _ . . _ , --- en-- *

.

,P

ha,%

),) ., - , . -, - ~ ~ -

j g C)b, t_g a g ).,-oC v. c q v ,

_

4

*
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Y:u -if.: be interes:ed i: :.:e fact :ha:'neating and'

ty7 cal stet:iv e : . :". i n i. . ; . : ir.s e rJ have detsr trcd that. ,,

|

in:. t::s , Orcrating under sta:Ca:1 ::niiwns (s tec a 15'?
. _

.=2_ re : air a: M * T, th.;s 6'115 c cp.ree adf erence) . crzes f er
ic e cren 210 and 2M ITC/hr-it*. F:: cale:ul : tens , thev .;s:tne

i

werage of ;43 ;T"/hr-ft#. As tan be sevf. tec, our - sace- t

an '

wa a; si=plified ap; reach ha.s gives us quite realis:ic results.

One should also note that : e effects cf the ?aint on'

:rm rate of hes: traisfer is not t arly as recat, once ue.alse
cer.uider the ef fec: ef the fil: cf air en the cutside.

I.e t us now lock at the te=xra:ure .-refile, once.a ,stn
re- riberin; that the este of hea: ,t ans'fer threuth the metal is
ti. scac cs :nst through the pcin: as well as tha: thr0 Ugh the
fiin. This cus: he trae in the staady s:tte or ce vould be,

s::: ring cr-gaicing heac screuhere.s

Thus.
.

1 2i2-0,.1195 = 211.15*FT; - Ts - q/A a/* = 212-215;5 x =
-x.,.x30. ,.

!
*

T1 = Ti q/A = 211.2 b21I.! x 32x1 h. w 11.35 .lil = : n .71*Fr ,

C

- anc. as a check
>

! -72 - q/A 1/h *11. 7-215. ? /1.5 - 211:7-143.7 ',-* F
_

.

'.cn us nou Icok at Figure 10 vhere :here are several interesti:t
c: m rvations one can cako. Cne .is :5st in Cas.e - 2 (clad ;;ere .:)
the:. . rate of rest transfer can be s een to have been re luced br
abwu; a factor of t"o over that ti ' Osse 1- (no clad >res .-r.t) .
: w wver, becausc of 'the e'?fects ci :!.e relatively scsgnant lay e r
of c:olant in Case .3 (clad and fi'= present), the' rate of hea:
trrr.ns f er in this case has been reta:ed by' al=ost 1030 cir:es e.er
tnan of Case 1. There is not. toc ti:ch "e can Jo. 'in a prac':1:al

,. to reduce t;ie resistance ci :he film. Of course ,1:e ceu'.dstense,.

it.cn all a bloder on eac.% radiator :o .' lon .:ir over the radistrr.. ' *
, Ent veuld tend to break up the. fi. .= socie" hat and give a higner

4; ;

voi.ce of h. This, is, of course ce: too practical in the hone,
_q

- but: is used industrially. ,

.,

.

,

+. The temperature profile threu;h the fila in Case 3 is ,

shnown as a dashed line, because tre do not Lnow its exact shape,-

ter.vever, it is not linear oti.er t .an for the extre: ely thin irrer
|' ~ ca.%- to the metal, where the heat transfer is prinarily by co:-~

. |
dec::1on tc the air =clecules rather than ly convection. ;

I= Althouya our examples have been primarily that of a |
ii I

t rcadiator. because this is so=ethi ; ue are all fcniliar trith,
.

' t:: st.c has been said is applicable ' : heat re: oval in a reactor.'

-.e
: Tc:: exa=ple, the betal could jus as easily be the fuel in a
g,

- ,
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fus1 ele =e:: (J ah:.-J. .ae: veul'd be internally. ;;ccer,sted in
ti. e fuci s . ell :.; ceni.::ed through it). TSc pai== en the

es.sily b. ne ciscdini cn the fuel which
~

raddater c x li just :
prevents f:saten prod.c: release afo terrosion of the fuel I
(tr.; cve r , .;c fer m:sc claddist, veuld 5c.nigher than fer paint). f
Tar:5er, : e ceclete: could 1.e water .nbr either sa:ura.1 or i

forced convec:ica cendi:1 ens, exce;c the.t the hest transfer i
ccefficie.t in that case ufuld be hi;het thss that for air <

arid ar natural ceivection candi:1cns.' ;
#

. e shew 14 also re er:ber.chst we have tecn looking at i*
*

the simp-Icst pse:hle ;wc ctrv si:ustign, that of slab or one
dimenst-nal cases. F r cxas:le,. :N radia:cr night >< : re :

' saite.tly censidered as.hollev cylinders rc:' er ensa a si,ab. ;

i:ovever. as s:ee,' as one goes to et'.:er secue: ries' suca as e,

cylindrical < ce:etry and spheriesl'?.cometry, the resultin; !,
,

equations hec;ca .cre c W ex .and |.:.any. t1*.cs as'<. cut the ;i

ef fects of ; hysicsi, phenc: ena. .;ecause cur purpose is to '
'

_

ietroduce the teric of hcat tecnsfer e.nd fluid flet; uith -

e.; basis on co.cer:3 definitions, ' units, p;ienc .cna, etc., we
have attc.qtee to sinclif y the :.;athe atical coe;1exities.. One.
should be* ature of the f act, ho rever, that for handling the ..

effects qf n o t trs sf er L: ;:in er rod type it.cl el.==nts,
'

pipe.s, . etc. , che feru of the er,ustien uculd te so.9ev. tat
differ <nt :han tacsc rc'.have discussei. The .t r.qi,.ldf f ee,t s [

.
'. of claddin.7, til:2 coef ficients f e:c. , podid be quit c..si 1aar,

h wever, ,*

3.1.4 Effects of :;nifor: Interns 1 Ceneratien on Tennerature Trofile ,!' '

4
'

In our discussions to date, te have been assu=in'; that the
,

hea: tnat is bet .; transferred has been produced e.xternsl'to the*

:
' nacerial sad .iss actually ::een introduced throuf.. one of the beund-

artes of' t , ::sterisi and has been cciducted throu h it to the otner' i

,'[ aoundary whica .is bein; =aistained st .} co'olcr' toi.y.returo. |
,

:

|. ;;cwever, in a reactor,, thcie are- nt.rr. arcus ca:ponents that . [
receive'their heat threu;h internal ;eneratien c:uscd by fissieu !,

'

(in the case of fuel ele =ents) or through' thit sLsorption of {! i -
,

} radiaticn (unich also releases hast in the =aterial). Ter, example, t

j in Table'l in section 5.3 on Reactor Physics, ne see thathche !,

itotal a: aunt of energy released f ron fission is s.Prroxt=stely 2':7
~ I] * ev. Of this, approxt:ately 12 :Iev sepears in the ccer;y of; .

neutrinos i hica asec/e frota the re:.ctor systere removio; their ener;;y- i.
| in sJs;i:icn .to the reesinin<; l'd .iev f roh fission, th;re |t with then,

1s approxirstely 3 Tev Qf enerr.y relwssed as a result *of parasitic ;
'capture of r.eut rons in ene various caterials of the core. Thus

i approxi.ately 11 Mev of er.er<;y is avs.ilable as heat to'the reacter !

? systen. of thia, .sgrexicately 'M is released as heat in the fuel '

ele =ents (1T. 4ev), 58; (l'.' .:ev) is released in ti4e rioderator and f
'

|[, 50 in.the reflector and shields. ;

)
- |

The heat nroduced in the fuel frcxs ficsion util be
distributed, in a canner proportional to the flux, because it is

|- !

I

h .

-
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i
i the neutr:s inte.mtiens in the ~ fuel *:- :h produ.:e fission. hus, *. '
[ if the flux is .a: ur.if o rm eve r t

"; sever , for eu,he cc :e , net :ger. .111. t, :3, y,,,g

; ::ene ra tie: rate. . r in :.:.a1 loe; a:.:he egg.c 3 og
heat accerated 1.= a sacerial, let us ar.:.:=e tha: ..e do have u=iforsg.
internal ;enera:d :m.* *

.n
1 For our t seussion, let us ass =e that ue ?. ave c thin'

slab of fuel in :-;cn heat is bein:; uce.f ormly te:(rated due toi the fissicaini cf ura=1u=. This cond::.: en is shc.c in ri ure 11.
For si:plici:y. .v.e- will assu=e that ha.t : is'beiny :ransferred fre:
left ec ri;h: due :: the fact that the lef hans u.de is well
insalated and the -1',ht side is i.ept a: lower 4: erature. Ti,.2

by suitable ccoli=.;;.,

'

' "r can s e + :!.a t this is a case . t .: ilar te i.hst ,she. n in-

Figure !.. L,c- i- - * c.4 ins tead of het ::ucs intrec:::in3 heat en
-

'
the lef; surface. :r.is surface is insui.::cd s5 th.:t ne hea:

4 enters or ese.npes' 'ros this si.|e. All ks: is pr raced unifo:-.ly-

' inside the fuel a: flows out. the rich: .s.nd suri t.:e raintaining
it at te .pe raturg "'s .

'

cs _-

Kov, if ::e. derived the equatic :: fer the h e.t.t ' t ransf erred.

.
'l, in the slab, we wCd fird that t(x), :.:.t te:Pera: .re at acy

position x in the fuel, ,would le
.

Qx- T g -7 * -* onT * To +( + -) x ' (27)x i , , -
4 246

f .f
', where " is the 1.u - .a1 heat f e.nera t io- ' rat e 16. r *h r-f. s ,

1,
.

"T

j-
3 . ,.

.
.

t ss' ' ' .| -- Insula ti:n= . ,-
.,

4
.,,

r ,
' . .* '

. Fuel,

'[ 4 . %. g,

L.s- T ,i y//
*

.w./ sk ,

.
f/= * Coolant,d'/

.. . # *

|
*

, ., .,.

,

o x

Tigure 11

Furt.4:r, we 'rould. find that the. : est flux .'.,dd no longer..

{ be cons:ar.c in the 2 .:irectics (as ue wcdd move f;.::- lef t to
| r1Fht, the heat fl.== sould increase due :: the fac :ha't all heat
j generated to th2 la.i trould be transferred to the r . nt) and could

be e.r,;reas ed as
h (To-T )g

9/A. 2 (2x-a) + (n)
,

,

.

'
t-

. w., w- -;-. .m'_ -- m . _ - -

--

[ f 3 '5 'y ~

5; O G O ' '',

.
. . - . - . .

.

4

.i Y 'k

.4

#~ ' ' ~
1
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If t e nett Ic :~. at the caJe "here 34 (i.e.; the cast.

at tr.e r ;;ht hard S :-f ace), then,

.
.

1/A = h + 't . (T :-I t ).' *
(29)- a

Nev, in ceder that ue- ca . c: pare there results tita
Equation (10), let u.s asstne that' the r. ate of internal heat,

;eneration, Q, is su h that the hest fla en the ri;ht Land
,

surf ace is the same as that ecnsidered c.irlier in the deriestion
of Equation (10).

.Thus Q = b :!U./hr-st*. .a
k.(Ta-T )'| Then from Equatics-(OF), q/A = h.a +

.

, a
t

or k ,(To-1 )3-
'

1. ~
a

.
.2A

. ~

or finally 2k (Te-T ).
.

g *T *
q/A - = 2h, 5 ' (30)

*

a .J

or cultiplying throu. . by A -
,

. .e9-2k.. Ay (31)g

.

Thus. if ue :::parc quation (31) srich trg

cocpare Equation (T.' t ith ;quation (1"), e see usttin (7) or
,.

tha't if 'ce have
a slah conhetin:; he:t'crA schich has th' rano thick::ess cen.*uct-
'ivity, and te perature drop ss 'a scconc Wsb.chich ha u,nif ets* internal has ;;enera::.:n, the heat tran:.f. r ed in the- casc'"ith
internal ;eneration t .ll he t-' ice that' ot ti e strai-ht.cc;.6ctics
case. .Wther t av ef ex ressin2 thi c uld te to =ay 6 * h _the,

j spr.yate of ::ea t t ra..4 fer, s. cla', a ita. .;..W:--Jege; . Alj.e c:t f. n
_

uculd reyt_r.Lqnly .21 twe tc peratut JrmwCla'., rot hav_ir..;
:

-

inter =al ner.cration.,

..ctually, this is r:nt too surretairi then you* - . ~
'

censider that s'Rh u 1 fern internal se eration, the heat has. to
.| travel, co the avera. e. only. half the dir.tance betveen x=0 and x-a.

~

$'
Althou*,h vo vi.ll 'not take the cine to corh an exaeple of

.

this case, you should note.that the expression for the te=perature
drop acras the sla'. ef fuel is no lon:er as sicale as nas the caseJ+ for sicple conductiva heat transfer. Th. ter perr.ture drop is tolonger linear as previopsly w.s the case.

.

.

. t 0.2.5 Te.perature Irofile in Clad Plate-Type Tuel ".lement

Let us now le:L at thd plate-type fuel ele:2ent deeictedin Fiqure 12.

i)

9

:
'

.

_. - - *''*=w-
-

_ _ _ __ e.see. w e.p =*

..

yY ^.. -
-

7' - , _ . , _ _ _ ~ - -

. ') L-
t 0'A N, b( [d

J (
I ~J

-

u-
, ..

_ _ _ _ _ _ ___ - - -
. .. |
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,;,,,, y Cectral isce.
\-
t./ ./ - , . - A.

i . 7 %M/ - C1.sddiz;* | .' j ,.
*, . .

, , rut N"

.

; ' k's,i ./ . . ,I"./ -ki/

k. .i c ,f ,] w _he :-,

> ' .""o' [ Ca lanc..Q'/Coolant' s'
,

'
- ,- I

, T,.

;(., } j'/ f }n ",' . N - E:- ' T:
i J. *

,'

m' .

.

I sj'', [ ' .i , ' /k| -

,
-

:
'

g- gx, ,

Fiture 12'

' One.can see in Tigure L' ::4t the fue'1.has ' a thicfr.es s -cf t,, rse t =. erature at th.: center f ace is assu::ed to te Tc ;
that at. the fuel-claddicg interf see is 7: * , at the claddin;-
cost ant boundary, T an? the, :selanc cc=rerature is T . Actuall7,

thia situation is quite si:11.1- to the p.ysical sicustirn ve.1 avec

pre,teusly considered,.except,t..ct inte nal aeceration is cracnc .13 t'se fuel, and also cladding 2:nd cocla .c are sob presert ca toch.

sid.. og' the fuel. 1:ot ever, b: cahic; advanta;e of s) etry.

and
Iact that if the heat gener ttien race is unifor=, ne needth*

cc:..lder only one half the fuel clece..t. 4.dfuhat ve fir.d there.vil '1 also apply to' the other lial.f. Ther.: fore, let us uork t'ith
the M direction..

* ~ "e kno r that at the inta face the heat. flow 'in the positiveand .( gative. x directior. equal' e.ach other and therefore c.ere .is no
net leat flow. T'iat is-i

.

at x=0 q=0 -/A=0
'

If we substitute this 1:00 Equation (23) us find
"k **

1-{Pf -
--T.-T.. , - 02) -

-

.<

! Alse. usin; the method previously used-for the claddia; uhere
;

<

ve ut.11 assume that oc heat is ; enerated internally (scr.e vill!
Se f tm absorbing neutrons, gam n and tietas).

. ,

t,k (Tg T )

. qe
b-a

But i for this case = QAa so. th.at (Ta-T:) (33)
Qafb-a)

k
eand ai=.ilarily

T -T =b
e h (34)

i .

]-
,

- , - -- - = = * =
_ ,, _,

_. _,,_
_ _ _

-

- - - _ _-,

S

e

.<. | 6 "s .'
g M . * + * *

. . - . * - * *o
.,waq"3 *) a |j .

.

M

k

:(-
' ' --' - - + ' &
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.

'. "ncn adding f.quatic:s (J2), (33). 4::c (34) :ce c ::ain
1

-

2

,' Te-T = ca;--- + Q4 (b-4 - -) (35)'
1

.c A h.( C! Cne sh:uld no'te tha: in Ecua:uen (!D, va have assu =d
| that The cuntac:' resistance be:'.reen u ne c1M s.d the fuel isi I ne:11:;ible. If this is not the case. :he nristA=:e can bel - handled as previously shown is .Equat :en.s .(: . :. and (25) . .;

,-..

Also be:aase the temperature ref:' e 1: :he fuel is no'

lon;;er linear, one cus: obtain s se;:rrcte..u::::e. tion for :he
* . . ce=sers:ure profile. This .can be ob:inec.'. 2" s* n :1~uti 0 0-Ud t; =* '

.(32) into Equazion (27), obtainin an et :r*2..ricc. for the te rera-
cure u 4:y pesicien x in the fuel as-

"

T(x) = To 2 g . (in If uel e aly)
- .(3G)

, . .

In crder te verran, exa=ple, nc: um esse 4 that we'

have a piste type fuel element,. in unu:n ca.s fu' L is UO: a d.e

is 1/2 1.cn thich and schich is clad er . ecch +urf a:e .-ith 0.023
.

*
-

inches of zircalloy. :*e *:111 acsu c . :ha: : .e 'ceefficient of'. hes: tran.sfer, h, Letreen the coolan: and c h idi-; is*3000
'

''

2~~J/'tr-f t *F 'and tr.e race of internal.' hec:
.

#1enert:icn to be 10tTU/hr-ft3 If the char- I cenducti. :ty cf i.te f el is assu=ed
-

to b'c 1. 2 ST'J/he-f t *T, k for the, ::::sile- :o :.e.7 ETU/h:-f: *7
.

,

e
-

and the avera;e ce perature of the cc v.ast .r. $~,:*F, le: us fit.d',

te.:.eratures in Ti and 7 . '

2
' ~

.

. .

Fren Equatien' (34), (rc=er.'ae r. ::..~at a= './2. x 1/2 x 1/u =
., 1/4" ft) -

-.F.= $00 + 4 3.'. = = }?O - M .A a * P. 4 * T, Ia - T + ca le
c a .x ,ss

, 2

1
'

.}..
Fron Equation (33)

; Ti-T.+ '',(b-a) - 3 n.1 +
. C*.' 92 - Sc s + u.s - u : r..] .c .. xex1_ ..

' '

.!' 'Frca Iquation (32) or (36) '

|. n- 1,7L

To - Ti + t.. = %10 +',xi.2xa... . - t19 * 1C.15 = 2424*?k .ax-E.

t
g

.9:' t
1 1s. order that you might t: ore treadily visua.iize the te:spersk

-

. . .

ture protile voteined in the above preo;1e=, :c!.e' a siece of traph
,

| ,0 paper and ' plot the te=peratures. Re.e=1 er =.at c:.'e tecperature{'
I. profile in the fuel is no.lenger lices:r. se 's.: lea.st three other, -:

,-
. tecrers:ures (i.e. , at x = 1/16,' x = li!!, x = 3/E inches) ahe'uldbe obtained,o

.-

. (; #-

::ote that in our earlier discur.ssion f the radictor, :he
'-'

radiator was a r.ood heat conductor, bu:: becmass. c clinr. uas by
.

l..

4
1

. . ;

'
- - - - - - -.
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natural air cor.vec:1:n the fi*.. c efiicicat was Icv. b:s, ve
su a rela:ively sc.all ta=peratu e dr.a? threth the : t:al, but
a rela:1vely large dre- thr.c;h the fi".:. In this f ud ele.ent
exa .; le , gne cppesite is the c tse. Uraciu:n dicxt:fe : mitch is a'

cer..-ic a .d thus a poor heat con!ucter) *.as a lev- th.:- .41 cen-
| ductivity and .hus requires a lar e :e pers:ure drea := cause

app r'ecit.:le t eat fire, in con: ras:, the fil: cre f.fic.aen: vas
lar;e (indicatinr, ferced ccnvecti n of h:6 vel:ci: a) .nd

result t*:e te=perature drop tr.rsu;h the fil:7 1s' small.as a
It is a f eeling fer the ; o:riblu =a nit:Ae and sha:e .or t rofilc)

*

of the te=rerature distribution t .at ge stant ycz to yta: t re .b

these discussier.s in contrast to :dreritin.; er t crPt..;- tith the-
equa ticns . -

,

0.2.6 Ceclant Tc=peratu:e 2.ise a:id Exit Conditions - Unifors
. Generation
!

In our discussion to 4 te. where ne .have cor.zudered
~ the presience of a coola:n, ' e have asst: ed t!.at the cwelant
remained at sof.e avera:;e temperature which we design:.tted as

!!c.ever; tic * tov that ' if ve Add heat; to the coel.a .:, itsT. cc
tenperature will rise (*nless it is at its saturatien :e:p-,y
erature). Fcr exa ple, f rem t!.e definition of the u=1:.t of -
heat, the STU, we kno's that cne pound of tra:er tiill r ase in'

temperature ese deiree. Ta':ren'.neit trich the . addition ari 1 3TU
of heat enersy.

.

In the proirs :.ed leatnin; p'o'r:1cn of .these ite::ures
you wor * ed with the te=perature increases or decredser of
various =aterials .aith the addition or loss of heat. Also,

you lear cd that one can calc' late the rate of heat : r.insfer,.u

4if you knor .

-- .o.. . . rat e , J (IS /h r) .Da) c5.e coolant fl w.-

,- .

5) the tc- perature rise, *.T (*T) ,.-,

; c). the sp_acific heat.' c C,TU/lb *T) v

.( or in other words
_

3 .'

.

>
_.

-

J.h_ k '4 C 4 T (BTU /hr) (37)*

s, ,-
; -%_

trAn''ferred to or frc= the coolant,q where q is the rate of heat s-
,

j 1:ou, let us look at Figure ,13 where t!e have atte=pteO to depict'

a coolant channel between t"o adiacent fuel plares. 7uel plates,
' rather than' fuel. pins or rods, are pictured or.ce agatts: .because

of the simplicity cf workin: ' rich and visualizie; slu geo etry.,
i houever, if ene.has fuel elenents in the form of pir.: or ro.ss

with :he cociant floving axially u * past the rods, tr.ic. ; hey._omenon*

,
is the sase, but t!'e =athecatics slightly more' cer: li&:a_;.e d .

.

As the coolcnt flous up throuch the coolant c:.:annel, it

is increased frcm the inlet tc=perature , Tg, until it :leus out ,,

the top of the channel at te=perature To. (Do not comfuse this
T, with that previously used in our discussion of te=neract.re

g profilec inside the fuel.) 6-
. .

n.

ti
.

- -

~ ~ ~

P.'8%6 N =g p ,w g gsgegy, g.j , ,,. w--g
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Fi ure 13
. i.

.

18 the rate ef 'i=ternal' hest ' .enerst'i+n 'in th e fuel. .

adjacect to the :solin:; channel'is unifor ~aleng the vnole '
' length of the coolant' channel, then the hest.-added 'tc ':he . r-

i't cecisnt per foot cf travel up the channel will Iso 5.t I. A

causin ; a temperature- rise which '.'ould bc p: .*por-> c ons ta r.t .
,

tienal (or 11cest) to che dis tance up 'the c' ar.sel. ~':u :s -
-

',

.

the tenperature rise of the. coolant as a functice of r:sition
''

in the chan .el "culd to as 'shotin in fidure 14.
. r.
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,

t.e: .-hat does thi's ,do to the surf ace t'e::6 erature. T *
of the c1 A. ding and . hat does it do to .tha te=7er uture of thes
fund ele =e:=: at its ce:terli=e; Tg?

.

':.321 i e should.kr.:u froc cur previeus dia.:ussions that.
.

be csu.se cha .9 t_.a oupt 9f , beat _isJ:eir 2e: erat..: .at.eac.h ,

;= pitier. ; e >~ -'* Seld
, . c'r .zns f e rte _ :ttpt;6 ** '" ,,u.ni for- ---"' :_:U.sc,, =ust t e

--

' . the cladding a-f.--.r_ iii. . Thus
c.% te per::ure drop between the surface cf the e.~. adding and
then toolan .~ (i.e., the film te .perature dre;) T._ $ .T. , vill be

~his is also CNe for the tec ;eratur, dif ferencea 2:.uta::.

besideen ena ' fuel centirline act the surface cf thic claddi:.g.
Tf-Ts (4:h:u;h ene vculd. expect that 7 -T u.,uld '. e'

4' didf erent . .a;nitude than Tg - T , as s,en by ,2:c:_ previous
e

e
exa=ples).,

.

i ,
4

iar es'scu sketch what,si;ht hapF*3 o thw. surf ace,

'

tenr.eraturr af the clbddin;. T,, and the center;bne te< ; cra:ure'-

of the fuel "ich the c.ssu ptien thst b,, eat is : s :. int ly ;onerated .-
;

in n e . f ue *... a.s l's sheen in Figure 15. -- '

1(. .
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Fi:,ure 15 -

.i In I'4,ure 15, it can. te seen that because mf the
asse. nation c:f' uniforn internal ::eneration, the ter =>eratureditt:crence T -T, and T T are censtant'alena, the coola'nt.

;
f s e-

chan nel and - ne max _i:;tm values of T , Ts aM Tg oc::ur at theeext: end of :he channel.' ~e..

If ::ne deas 'not 94 5 ' O. ave Lof''--___ ec_c.u..r-i ac,.r - el, the:r one cuspuure oneself that the c..x-.: un _in _the --

value
of T.3 _does nin: exceed the 'saturacica tenTetacr.r= A

-

. ~ w.em etetf

~ --

4

- --.- -

. . = - _ . .

- .. .-. ~ .

.

. . _
. . . _

.
Af , 6 b, . ,. . . _ . - -

3-e c
. .' C 9 5 M 9 I ',.

S
..

m E

e.

k

I'

~ ~ ~ *

..:t

., . . . ., ,, . * - - - + * * " " - - ' * " " * * * ' ' ' ' ' '



m ca .a., ,

.. ;

,

,

..- . ..

: -

- - .
-

. .. . - - -- . - - - - - -_ .,

,

_.4
. n

.

* . .

''
,
4-

- 3-31. .

f er tr e -- s s .r' .. :end'M:r.; .a.t_tha:_.pi.:._~gepia; in tind-

~ .e fa:: .ne : :: cause uster to fir. s '.-e.che :ci,~i.".eret:
. .

.
*

is', hy .sces n . . a need.fcy_, a_ ;res sure.f r-- f r:: t he .1.qle t
i tS the ou:!at :: cas:e # e a;f:c- ' T fl.% t.t:4. One.sh:uldj also ncte that fres EU:ati: (37) 1: car. ha seen that f:: a
; given s= cunt ef ?. eat _trses'tried ':r the ' t er in the cha- e.,

, the teTera tur'r_i_ cuase ki',1._.k3 in s if ::e coel.. .:jlev ra:e/)y in the channel, L _is inesetsed. nus ,' if :ni'Ednej tic a:e( ccasidering, is the hctrest, tharrel in the ::re and if the
{ coolant exit ta::nerature cr :he caxik.i: surf ace :c. ; da:ure
* is too hf-h. cne ceuld cause these :cperar resto bc less if

cora coclar.t ccCd he causei : flev thrcq h the ch:accl...

I For this reasen one finds :.tny tires tha; crifices are
.

~

.placed in the c.a..:.nael to c: .:rol t|.c fice rate threui;h the"; channel..
1

As one a., :e:p s to .; ush the ta=; e rstures o f the fuel'

and the coolas: . c. Tit to a c.:7.irus'. : Cain =axisu . ther:al
ef ficiencies anc. reactor pc"ar ou: uts./ene.teco es extre eiy,

M .
.interes:ed in k:eving :tiat ene does :ct ex:4ed :he =ax'inv:

[ t e=pe raturen vinacut damagt:.- the caterial.f. or causin;;
j.. exces sive boili:1c., etc. In the case cf e .if t,r. internal

heat seneration, the ,1roliler. cit e r.' : 'he ::: eit r'ere .h :,

J, because at lema: te vould'tr.re that :%.e :a.c. rug te :pt siures,
, ; vould occur at c::.e exit. t erefere, ve c:ulf look at these.

, f.) - tenperatures ,2:n closely a .i yerha; s, sven ins:all instru -
| ', centation at tha: oint to -casure :he :c= eraturcs..

IG.2.7 Non-Unii.:::s.h: Cy= e:rical *:te.rnal.Ge" neratien
'

.

JI
'Ut:fortymly e che rate of i .rernal encratien of hes.

inside a reactor. r not unifer thr u Seur. t..e reactor. Bis]~ is duc,.lo the fan : hat ene :.ctr.ca Qx.vMch causec.' fission,~

J is Q ta. o: Shout the core. As cce t culd expect,
.v. neut.rons leah ou: ef the outside surfaces ef a reactor core4

and are lost to t:ne reactor. Jus.t as in any other physical
iphenc.:enon in s>hich there'is. a net cu:flot* f ron a s; s te:

I (water flov elec.:ricity floe, heat flou.) :here is a < radient,[ . cy_ potential necu sary to cm.a e the f* osi. in f act, tre have
t

.

just spenCconstw.rable time ciscussing the fact that te para-(,f tur'e ;radients (e ; drops) are secessary to cause heat to flou.
I' ' N

Th e re f o re ,. the r.w gre___ff= it a res: tor core is cot
uniform,'but is a maxi.- - 4 % -iddle and 'ecre.:ses accordingm.--

i to'~iIE3e atical :Cationships, uhicli cre dTet, .
. @s ..a ae .cf the er.scter cote. Therefere, the neutron 11ux

p3 o.n.the over-
-

! (and thus the int 4M'TE3I-';escraties rate) in a reactor might
. i co=ceivably have the general shape shc en in 71;;ure 15.~

In reactcc cores in .61ch the shape c'f the core. apprcx-
. 4

isates c!.at of ac upright cyli . der. .the theoretical shape of
. {t. . the neutron flux ' qncrin; centrol reis , etc ) in the axial I'I
,I direction is that sf a cosine f acetion as shr.n in Ti:;ure 15.
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l Intertial Ceneration!
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1 !- i-Radial Ccre- '
?

Dimensiono

Tigore Ifie
,

Trus, icstead'of heat beinc generated unifor:,'

17,along the
c:ial ler;th of the cociant cht.nnel, more heat is generateda

'.a .d thus transferred to' the coolant) at the exial center-
'

Line than is generated- elsc tere.,

Therefore, the rete of
tc perature increase ci the coolant acculd he areater at the

.

cestet of the core tha:I it vould .be near, the inlet and outlet.
j ~ h s the t'c:perature rise of the coolant would he as sheen in

Tipre 17 in ecotrast to that sh'on in Figure l!..>
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From the above fiCure it can be seen that the uaterI dee.s nat take on .~.uch' heateratureWi at (thus there.is not a lar;;e tero-
the inIet to the coolant channel. Louever,

as one approaches closer to t5e axial centerline. nere azi3
mElieWL pinerani c.us the rate of te=perature rise ::er
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'

. uaie 1tr ;;i cf F"--M y Eas_c . :r.4.L;s :.w:; _ra_:e__is." " read e: 2:_ .e.ge.ntar_ W e. Eey -d :his peint the rate ci: ~

t e:re ri:u re riac_ct.;c a-ain dar cases, Euc cf ceurse the*

: e- e r. : u r..e_ co. n. ti n .s e s t o inc re 2J.f [_'i,gy,_au.s e '.e U_ i s 9 t ill._ -

beir. added._
1

! Let us noe look at hat s'ffect this has ch the surface..
te-nersture cf the cladding and en the fuel element centerline

i t e:rera tures. Zecause the ra:a rf internal heat generati:n is
no len ar unifor along the axi.t. 1ength.of the chancel, the

*

a cun: :f heat beins transferre-: :hrou h the fusi ar.d threa;h,

the C L: ins to the coolant t:11 -::v along the channel.
Fa rt.% . beczuse the te=peraturs d:ep threugh.the fuel and
cladd:.t; and throu;'s t'.e cociac. film cill be proportienal to
t. e ha: bei: , transferred thrr';;.-h thet.. the temperature
dif f erer:e Ig-7, and T -Is c vill no longer be constant alen;
the c'.4:nel, re cever, the te ;.arature dif ference Tg-Ts. and
Ts-T s u,1d be of ihe sa:e ;;e e ral shape as the axial neutren
flux er internal ge: era:icn rata shed in Figure 15.'

.-

.

As a result of these cen <:derations, the axial share
cf the claddin; surf ace. tempera:a re and .the fuel. centerline,
te .pera:ures veuld be of the c'e:4. al fe'r:s shirin in Figure If.,J

'
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i Fi;ure 12i

I
! ere are a nusber of ic .:::and observations which} can 1: =aie from Figure 10. For e.x' =ple ,' although it. is( l diffi.ul :o see because of the c* :ical effects, the teep-

.

'"
s' eraturc :.if ferences T -T and Ts-7. have the shape of the

axial _f1_, in Figure f6.* We aisc 5cte that!
1 the max 2.r us

- I
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t

cladding surf ace.ter erature, T , a ..i :.axi=u: fuel centerlines
' te= grature, T , c: '' e .ter occu r a t the 4.xit of the channel.f . *

In ! set, the fuel su=f-sce te=rerat=re incresses fro = the inlet3
conditien until it saches a maxi =.:= and .then decreases. Taus

'

the cint a t uhich L:te =.1xi=u: surf ace tenperature occurs is,

>

not resdily defined. This also ec:urs for the fuel centerlinei 'te ~erature'. It i=c: eases as one =. oves axially up the c .annel,
reaches a =axi.mu= ane:.then decr.eues , so that its point of.

=ax1=u: is also not.readily defined. Althourh it is perhaps
not tec easy to see, the 4x1=u: fuel te=7eratu're octurs at a

. 7:tst slir.htly clos.e: to the cha= .el inlet than does the
sdriace t = eratdre.

;;cte Iso th.c.t because the. fuel te=;crature is cot
constant alcng the. *.csth] one sight exnect C.st hest uouldi flov axially in the :. el f rc= the. ? tint. of r..wi.tu= te=pe ra ure
to the it.el .at loser e=peritures . Inis is true, but because.i
the anal icngth 13 2- s; cc=paro * ^ -' e hes t flev p:th to the.
coolant,' the. assu=pt as that heat fL us caly 1: the ese
direction (f r.:.- fusA. :o coelant) is a . reasonable ene..

.

- 3.2.5 Actual Inter c.1 Ge.neraties Ocnditions

Actually, if =he internal j;e=eration rate vas of a
cesine shape in the a:=141 directice, the eroble of deter =inin:;*

the acint at chich thu. caxi=um te=~erature's occurred and hear*

h*C these tc=reraturn are oculd ::t be a major mathe=aticsi-;

proble- for the c:01 uar. Lc Jeve , unf ertunately life is not
even this si=ple. ' .*e 'r=o : for ex== ele chst in =acy Pt:Rs. the,

*

control rods enter tna reaccer vessel at the to, and especially
the beginning of c.cre life are :. erted into the reactor atat

. . varyi:3 dis tances. ~'.ese di;tances tapend on~ a nu=her of*

J
censiderations includ: ; pc rer levd.s, fuel turn-up, amount of
xenon present, reacccc tetperature, etc.

i I
. !

These control rods rhich cc:tain esterials, "hich are'

j
heavy absorbers of neuitron: , distert' the shape of the' neutron
flux quite appreciabl+. To r exa=;.le, if. the
partially inserted, t=.ey depreca (or :'ecrease.centrcl r?ds are~

) the neutron fluxi g chere they exist. *v, ioitg this they sight distort the neutron
flux in a =snner similar to that s'.s.<a 'in rigure 19..

As see: froo ."1,m:re 19, the effect of the control rods
partially inserted inco the. top of the resc' tor is to depress
the flux or heat ,cne=atica rate telev "hst it treuld be if they
tiere net present. ' Th: s then causca the flux to " belly-out" in
the lower regions of the cere. If c=e :rere. to study the effect
of this type nf best. ;eneration distribution. one would find

I the temperature profile of the coela:c, claddina surface and fuel
centerline to be more : istorted tha: vas the case in Tia,ure 13.

| Further, the poinc .at' vhich a parti:vlar te=perature "ould be at

!

=axi=un would be quica i= practical ~ ts deter =ine because it trould
be olf ferent for each resicion of the rods, coolant ca perature,
etc. Thus, if re "ase ed to =easure the maxi =ue ta=perature 'ie
vould not k=ov where a locate the ther=ocouple, '

i
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Fi;;ure 10 .

.

C.2.3 Ef fects of Ucu-Unifor: :'.adial. :. eat Generatie

'fe have discussed the effect: =f non-unifer- axial
heat peneration. Unfortunately, as :241ca'ted in F1 ure 16,
the flux c e %at .a,enerati:n in 'the- racial directier. ~is also
not unif e:- . Thus, .: hat t:c ha::o dis,:u.Ased so far a :de the
axial te :erature distrihution vrould not be the ss , ter' each

I channel, 'est "culd. l.e dif f erent for .usch coolant cEinnel in
, the cere, doyendin2 on its radial pes ion. ~~he ' ef f e t t of

reds en the radial'distrilution of fl.u is also inn : tant.
For exan: le, if ese inserted t'.e cene :1 ro.ds '(f rc t the top)
is one side cf the core..'.ut-left.cho nods en the ether side
out of the core, the radial distribut: n t.culd't.e dit torted

,

;
, . in a corne r scrhaps sihilar. to that s:w n ir, Ti;;ure .".2 for the -

'

axial cenditius.
'

us, by aeira a* ale to predict the point in the, rcactor
c!.ere the fuel is' the ~ hottest or the .nurf ace tennerttere is tLe', hattest, se that'certain 11:its vill nwt be exceeded, is an .
extreely dif ficult pr' ble .. As a r2mult, one is presentlyo

f aced'"itn uttin; an extrc=ely lar;;e nunber of nuclear.

;' ~ detector:. throuf.:out the core to doce==ine the aper:xinate
' shape of the .eutron flux, because.one can then esti ste he'.:.

. the heat generatien, heat fluxes, fue' ta=peratures a=d surf ace
j tenperatures are distributed to =ake nure that they do not
j. exceed prestri.ed license or saf t 'li:=_is.

~4 :& Ws iWi
8.2.10 '.;c.certainities and ~ot Channel " actors

,

Fron our previous discussions ycu should nor: be auare
of the fact that the internal' heat ::cmeration rates tre not,

', really uniform throughout the reactor :cre or in fact in any
i one particular fuel ele:ent because c:' radial, axial or localg ,

2e' ause -3nese neutron flux and. : neutrcn flux pertuttations.''

c
I thus internal heat generation rates c.=n also va cy as a functica
$'

;

. -- -
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^I

of eine due.

I
to fuel. bur =e, ,eis.on huild-ie and i- - . rut,a

;
e:nt r='. rod oveentr , etc.), it sheuJ d be a- . rent .,

..at ese:
c clant channel cr fuel ele ent is potentially dif farent f rr:'

each ete.e: cna in the reactor cere. Therefore, seu eill 14.
i

ho:cer channels than o:Scts and thus.eill be eleser .e the
peine of exceeding cladding natcrial c: fuel citir.4 te pers-,

tu:es. ~he desir.n engineer cust =ake sure that the .:ttes t;

channel ^does not ex cee safe te :erature li=1ts and ne
,

c?erator cust be ; are of the operatin;; restric' tier.:r Placed
on the reacter.so that the reacter is operated in a tr.neransistent with the desi:n engiceer's asc'tions.

! '

In the :reviaus secticns an attr et nas made to!

de ons t rate that it is difficult to know which ch4=nd or{ tuel ele ent is tne hettest, or, in a articular *cha mel.at what location enc r.aximum cladding. surf ace te.per2.:are -
,

or muinu= fuel ele = cat centerfi e te=serature is re a.: sed.
.

Actually, there are acerous factors in addi::.os to '

a

the radial and axial yariatiens in hedt generation ra:es tha:
afiuct 'inere the hottest cha:::e1 or the hotte.st spot .c a.
channel occurs.

For exa:ple, if we refer to Fie;ure 23 ':e vill see-

! depicted several xssible sources of uncertainities ' :.ich
mia,ht result in the creation of het specs in the fuel.I

l. ele ents or claddtng. Gone of these are as fello ts: '

a) IrreMar cectact bet seen fuel and cl.idde..t,. ?t
.

~

srecific. spcts the fuel and clad !in , =ishe h i. en,

~

inti. ace certact a-d thus provide for good he t.: fico
fr:. the f'el to the cladding. :.e ever, at ed:gru

s cts there nav l'eCaps terveen tihe t"o thusincreasin t. e tSernal ecsistance and pror!uci. ~ a;
-

I blyaer' temperature droo acrecs tha 0.ap in orde; for
i

i the hest betr.g .renerated .is the fuel to * c dr. wen'

As a nsult of these irregularities, meer heatout.
*

cight flott out in one directien thJn in anotha.r.
'

.;

b) Irreaularities in cladding thichne.sc. The
cladding; duc to anufacturing tolera:ces or _i.n-;

stallation da: age cight 'te rhict:er or thinner =| ;

spots.than.che avera:e. The thick.cr portions act .
1

j as increased rc iitances and the thinner port *.r:s- |
'

reduce thermal resistance Furth'er, the 1.ulge in
| the claddin; could conceivably reduce the flo crea

*

h for the coolant and thus restrict t'ie ar eu.it c f
3 ecolant flowinc, throuch the channel. ''

:is uc ~ '
nean that the smaller count of coolant uould ;et

I hetter than execcted as it flossed through the
channel thus affectina the cladding surface
tcpera tures and fuel. tecreratures alon.", the
length of the chachel.

.

.
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- t

The reduced flo9 in O e channel ceuld also reduce -

the f11., coef ficient .:f heae transfer in the i
chan .el thus resulti .i in a hi;;t.er tenperature i

'
'drep across the fil- ~.ich ' ould result in higher .

cladcin; and fuel te.-!;eratures. i

i

c) Corrosier. 4dd deresits of scale and crud. ' ~. e*

de; esition of scale ar. cruc can result in additienM-

t:.cr~al resistances and increased te .reratures of' r ..e
; cla dding an'd the .f ue1. This ceuld d. rive the~ Seat ''

eur o ther lecations r.sarty chich are not si-ilarly
1 fculed. The added rc,r. stance to coolant flou could
^

se reduce the ficv that coolant ten eratures t ould ',

[ rise ateve ex; ected Ir.els.
y

1 *

'

In addition to the 2beve, there are tro other minori

-1' cc _-lications that tee ni-ht sa.ncion:
i

j a) Irre;;ularities of coolant fleu to individual
j channels resulting fr:': design na5uf acturing
I - tolerances or installat.icn errors or due to bowing !

f
of fuel pins, etc., th.s causing dif ferent flou .

tates than expected is .he channels.
J
i * '

: b) ::en-unifornity of f.:e1 entichnent or of fuel
,

:

' s| di:tribution in the futi elements thus resulting I

in variations in fissi: . rates and heat Jeneration i
t c.j other than acticipated.

!-
. r
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s

; .t in erder to cepe t'ith thesc uncer:.n nities the desi m
e:ai:eer f reg;en:1y- es tablishes a set .of "..ct .ch::nel" or "ne t '

1 s ::" fac: prs. Tae b -dannel cence;c is ba:cd on the
*

:

ace.n.pri:n th.c ueacter_..syi .(sclid fuel _ el_c. ;en:o trich |'i ' h
'

caelant passages-(er enacnels) Leevces the: vi*l have ene d annel 3

in .'.1:h...a cenS.i.na:ien cf di:ensions er heat #e.,.e.1.a.:;.5s will ,
a

pro'h:e a c,ahin , tcperature er a Iucl te=Se:sture aheve that
e* . .. .

- - 3 i!
: e

'

existin;; at in.U- Te . 6n'the cc,r
-. _ h us re. r es ent 3-fe.li-r!'.M_t s..:

e:---T..ir Te---
erature can t

-
__ c.'ttien can he ur.ed.' as a desi, criterien.. . _Un.e doirn criterien frequently used is

- - -

~ ,

ba s ed en t r e es tr. dis ?. ec t o f a axi .*.:. T e r--i s si'. h her.c flex in-
,

i the Eo: c a.nnel > ..ica 1.s a s:ecific frac:f on -( .or=alb a*fcu: 50
a

.;ercen:) of :'e heat flux calc.:la:ed to cauce fuel burnout.

The hot cha:nel er .htt.s;rt '". :.s_ el.a.te to so.rei=portan: eser.eters such as the te=.rera:ura rise of the
-

c6qlam ss 1: ; asses thrcu;h. a coolan l*~a~hE7r' t?.e heat
-

t '

i h_.x__a : the surf ace of a fuel r.1 cent or thp %e .e_erature droo.~'_
*

a c:: +--th+-fils.-b47- - ^a.,SicM ir and the,ecolant._

i.

,

,~

ne het cha=nel' or hot s;'ot facter is in. reality, for .*

-exacple, the ra:io cf the maxi =u:s rise in coolant re pera:ure
in tne Fct chan .el to the te=perature rise cf the coolant in ,

*

t':e ave ra;e chauncl. For e.xa: ple, if ya refer to Tatle 1*.3
in the 01asstone and Sesens'.a tex:booh "uclear ?.e sc:or '

r i n e e ri r.2 , ue find a list cf t'rce typic:L het enan. el
f acccrs f or the Yankee ;teactor'first core. These three hot
channel f actors are:

,. ,

.

F(To-T ) = b:io of maxit:u::: t;o avera e coolan: 'tecrera:ure i1

i= crease
'

,'

F(q/A) = latio of caxi=u= to . average heat' flux,

i8

g4 j F(i!) = ?.atio of maxi =u:: f

$
.to avera,e filr.te= erature drop

;
*

ne value of these t' tree tyrical hot ~ channel factors as a
f~ function of several varia' ales is shown in Tabic 1.

'
,

4

.I

.

5

1 The~ bo_ti._cha.n.nel fa_ct_o_rs can tSus be. utili=ed :nuch as a .~

f actor of safety.is used in other ear.ineerin; desi n to place
. lini:atiens or desitrn criterien on the 'avera ;e channel cor.ditions.' per=icted is the reactor core.
. 1

The reactor operator s'.oule! le auare of this information
so that he does not alter operatinr procedures stich er5ans have

i

been established so that conditions do r.ot arise in the reactor !.which uould cause temperatures and heat fluxe.s to exceed desic;n t
li=itaciens. Ctherwise ,the reactor could N dsm:ged and/or
lives of individua1s endangered.
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l' Table 1,

f | ,

; Ect Channel Facter. rs*
f e

( -

>

Fuel Rod C' arEeter:s:ics FC-y-T ) F(q/A) FCT)g
,

Pellet Di.ce t e r 1 . *4 1.003 1.0* 3 - '

,

Pellet Density 1 02/. 1.05 1.05 ;

Pellec Enrich =er.: 1 ?ll 1.022 1.?22 &

*

Rod dia:e .er, pitch and bovir;; 1s .Z7 - 1.134'

4

Ccolan: Tice Cara::c ristics
Flev Oittributten in ?elnu= 1. 07 - 1. C,7

1.05 |71cv Di:tri:ut*cn p'Ne to Collin; 1. . 5 .

Troduct -f En freeriac T::cors 1. 03 1.03 1.37
.
.

ouclear Factors
-

!
,

Lccal ?crer ?eaking 1. ~ 3 1.3 1.3
overall Maxi a:- to Average 1. . 2.0 2.9
Pr: duct cf .; clear ractors 2. s t. 3.0 3.S- ,

. ,

OVI2td.L lic'' Cr.4CL FACTOII' 3.11 4.1 5.2 ''

; ,

.

! *0 ara oltained f t:, Table 12.3 of ;uelear 4.z..: tor Te.*.ineerin:, by Classtone
and Ses :aske, D. Vas res trcad_ Ccepany, Inc. , 1;r.7.

9.3 Eeat Transfer Ceefficients

*

In the pre;ra:.ned lecrniny section of our discussica, and at other
eines in our dise m ions ef heat transfer f r -:= a .turface to a coolant,

it uas indicated that the coef _fi._c_i
ecolant fils nas 4 .functier. of the_ent .o.f_h.en _t_ transfer :hrou.a the-

velo city . : f~th e _ccolun t . Thcs, in
-

.
-

,

g e n eiil~,~h'e a t transf e'r coefficients in forcs-G convection are hip,her.

chan these of natural convection. One ci;hr
.then 'ler,1cally'high 'fil:

- assu=e
that the proble= of assurinile> fil:2 te:Per e ature ureps and

1* heat transfer coefficients is only a catter cf pu=pina, the coolant, for i
I exa:ple uater, through the core at high vele.-ficies. {

i

t .
.

$ tctually.the film coefficient -is also .* a. function of numerous other -
i

,

! variables. Sc e of these variablea are the - ther=al cy '~u*ky, vin.nity .

'
I and specif_ic heat of the coolant, all of whw th chance as th's temperature k

-

}
} of the coolant chan;es. In additien, the f'Acoef ficient is also a ;
' function of the si:e cad physical shape of t'Me cociant channel.

[t
. _ _ - ,

s

' e vill not discuss the relationship be ettcen the fila coe.fficient i
of heat transf er and the se variables in grear..ter detail. Lovever, it is j
expected that you "ill re=e:Ler that '* ' inc: eases vith increasing 1

velocity in the chan,nel. For exa.ple, if t'hb u7pd6f Wr4~ to'Ittp not _only 1
-

.

i veuld the uater in the channcis set cuite het : and toil but at the same 1

[vf ti=e Quid decrease, causin; the claddir :nsgef ace te=:eratures and i
the fuel te=perat tres to rise sharply to driv re the Tast'out~through the |% _- -._ .. . -

s -

I'

i +

j - a

a - - - - - - , - - . , _ - - , _ . - . . . . . - - . . .
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f requertly about. .he
' .

i added resistance of the fil . One hears cuite

. ..

quate cooling im the case f ai ;revis,ip s tha: are cade te tssure- ad
- - - v

.... o s s o f .,,.ev.. ac ci d en:.'
. ..

w.;
i Before proceeding, , e: haps I should also oin= out that c e
| cannet jus: increase :he c:-:! ant veloci:y vithout li=: :. As dis:ussed

i

c:hin the ::: ra ced learni: section. the tressurc . crop a:d thes

pu: ping costs increase quite rapidly vi:h increued m.lociti.s. Also, e*

as discussed in the pro;ra==.ed :cxt, the forces exer :ed on core
cocponents by the resultin; ;ressure dif ferences can =ause vi*urs:icas+-

; and/or s:ruc: ural da:a; e. Ff f:r:s to prevent. strue:.=cl deflec:.:.r:s

I or da e e can resul: in 1'ecre ased f abric tien c:s:s dme to the reed
for heavier st:;c: ural ec=;: e .ts. hereforu, one cr: eventu a'.1v

i trade f f the pssible advan.a3es of hiper coolan: ." .:lociti es w: f..
c:her de iun and cast censidersticas.

.

E.3.1 Soiling 1:ea: Tra.sfer
*

In cur earliep discus. ions it uas indi.uated that .:.ter.

reaccers could be sur : rided into two r ajer cac.s ,ories: r r.:s e ,

in which a significan: amount of boiling .is pe:-titted - .e.

~l, and taose in whi:.: leilina. 1s , . in gener:1. ' cup; ress ec -
the NR. It "as a.lse rentiened that in the : act recent ? .'s'

" se:e nucleate boilin: .qs per=itted in an effur : to itic r ea e
average water outlet e r .ditions f es= the 'reac:.nr.

,

Let us no" c.ua" its:ively. discuss the p'enbico of r == vina
Nat frc the Surface :f a fuel elcent u;On "T.ic.h bolli .- ts

'
: sin; place. 'Je hav e ziread/ di: cussed the i:act thst * -1:ro-

'
scopicall/ thin and rC a:ively sta;nate- f d '-- 's to ins . late ,
the heat tra-s f er surf 2 :e f ro- the coolant , rwul tina 1: a

,

te ;erature dif ferenca '.et: een the surf ace anu :he coole=: if.

heat is bein; transf en ed.
'

For cur discua sion, ~1et us consider thin: initiall-- the'

.
; surf ace of the fuel el cent and the coolant ara esse'ntially at

the a .e tenperature 4:.4 that essentially. no Sect' is tein-'
,

| t rans f e rred. :cuever, as the peser level of c: tic reactor i.s

! j increased so that heat is produced in the fuel element, the

j te=:aratures in the fu.el elcent vill increase to drive the
across . he fiin; g- heat frc= the ele:. ant ed the ce perature drep c

I will increase correspc.dingly. If ve assu:e t:nat during. tris

| stage of the ; recess : e fil= coef ficient of hws: transfer -
>

'

| reesirs relative.ly ce .:: ant, ne knob f ron our previous disruasion
i of ccnductive. a:d ccuve: ive heat transfer that the .ta=pe n:cr e

| dren across the film etil increase proportionacely with th e

a cunt of heat (or :he eat flux) that is beina transferred-

i throu;h the fi14 (Sele ?.egion I of yigure 21 r. .ere this effect
;

is doicted. '.*ote that the pidt is on a lor.-lm; scale).

:'ouever, if. :*e :ontinue to raise the pmwer level, :.he
point vill eventually := reached ehere the ce necrature
drop throu:h t'.e fil: is such that surface ce n crature of
the fuel claddin; will reach the saturation te-.nerature of

' ulk of the ecolant ita. elf eight *:e .the water, althou;h thi ;

l appreciably belov the 4:uration te=perature. ..o this

.

.

, ~ . - ~ . . . _ _
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3 ::: ntien is ene.:ed, ti.. s:ca: tuttle.s "ill fern en the.

:ls lin surf ace rc.clea:in ::- i= pef.e ::Icn.i :f the s drf ace
:r around sull ;ss 2: alas u=: rap e-: :: :!.e surface, e:c.
2.es e uuttles "ill trer.:e the eint - era *.,e:aaae of their
bey 2n:v- : hey ill.Sreah sx:y f re- :Se surf sce, go 1.:: t.'re
::elant =d cella:re. .t.: .cre ',est is sdded. : Orc a-i ore

,

.

f :his nu:leare ' cili-r . :11 ec=r. T..e for'. scion cf thesei

: :1. y t u%ie.s as 'rell as :t.cir La:1ca u t'.e'/ f rc' and '.#reak
c.tuses a kind of s :n;tyir.c 'er a-1:atio: e f the f'1.c tv

a
7.18 ' r e a'.~ 3 to the fil and results i: *i..:r:vv. heat ::snsfer. |

.' .
,

Tc..s ce ri;:1:n c:n be seer. In .[.e;ien :: e f Ti, re 21 - : c re ,

the Nat flux is plet:et virsus temperature ef ferenca '.c:. cet
c.e surface and :he fis;.:.

. .1 II NI I'l

)
,

} Si:Fle C:n.ect.icn~ Juclear. Par:121 .rila ?:i;ine,
. ;

.
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{ The rapid increases .is best . fit:c "ich. :e.lp.tivel .s all
! in te- erature des across tha fil= : rcinus :hrou@.-- . creases.

a :re.st por: ice cf ?.e icn }I as.the extent Of the nucleate .

: u:
.

; 1:ilin~. increases. ico sever, as the Sc"er level is , increased |
'. .t d :he heat flux thus increases, eventu 11v cr.e reaches the, '

: n: that :Se buttle for:ation en the 1stface of the c* adding
*

| P ,* # -a so dense taat the bul/212s 'se;in to c:alesce and for::.
.

ja
. . ::inucus film of vapor over sections cf the s rface. hist. ,

I
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f ila o f s : c a; vesc r s e rves as an i r.s ula t in. '. lan a t . ts a e
- result 1: s e -i.; te r.m: ire crea:er film ten erature differ-

ences to increase the heat flix a small AN.t=t. This effect; ca: be ceen near :he right-hand side cf .'e,:i:: II and the*

lef t-ha :: side of T.e: ton III. cf Fi;ure 21.

! 1r.icially, this fil: bla:'.e tid; is m :able- first
I un: table for=in;, en one section, then breahnt, arcy :dd
{ perhads fernis; c= 'a nearby section. Lcsevers if the

of heat 4:te=ptic', to e:: ape from tLe ele enta c .t

eca:tnues to increase, eventually the fih bl4.c: covers
the surface and heat transfer throu:h the bidet of steae
sus t ta-e ylc.ce by cendue:10.. cond, radiecion .ei:her of
%ich is verj efficient at :nese torperaturd. Povever, as
the fuel ele =ent at:eb:s to ace: r.cda:e ::>re Lear, the'

tenocratures sear ur. ard, bet; :hr:a;h the cit: ding and-

throu;h :he furi ele.ent. E.sr.:ually, the re per ures
te:cce so ;;rea: that neat tran,.fer t.;rouch. : .e fil:: Ly
conduction and red 14tien be:oses more effec:1ie and the
curve *.e;it. to r:se E sin. Lebever,.:1.e e c;eratures
of cladding, and ith it.el have " ecome so (;1:;h '.'y this ti: c.

that there is the resita' i'.ity,

th : the neitic'' oir.:s-

r.sve been reached,. Icadin; to_ ,

u r -cu t of the fuel ele .cnt., rurn-out cay result ir. the ru ture of the cla . finn, tnusr

enablin.; the relea;e cf lar:c ;uantitics' cf radic ctive
solids and .,ases ir.to the ecciant.

1.s a resuir, the Nint ci s:xinsc: Pet: flux in
.

tc'.e nucleate 1oilir(, re ,;1en.12 a.pcint of c;=siderable!
in te res t te :5e thattor desi ner.snJ o~erater* To exceed, this pein:

t can r=cdily leW to *;u.rn-cut. (r...s does r.ct
i say that burn-out ccul'd not occur scener if :'. c. rarticular
j c. lad:iinn in use had a lov enourh multica pein: that this

tem;,ersture was reached :.efore- the cas1=un 'Th=c eas;
attained.) This saxt:.A meint is referred te .y a nun' er
of different names by rcacter personnel. :.o:4 of theseare:

,

' c arture f re- : ucleate toilici (D. *.3.)Critical !:ese Tlux
.

Max _t.u *. car 7Iux
' i

' turn-cut ~reat nux (not that burn-out will
necessarily occur at t!.at point, 'sut that

! exceslin' the point *.ould pro'*aily lead to
l burn-out)
i

If the fuel element is undercoing nucl eate boilin;near the D.... ,. point, a 411she increase ir. heat vill cause
a sudden change to film boilic , t.hich usually results inburn-out.

| 'l us cne does not vish to c:.erate tr.e reactor
,

| under condi:1ons ' hich "cula cause the heat fi .:x to approac.2too close to the D..'.0. Toint. : er- ally, therefore, a factor
of safe:y equal to the retic of the D.i!.5. heat flux to the
design heat flux is usually used in desi;n :nd in operation. .

|
*

This f actor of safety is coe.only called the S.rn-out rseio.
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, .,
'

'- *

j hus :
,

'./ ,um-out 2:.s . D. . 3. 1:e a t Flex|
! - - - .
t : .'asigs . e4e lux

.}
:

4 Generally i- the tec';nical specifications for a
*

re s c t o r th e . .1-1 u:- rn-out estie is specified at a siven
yxer level (f reN r ely at the level where the readtor '.-ill#

' e scra :ed autcr.s: .:211y -- such as 115~ of full pcver) and
!,; is nor= ally in the ta ge. cf 1.5 to 3.0.

i ~

la a cu bar :f pacer react:rs a lar:;e nu=ber of in-
*- c:re inst-= cats (s :.. as 5:all fis si cha:Scts) are

diitributed throug.. ::t' the, cora a:d calibr.ated to. read
p e rc ant o f Sa:tir= ; .~.is s i' ole h ea flux so that the-

opera cr can assure :.nself ths thue' alues are c:t'

being exceeded duris.; operation.
!-
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9.0 Int re duc tic s,

-!
The first ele.ent in- the rascter it.s:ru:.e:Carien sys t e: and the

c e t. hat ,1s tr:bably cost un13ue to a rea:cer plast syste::: t.r the radia: ice
dete:ter. A device which can be expesed to reccter radia:1.: : levala and
produce a si;nal pr:pertional to thr: chich can be 2:ed to L:tiv3tc indican ;,*

reccrding, and centr:1 devices is required. Lefore proceee:.!; into a
dis cus sic: cf specific types of detecters and the canner 1: chich they work,
it is a;;re;ria:e to revie. briefly scre 'cf the basic types rf abclear*

rttistien which cus
! be sensed and the ;;eneral sanner in whi. ; they =ay bedetected.i

.

o
~

j 9.1 Padiation

.. 9.1.1 The Al;ha Particle
.

'hc alpha particle .is 'a fas.c =cving stable tr tup of two
{ proccns crd r:o neutron 3, which results phen- certais ~~~; ea cf( radioactivo nuclei decay. It is e=sentially the sc::e c.s :he

nuclei cf a heliu= accc, houever, it differs in oripi5. As an*

alpha 7.articl2 released in a radioactivo decay event :lors do n
in pa.:1: 3 :hicu;n ca:ter, it vill ultiestely acquire r.:e orbital..

;
clectrons and reco:e-a nor:al'heliu: a cco . '" e r.to pretens 4.cd' cv: ceutrone rhich' cc:7. rise the alpha particle each h ve a unitcass of 1. I.s a result, the total relative assa of c.Le alp;ta.

'

par:icle is I., er a ti=es c:iat of the hydrogen hecs.~

* isce the'
alpha particle censists of tuo.neu:re:: and t"o protc .d , the

:

. ,

ne9tr:ns havin; :ero c'. tar c ar.d the pretons havin: a :.it' charge
,

,

of +1, the to:a1 char:e of :he alpha particle ia a +2.4

In t. .eins:rt:sentation nor: ally used fee operation .of a nucht.:i

plant,
'

there is crdinarily no detcetien of the al;ha partici:s,

; - }
;.oueverit sic.t be noted that this particle is produced 'by ec:tal decsy

of the fissiona'.le material thich serves as the ratt m.Lierial fort
energy production in a nuclear plant. \ hen such cater .al is lost,

Jj the necessary search =ay vell be cenducted vith an alp :.a. detector.

( 9.1.2 The Eeta Particle
. i

.

9

; } A beta particle is actually an electron; hovei.er, the cer s.'
t

is generally used to refer to an electron which has b.ie.:n ejected,T
with cocciderable kinetic energy, in the decay of a rseioactive] cucleus. The beta particle has an electrical charge ef -1 or +1

,

'

.

and a nass which is cegligible with respect to a neutr mu or alphaI
{ particle.
<

t

| The detection of the beta particle is not ordir.arily
j utilized for operation.21 purposes in a reactor. instru e:.tation

'

,

.icnever, there is one circuastance in trhich b.e ta detectionsystes.
6

can becece of considerable i=portance to reactor operational personnel.
If a misfortunc occurs, and the fission products r. ort 2". *y contained

' ;,.
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withis :he fuel eMen: cladding cre relcasca in:o the reactor
pri_ arf sye:.: , er ;erna;s frc: tr, s' subs t :n:fal portion- cf the

i ,

I t
resultin; c:::221:a:i: sed radia:1:n levah 911 hvelVe beta ,

;
. ' radiati:=,

one prac:ical proh:|c= vhich has ariser. in the proces,s of
f re- s ach a release ec:urs enen radO :1:n levels are so }

i I cleanupI li:ited. This
: high ::a: perse=n.1 w rki ; ti-e is an are.a ._:
- sorting ti e :e :::r.ly is c:r.:relled by :ahin; periedic observations i

! of the indiestion on a self readie; desine::: . i. vever, this read 1=g ,

f dcas ce: reflect the beta radiatica expcsurs cince be:a radiation [
'-As a result,does cat. pece:ra:e :ne zetzl vallc of the de.n =eter.

uher tec; king :i-o is li=1:e:i in :his f ashien. :he results f rom the ,

.ievelep :ent :f :na fil: Lad,e insert, chich ncy Le reccivcd a veek;

1. iter, ray irrica:a an undesira':le expesure. To avoid a problem,

the ratio ed > cts :: ;;a .=a radiatic can tc .t..::e:--ined, ytth the
test ics:ru=entatica svailable, sed. used cc raduce a safety factor

, shich can be applied to the readie; observec ca.a self readie;
'

desi eter. .
i

9.1.3 ' Com:4 ?.adia:Los,

.

i Gr. a radia: ion is electretagnetic : : nature., and is there- . ,

fcre similar :o light and radio waves. *icurrafer, it is of r:uch ;
3 .

j higher fret ency (shseter trave length) and indeed is at the upper
j extre=e of the .:Lectre-a3=stic spectrus.

.

A subs:antial fracti:n of the endr;n - released when the
|^ fission eve : eccars appears-:: the fo:=.ef p.:c::a radiation. The

1. tensity of cu radia:1:n is thus proper:..csal to the race at
t

i
t.hich fissien is occdtring, and henca reac er pov,er level. There- l

*

fore, it uauld sme: pcssi':le :o usc a seasul e est of 3a:=a radiation '

level in er neu the reac:ce c:re as a eear.::re of react.:r pcver level,1

and indeed it.cas ice done. E:vever, the cr.uaure .ent is c- : plicated
iby the f act in addition to the gar-a rad.icr_ :n releas ed instantan-

ecusly , as a result of fissien. .cany .of en.a resulting fission products |
'

the:selves decay, at vartcus rates, vich :m release of siz'able *

a cunts =f ga. a radictios. :,cv this cc.pu:..ent of the everall ga=a '

field is net, ropertional to the instantaneaus fission rate, a '
reacter po"cr level, but instead is _ a ec p' _cated function of .

,
'

f previous overating his, tory of the corei Si.u:e the overall gz::a |
*

tfield hr.s :his component which is not direc- ly .related.:o the currest-

{|. power ' level of the reactor, its value as an indication of reactor j~

1

power level is severely handicapped.

F.egardless of the fere;oing, ga==a :sdiation level can be,
*

J

'.
and is, used as a seasure of reactor pover' icvel. Its use for this

f 'ecueen, perhaps LC and
.

purpose, hauever, is lici:ed to the region s

1001 cf full power for the reactor in quesit 2:n. In this region, the
i f ga;=a level resultin; f rom decay of previcu:.cly etcated fission pro-
i ducts tends to,te relatively scall. An em==ple of this is the "*

Fever Chancel" of the Penn State p.1CA T.e:c::=r. Uca.*ever, even uith
the reactor operating at i:s full rated pcmer level, th=re is an
uncertainity of perhaps 57 is this channel.. In a pouer generating

h
,
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reactor, v31:n ::a: be eperat ed at a lovel as close 2s pessible
to so:e raced ;rcel fer e:cco=1c pur7:se:, and ::hich :us t, at all |

cost, b e cais tain ed b elev tha t level f:: scf ety reas ons, such an |'

uncertainty w:21: he undesirable. ^ile the ca==a radia:1:n icyc1.
.

prod.:ed,5y a re:::: is no: ;enersi!y reasured for cper ::enal l

purposes,1:s existence is scill ef ;reat i=portance to the reaccer ,[

operater. Tnts 13 due :o :he fact :r.a t :he neutron sensitive r
'

systers hich tre used for reactor T y. e level dete r=ination are j
inevitably sensitive :o ga==a radia:ir=. Therefore, as util be ;,

rather ela' ::a:e scheces are ased to screes out the ga==4 iseen, :

8si;r.als produ et jn such syste=s.
f

Car a radia:ica te:::ca. of L=;:rtance to reactor operatinc L

person =el in an::rer day which eigh: te cen:1cced, altheu it is,

se e.::::'se::nd:re to the re~acter c sra:in; prebles itself. Much
af :Le radicactivite prcduced,in ca:eri:1c exposed to neutron ,

irradia:ica in c r near the reactor c:re is ga==a activity. As a !
result. :he :_a::: eperator f reque::ly finds hi=self concer:ed j
'ith the shieldin; and handling of such ca:erial. P

a
.

9.1.4 The Seutren
L .E l.e- *

The neutr : is one of the ba ri: e 1;dieg' blocks of the ;
atecic nucleus. :: has a uni: nass :f 1 and cn electrical charge :
g . B

o. v. ..nc neu:re: is perhaps the p2r:icle of cest in: ercs: :o the ;
react:r cperar:r. since its abscrp:i:: by the nuclei of certain of I

th e heavy ele en , and-the resultin- fissi:n of the elegent is :he
;rc:ess Unich reiseses the energy wh::n a pecer reactor is designed

*to prrduce. As a r e s ul t , neu:ron deis: tion is a =atter of paramount
:yncers to the reacter operator.

i
0.1.5 other Types of Radiatics. E

g

IIn the ref ere=ce caterial asa::ia:ed with this prcgras, j,

one can ficd a variety cf other par:i:Ics and suspected p.:rticles
{described but tiese are act su f ficicn:17 obvious in a reacter

enviro rent to be of interest to the rperator.,

'

I
i*

,
9.2 Ionizatien I,

i '

! Consider a fast ::ving charged particle such as an alpha or Leta
particle =cvie; thr: ugh 3 :ce r.aterial. It will cecasionally approach-

closely ecough to an orbi:al electron of cae :f the acons or r.olecules*

of the caterial to crea:e fcrees which, utll cause the electron to be dis-
lodged f rcn the ate = or eclecule. L'ha t is lef: of the ata=, after the3

electron has been stripped f rom it, is referred to as.a positively charged
# i

ton since it has lost :he negative chor e due to one electron. In addition,
j there is noe a f ree electron ::ving about the sys tem. These tuo particles,,

' the remains of the a:2 with one electroc re:rved, and the free electron
[ :oving about the system are generally referred to as an ion pair. The j

.bility c! a charged par:icle to produce tnis ionization is expressed in ter=s,

of a ncubsr called specific ionization which is specifically the oc:ter of i
8

[ ica pairs for=ed per cer.ttreter of path traveled in a
| '

I. ,-

_--_ _ . _ _ _ - . _ _._. _ - ,_._ _

,
- - ..

g

.



[- : _.,,4 ' i . .

~.jg

s

9

, ,. ~ .-.
. .

.

. .

__ -
Oh-

! '

H
.

.i

givec =aterial. 0:e can visualize :aat specific ionizatien will tend to'

i

: rease with :he charge of the par- ele since it will thu, be able to "

e.~. e r : ::re Torce 0: the crbital ele:::ron. Also, assu:ing .sr:1cles with.

j t:e sa=e Linetic energy, those whics. have higher = ass vill ove core slevly
and vill spe=d ore ti=e in the vic: :ity of a given orbite; electros, and
:.:e probability of elec:ron re= oval r:.ll be e .hacced. For these reaso=s.
: .: specific icniza ien produced by un alpha particle is ci.nsiderably
;reater than that cau ed by a beta p.ur:1cle. The specific tonization due*
:: alphas =ay be 30,000 to 100,0;] :.== pairs per cesti=cter of travel,
v .ereas a beta particle of similar a=icrgy =ay produce only 30 to 300 ion
pairs per centi =eter.

.

Since the =eu:ros possesses na charge, it' is not car.ble' of
.r:ducic; i :1:atira in the =anner , : beta and alpha parti,:<s.. Eovever,
f:rtunately for the reactor cpera:cr .to cust detec: neutre. level, it.

L ne: unusual f er net:trons to prone:e ioni:ation by seconAaO neans.
hnas :::erials h ve a s tren; te=:..e:::y to absorb er capt.... neutrens in
1:eir nuclei, .hich leaves 'the nucl :. in sa " excited state.** or a condi:ic::

,
,

cf excess e nergy. It co=monly rele.ac.u: this energy by ecit sir.g a charged
p r icle, which prcduces ionization.
.

Ga=:a photons r+werble neu:rene in that they posses, no charCe and
c.; not produce ioni:ac tes in the =ar: a:: described for alpha .nd beta
p rti cl es . havever, F :a radiat10: can interact with c:att.: to produce
1 .s 1:t any c f :.h r e e - o c es s ca : the 5:notoelectric ef fect, s.:=; ten scatte:._ng,
asd pair.produe:1os. 11thout atte=; -: ng further explcnatic. of these precmsses,

_

it will be stated that, as a result, "' a radiaties is' s t re a i;1y ionizi:g.

?.3 riectrical Fields
o

ne ;r:ducrien of ions in .2:a:-dal by various types ..t radia: ion hau
] t-en discussed, i c ever, to use t.is chano:ena to detect ...: =easure,

radiation, it is necessary to crea:e :ith.'it an electrical itcnal. Conside:--

Figure 1, which shws r.o electrodes cnclosed in a gas-fill.J container. *'

. a voltage is connec:ed acrcss the tve electrodes as shewn, e potential
'

| grtlient will be created betveca the=.. Any ions betueen th two electrodes
j v.i I be exposed to' a force tcvards one. electrode or the oth.c. The posittwe
'

1:_s will be attracted to :he negati m electrode add the ner.ative ions to !

:be pcsitive electrode. Uhen a posi::.:ve ion reaches the nec.t.ive electrode
1: vill absorb an electron. W.en a eq'ative- lon reaches th, positive
<_le:trede, it will give up an electrert.. In this process an .lectron vill ;3

| hr.e been :ransferred Scr. een the evo 4.Jectrodes, and ef fect vely throur,h c nei

; e.zternal circuit. If sufficient ions are available, a =casn.able current c:cs
he produced thro 3h the external cir:mit. If the supply of tons is continuciusly

.

! g re: laced by ionization due to radiati=rn entering the centain.r of gas, the '
si:e of the curre=t produced vill be : slated to the radiatit*3 level.

|
l 1

.

9.* potential Effects,

The very basic syste's shown 1: Tigure 1.is, while cru.le and si=ple, !
I nevertheless represer tative of a largs percentage of practir..I radiation -

'
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3asic Lidiatien Oe t:cstion Sys te= |

detecter, in use. As might be expected. the eperating characteeristics cf '

such a .ievice varv censiderably with the . voltage applied. FI::ure 2 is a
;plet og relative ion collection vs volen;s, as the volta;e is : varied f rect *

O to sev-ral thcusa d volts. It is custt ..ary to divide tais characteris ie
curse into the regions shcun in Figure 1 and consider each rcezios is cor.- '

i

siderab), detail. 1,
9

t

In region I, the voltage is too itw to impart that necesssary
separation V(locity to all of the ions p:wduced and since ther do not me te -
.quickly f ar enough spart, they have the mssibility of recomb:, ming. For
this rea=on, this is called the reco.bic.stion rer, ion. This in the loves:: i
output v. ,', ion of the curve. It is not ;tt:erally used in any :ractical I
radia tio . detector. Increasing ;he voitt.1;e further, region !Il is encounte. red |.

uhich 1., referred to as the ice :ation ren; ion. In this resico:, the pote:r.ial
applied 15 sufficient to prese=t my rec::cication of ions eitter for=atie.:,

an1 they all travel to the electtedes. .91:ce the number of icon pairs fccmed'
*

is a funi cica of the inter.sity of the r *_diation to chich a dev--ice is expc' sed, f
i

the out;...t c..rrent utll be prcportional to the level of the ::adiation at, the ;-

i point warre the detector is located. A:s:ther icportant point: concernira this |region which is of si;nificance to reactter operations is the if ace. that t'aere
|

.

1s litt1. variation in char;e collected ' tor current) with vart:.ations in .he jsupply violtage. Therefore, if the voitt.:.te is established at -:cor.e points ..
;

! )
! l
I i
! ,
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Figure 1

-Nueber of I:ns Detected vs Voltage Applied'

on A Cas Filled Detector

(within this re; ion) miner variations in the voltar,e have relativelylittle effect en syste= call' ration.o

are of consi.:trable importance in. reactor inserte:entation. Devices which operate in this re; ion
,

the too ::llection gradually increases as the voltage is increaRegie- III is called the proportional region vbere it can be cbs erved
i

that
j

The volta e 1. this regica is large enough to cause a high potential g : die tsec.
between the :va electredes.
released by i:ti:ation to obtain high velocities in the'This potential gradiant causes the electr::s

. n-

additional ih-i:4 tion by collision with the other' atoms of the gas.ges which can czusefirs t

ionizati:n prcduced releases an electron which begins coving towards
The

tne positive
ectrode at such velocity that it can renove other orbica.*.

,

electrons. As
cu=ber of ele :trens are rushing toward the anode- (positive electrode).a rescit of these cultiple collisions, soon a very largei effect
Toveshend Avahnch.is cal ~ cd ;ss amplification and is also sometimes referred to as -hehisj .

free electro.s The a.plification in this region. =eaning the nuch s of
frce 2 to as high as 10'. eventually produced by one initial ionizing event, may v.ny

,

-
,

,'

As the voltage is further increased, Region IV is entered which 's| known as the li ited proportional region.
The reason for this can be saen

_ -

f rom the curve:
the relationship between ion collection and particle e= ergy

!
.

.

._....- .- . ...+- w

-% . -

w-==.w4

i 6 1 ~7 '? .Ob -

' %'#
, %

IC 'S
.

O



.. .-

i

l

| 's w
t

*
|

'
i

1

|c
'

i

! ..... . . .

. . _..
- _ . _ . . . _ . . . . _ _ . _ - - - _

I I
: 1

[ 9-7
,

i
'

I !

| is beginnis; to disa; tear. In ::ts rc;icn. the~ in:rcased field strengen
,

caused 5y the increase ei velt:ge a:::ss the de;ceter causes a furtner
increase in de:t::n velrcitics. *hese electrens are capable of rel'easi:4-

elect: ens ty additienz.1 nechan.s:.s photeelectrically f ro= the cathode a=d
* also by p5c:e ionici.g the gaa in the detector. These processes te=d to

ec tribut. t: the elvett:n avala:: .c and t::d to =ake the curve suin; up-

vard es the vrit ge increases.

5 In Re-1:: V, referred to as the Ceiger region, the fie.ld strength
produced by the potential dif fere:te has i= creased to a point such C5:!'

once ioni :.ti:n has o:: : red, the avalanche centinues to build up u.ti'. it'

is li=ited by the butid -up cf pos ttive ions surrounding the central a33de.
Tae pulse si:e, in :nis case, is i dependent of the type of radiation
causing the 1: t:ati:n. Tno volta:c at the be ;innin; cf this region is
calici c::e genar threshcid. The advantage cf creratin; in this regios is
the lar d out;ut c5tained, which '_s on the order of velts. This large out-

,
'

pn alla s ths .ered.ctica cf,an aie;cate current fer the operat. ion of an
inacating de-ite, wch as a =eter er earphenes, with a =ini=ua aseunt cf
a=plit ying et. p: cat . For this res.sec, detectors cperating in the Gciser

,' re;ien are of en used in lightwei:nt, rugp.ed portable radiatico detectina |,

' sys tems f or b e:h " health physics" ty;e surveying, and uraniu= prospecting.
i

In Ee;ie: VI, the acceleration of ions due to the i= pressed voltage.

; is so great th:t ence tent:ation hts been.pteduced and the dischargt: begins,

[ it centinues een thogh no furth:r ionization is produced f ro= e.xte'rnali

sources. A detector operating in this code is said to have broken devn.
,

i
1

v.5 Detecter Oateot syste s .

Given a device which vill pr: duce electric current as a result. of.

expesure to radistics, there are :-2 basic techniges for handling the
sigssl.

*
. One ceren sche:e is to design the syste:: so.that the current produced'

by an ionitin.; event in the. cha=ber decreases to zero Lefere another ionizatice
?

takes place. Nich an arrarge:.ent :f this type, the cutput is actually a series
of pulses whese frMuency is deter .ined by the rcte at which radiation is h.

'

arriving at th e detector. To use inis type of output the pulses are counted
i by an electrecic counter af ter suitable c plification and shaping.
I
; The second t/pe of syste= is dest;ned such that the speed of transfer

. cf charge the:2;h the external circuit is slew tiith respect to its production
d so that in ef f e:t an average curre=t ia produced which is proportional to the

radiation reac'.1:; the detector. ith this' type of syste:s indication is by'

seans of a current =easuring device, which in strse cases say be a simple
' d'Arsonval type cicro er even alllia eter. hiever, in most ap711 cations

the current is sufficiently s=all . hat electronic a=plification is necessary.,

!

'I j 9.6 ::eu t ron Sensitivity
4

h * '*
Previously the process where ionization takes place in a radiation

detector has been described, while noting that the neutron does not directly

!

. I
,

.i*

= = - - - --
_ _

-- -
- - - - - - . .. -. . . _'

2 571 ggy US3F4/
,

.

(

i ,#

!
.



-
-

. .

- |

'

s

_.

. -
.

.

_ . ..... _ . - ---

4

.
I .

I

i 3-6
*i,

i'

| ;r :ur tent:::ien. 1: nir t . s:::sd t!.at neu:rens can produca ieniza:1 : "
by sec:ndary n.:ns, es 2 r sul: of neutren esp:urc ty c cucleus which.

| uiti 2:uly releases 1 :hcr;sd pnr:1cle, cmasint ioni:stica. A nucle.r

! $
r6 ::1:n of this :yps vc. :h is uscd sxtsa:ivily in rac:1::1 neutren
ists:tien involvus :he v:c ef :n. clarant heren, s: -ificilly its 3-10
15::c w. Th 2 r.:ction us d is:

|
,

t

i

el: * 4 7' . t* r. * +9.7e...Vl ! .. , 6 - - . . ...
i 9
i : 5 3 2
1

Th= li:htur r ::il nuclaus ==d :h; cl;': ;:::ici (h.lium nucicus) cand c
shir- :ta 2.75 _v sectry rel.2s.. 3.-:5.of thess ;;r:1cl.s ;r: duce

1:ni:2:1en as :nmy nev; thr:uth :ha ch::.5 r in u.ich th: 5-10 v2s ori-intil-
! inc:r;orstsd.

"::1:us rehenws havc Sc.en urployed to intr;d::c E-10 int s ' r :d i s tien

d6:.: :r. To acc.iuve th; d sir.d rssult, it is na:csstry th:: the 2-lC be,

ine::;'rited la scr. f ashion that vill allev thu charpad pnrti:les produced>

'

s s r. rssult cf tho in:cr:ctien vita a n.utron :: sntar th..s.ns'i:iv., gas
| fill.d v: luna of th. cheni r, end pr: duce. i-7:1:::itn. Fince the rsn 4 of

thu :seti:1:s pr:ducad is rathcr li-ited in solid P:ttcr :6.c c5oicas
cv:il::1 cre either to fill th. chartar ui*h 3 ?:s.:ua c: ; und cf heren,,

cr te usa :hin layer cf heren en th inturier of the ch:nttr. In ncrsl,
,

; th us. of.a ;2sseus heron cenrcund cuch as ST , rivcs .rus:er s.nsitivi:v.:3 -i

tha us af s: lid 2-13 :n th; usils of a chanbar ci cs a r. crc spahlc|
' 2

| instru:ss: . vith cr.s: r lif e.
.

e

An:::.ur vorv o. everful tc:hr.ic.uc fer producin a n utrin sensitive-
.

dst.ct;r is :: actually includc fissienstl Na:crf-l in th. ::nstructi:n of
thc :htnbsr, usu2lly X-235. Ter its crer:tien, :h: ehertcr d:;cnds upen :h:

*

1:ni:2ti:n pr duc.d by thc fission frarnwnts chich tre producci chec 2 l'-233

nL:1- is fissiensd tv 'n :) sorted neu:ren. The 17 .a a cun ef icni:: tion,

, :cdu:et. b-j this svun:, rel::1va te that creduc d tv ??- s radiation in the
' ::.*nt.r, we..s discririna:ica a sinst :hs ? s nr.: r'diati?: rcls:~ively sin:la.

t
4>

t'
i 3.7 Specift: 'k u_r r e n D._..:c e t o r s
,

'
.

j Tron etc r t. rial prescnt.d so far, it sh:uld be appsrcnc that ther*p

is qui: : v:ri.:y of choic s ev:ilabic to the dcsi nor of a neutren,

: de: ct:r for a specific applic: tion. The varicus volt:3.-ec11cction racices.
{ :n s.vtral re:es of prcducing an cutput signal, and the al:ernativa
! n th:ds fer ;rc:ucin ncutren sensitivity, all c;-hine c5 piva's 11rge nunb se'

i . I cf p:ssible co.binations. P:"cv.r, as ei;ht bc cx;sctwd, thrcugh the yasrs
i ef dzsi n r.d use of nwucr:n dutectors, a relativ417 snall nunber cf the

7:ssibl6 certinatiens has bcca found to ha fcasible to build and desirable
t

i e c: use. The ncx: atfcc:ivo ef this progran vill Sc to describc th. typa of
| | neutron detsetica s: s: :s which nsy be c=ccuntcrid in a rcactor,

i particulirly a p var reacter. Spccifiestien sh-c:s fer a .ypical detactor
of .ach cicss discussed ?.re cen:aincd in Appcndix I of t'.is section.

,

3.7.1 Uncenounsatad Icn Chanter
E -

An unconpensatad ten chanbcr docs nn: differ euch in basi:
c:nstructica :nd c;crati:n frer the hypoth:tical d:tceter considcred

1 .arliar. Vcry $ssically it censists of tve .lectrodes enciescd in a

i

Y

.

! i
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h
; ~5sr er can which is filled with so,e gaseous caterial. It

a3 he desi;;ned ccacentrically, with the can servin*, as one
C.settede. *Se two electredes are nain:sined at a substantial

,

/_;.f f ere ce in electrical potential or volta;e and if the chan5er
i.s ruhje:ted to icci:in; radiation ion pairs are formed in the'

I
O. lin; e,as whien tend to ci; rate to the appropriate electrodes.
nis is used to ; reduce a current in the external circuit which'

I is propertional to the nagnitude of the radiation Icvel. 1:cuever,
use this device to record the'centron level adjacent to thet

rea:::r, a prebic. arises free the fact that neutrons do not
;-.iute ioni:stion to any substantial extent in the filling gas.
As previously sug'ested, the solution is to introduce into the
e- =- er sene aterial chich vill absorb neutrons and in the process
p--- du:e radiatien which can cause icniration. In this particular
t,- .e o f ch=ir e r, the caterial generally used is th 3cron-13

,

L ::c;e of bcron. As previeusly deactibud, Corce-10 absorb s neutrons|
|

c_v.- into the cha:ter with the conversica of the Eoren-10 to
Li ri.c.-7 and the release of an alpha particle which Frcduces
i:11:stion in the filling gas. Such a -cha::ber is ce==only
peittiened ad,*a:ent to the reacter cerc, usually outside the
ru:t:r pre:sure vessel, and is used to =casure neutren fim in
v .at is referred to es the pouer range, say f roc 10". to 100:: of
fu n pcuer. A proble= develops if such a cha=t.cr is used for,

121:ation of the' neutron level in the reactor core at iceer
pc.cr levels. This problem results f rom the fact that the chamber
is

sensitive to a:=u radiation as uell as neutren radiation.
!M:e in Appendix 1, for a 'restin; house UI. M75 cha-ber, that theg :::a sensitivity is en the order of 5 x 10'-8 2 anperes per roentgen
per heur. Consider what this ;;a :sa secsitivity sight scan in several
e,-:: cal cperatin, situations . The detector may be located at a point
oeside the reactor pretsure vessel with's neutron. flw at full pcvero f * . 5 x 10 " nv. f.ased on the ser.sitivity ;iven on the specificaticosh +< t, the output en the.chambcr in this situation can be seen to be1t 10-8 a ps or 1 milliasp. Uov the reactor is producin; ;a r.a
radiation as well as eutrons and if the neu' ron flux at

'

t the detector
is 2.5 x' 10" as pos'tulated previously;, the intensity of the ;;a::cua
ratation =1ght te on the order of 100,003 roentgens per hour.
34i ed on previeusly ecctioned a=:2a sensitivity of 5 x 10-8 8 anps
per roent:;en per hour, an output current of 5 x 10 ' or 5 raicro-
c;.tres is produced due to the ;arr.a radiition. This is less than1: .-f the current p' oduced by the ceutron' flux so it can be coc.r
cle.ied that the chamber output in this situation is essenticily
re;resentative of the neutr;s level, uhich is the objective. If,
af ter a period of power operation under these conditions the
c:: trol rods drcp into the reactor core and cause it to shut down,
the neurren level in the reactor yill exhibit ainost a step negative
ch::. e, lowerin; the neutron level d wn to perhaps 10" of 'ihat.it was
dur. ; reactor operation. Subsequent to this charp drop, the neutron
lev *_1 vill continue to decrease on t5e characteristic 80 second period
a .i uith the end of the neutron chain reaction, production of ga==as
fr : the fissice process will aisc cease. 1:owever, therc vill be a
serrns residual ga _.a radiation level produced by the high concen-*

tra-ion of fissivo products which exist in the core 'following reactor
op.< ation and as the neut:en level drops, a point vill be reached at

.
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| vhich a =ajor portien ef the si;nal ;roduced by the cha:ber is due'
.

| to the ;a=a radia:ica f rc : the residcal fis icn produ:ts rather . -r
| than fre: the neatr:s level. Ic this circu= stance, the cha-ber,

; eceput beceres ver/ u= representative of the nau:ren icvel. If a:
operater care :o attacpt to use this cha .ter cutput as a guide in*

I
t restarting the reacect af:er such a chutd:.:n, he night encoun:er

,

,

'

difficulty. 'he cl.2:ge is neutron culti;11:stien and neutron level }
.

4 produa d by withdtr.al of centrol rods can t.e cug lately ever- i

! shadowed by the c ;cnent of the signal due to the residual cz=ta f'

radiatico. Tre :=acter e;crator, seein; no resrense in his power
,

level in:trumentation :.1;;ht continue to vi:..dras addi:iccal incre-

cents ef cent:01 red. T.:e reacter,*of ccurs e. vill respend to this
i increase to teactivity a:4 the neutren level vill incre:se, Powever,

it ray not recene :p;arent to the reactor Operator ths the neutren
'

level is in:reast c un:11 the absolu:e neu:ren level reaches a point

; unere it is a prec:a?le' relative to the ;m=s-pr6duced signal.
.

6
.

Depending on bre raridly the rods have bcen eithdrz :, at this
peint it is e:uite 7:=sible that sufficisn:.rcactivity =ay have been
added to the reac:er care to place the reacter en an ex:rt cly shcr:,

| ! paried, pessibly producist a period scra=. If one can anticipate
this situatico, it is possible operaticnally and procedurally to avoid '

:he prehle . by rescribin;; a pull and wait ;tecedure in which the
tods are eithdra'.m a ra:her lici:cd ;Leount and an epic a::eur.t of ti e
is alle:ed b'etvaen red cove:cn: to alice any neutren level increase
produced by red vithdra"al to cli:5 ou: cf the background produced by
the cu=a radistico. hwever, it veuld be cach : ore desirable- to
utilize a cha .ber in chi'ch this sensitivity to gan=2 radiation is
cer.siderably redcced. Thus a T:eed for a ga =a cerrected or cc pen-
sated chanber arises. Mere leavira the unect;ensa:=d ion ch =her,
1: should be stated that i: is an e.xtrenely useful and sinple 6evice'
and is c:r.o ly t. sed to serve as a power rsnze detector in a power

. reactor :ystem. Ersever, fer the rc; ion belov :his level and above
that covered by the scurce or startup range instrumentation, a
**conpensated" to r cha:ber is Benerally' provided.

!
9.7.2 Ca:pensa:ed Ion Cha:ber

i
The co.pe . sated ios cha:ber is actually tuo charbers in one,

j or two sec 1 cts 1. ene cha Scr. One section is sensitive to grrias.
j The second section is nade sensi:1ve to both neutrons and r,a==as by
; applyir; a c:ating of 3oren-10. The outputs of these two cha: bars

are connected in opposition, electrically speakin;, as sho m in
|' Figure 3. Mechanically, the two cha:ters are generally asse: bled

conce trically as s..evn in Figure 4. Sir.ce the outputs of the tuo
chamber sections are ccnnected in opposition electrically, ese of
the signals is sutt racted fres the .other. If the output signal
cesin; fro: one secti:n of the chasber is proportional to a ceutron
plus ga.:.a si;;nal 4:d :he signal co:in; f rc the other section of
the chamber is troportional to ga= .a radiation alone, it can be
seen f rom the expressten given belou that when the sections are
electrically cccr.ected :o they subtract'from one another, a signal i

is ebtained that i: proporticnal to the neutron radiation aloce,t

cnm-y-n
.
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,

? his s the 12:er is vnich the device works and it wc rks sur-
prir. ;1y well ru: there is one i=;-:::as: qualification in the

3 cesc;_pt:en s: far gisen ::d that 1.s the assu=ption that ga=:a
sessu vities na :e sde cgual for both cectie:s cf the cha.ber.

,

Of ccrrse, th-t manuf a :urer deter =1ces this to sete ex:ent by ;

sele:c .:; the r.:es cf the t9o se::12:s of the chr.:-ber, but he
can:: : .n: e :: =aie :: cc:pleiely : cs: ant under all conditiens !

cf rc ::Or er :ing his:ery fnr all situatiens of ga=a radiction .

grad: n:s acr:1: th e cha=b e r . For 1:is reason, the cha bers cust ;

alvaf1 be e crped with sete sche =a for adjusting the constants !
iassec s:ed 01:- 2:e cf the evo sectie:s. One obvious way to'do this,

*

is :: .n e :ha v lu=e of at leas t ::c of the char.hers adjustable. ,

his cas the s .v e c d:; ted in the urly "0:.k Ridge" type cha=ber, .

whi:n .as bee . sed ex:e:sively in reac:crs such as the SSF Oulk
Shie '.ci:; Tac:.1:v) , :he Materials !*s ting Reactor at the Idaho

i es ti:.g site a:.: others. This ty;4 cf chamber was used in the .

or ; ul Te :: .:a:e research reac::: which was. star:ed in 1055,
i:-e e tr, this :: pe of cha:ber has .c:a =ajor disadvantage which is
the ff.:t tha: : Oske the adjus tze:: one cust irscrt a screw driver i

'

ir.t 1. s lo: 1: .hc cha:ber Jsesbly and rotate it to produce a
chas.;e in vahre of the chamber, 1: the case cf the Penn State
reae:rr, the s :rev driver turned cc: to be 20 ce *5 feet ic:g.
Anotait: schc e a:tc=p:ed to solve . ir proble= was to build into .
:he na ber an electrical cotor v.- :.s cou.id be used to drive the
neceu r ary chr =...ded arrange:ent to ;;oduce a change in the voltz,e i

o f cm o f the -: .a:Se rs . Eetever, the reliability of the electric

noter in the ridia:ica fields to v'. :h it was exposed was stot out-

s t e-d _n;; . To Orpe w1:5 this prcble , t;estin;heuse personnel came
up w.:. a rats tr 1:genious schc .e s'.:vn in F1;ure 4 Note that

the :.e;ative ziectrede which cc=pri.s es c=e side cf the inner se si-
tive vrlu=e la ;rooved or verrated. As the volta 5e is changed on
:his urticular elec: rode, the' electrical fiel'd surroundirg it.
t end: to chat: e in such f ashion as to , if you vill, fill up the

g r e ev ts . This :roduces an ef fective change in cha=ber vols::e with-
eut a y =echa .:al operaticos. Thjs, i: is possible to produce a
cou;m: satin; : e of adjust =ent"vi:hout actually requiring any
mechanical adj .5:: ant of chasber size. These cocpensating voltage
adjus =ents art used to correct for variations in manufacturing
tole:i.:ces and variations in positi .ing of the chacber adjacent

to th.e reactor.t

. In acr.11 practice, additic:al proble=s develop, even if
,

che ca.a=ber la installed and adjus:ed for a particular set ofI ;
? cond; icns vi: one particular rati: of neutron radiation to gan::a

radia' tion. Th.a adequacy of the.ccrensating adjustment changes.

uith reactor c7erating or non-opera:ing history. One reason fore

I this :an be e:s ily given since the .ha=5ers are assembled concen-
| t rica.Ll y . This beir.; the case, tha cuter cha:ber tends to shield

the 1.nner chs : er f rac gar::a radia.icn. As long as the ga:==a
specru= reza::s the sa:e, the. pre;er adjust =ent of the co:pensating
vol:2.te can ::pe with the situatie=. *dewever, following shutdown

'the 21:natic: ::an;as. The ga:=:a spec:n=: changes as the short
|

91f-hf e fissian products decay wi:5 caterial penetrating pcuers ,

'
, *cha:g.1 g subs.z=tially with ga==a spectrus. As a result, during

.

I
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transient eperating cor.ditions, it is sosetimes necessary to make.t

caref al a: jest ents of the corrensation. There is a certain a=eunt -| - * r,-

|
' of are as well is science inv':!vud in doan; this'and.it should be

dene by se:acee who has a sJbs'tantial a= cunt of experiente in thisI
eperatian.

b:vever, cce general guide line which =1 1.t be.ssygested
and which the author has feund to be of use is that, 3df tst ?vt!allev

the si: al as dis-laved n toe out ut of initra sres sarect:tedwith :,e ec rens1:ed itn enstber to cause tne indiesttn- instru:ent
ta pe- de nsecle. As lang as it is somewnat upscalc, it elll previde8

se e evtcence cf neutren le.el and the changes uhich mi;,ht be takingplace in it..

t
8
.

One way in which to l' earn ecre about the preblera of 'cha:Ler
cecpensatien la to censider the asnner in which 1: proper ce=;ensstion,

'
either

ever-ce:;ensatioe or under-ce:pensatica, cay minifest itself.;

One cc :co sic.ation in uhich such evidence is availabic is then the
reacrer is shutd wn folisein; a period of operatien at hich ??wer level.' -

If the chanber is ressensLly well compensated, the neutron level as
'

displayed on a ch;nnel ' actuated by a cen;ensated ion cha=ber vill showi

30 secerd delayed neutron shutdown period. initially tr.e sudden sharp drop in t!.e neutron level c'. tan 31cn into the
,

This shutdevn curve shouldbe evicent vell tcward the lower end of the range of the channel inj questicn.

of several dec: des af tetIf the chamber is under-compensated, cne vill observe a drop
! I

which the indication tends to level off andshow no further drop.
the signal 3roduced by gan=a decay of the fissien productThis lack of further. drop is an indication of

,

'

the core and indicates that inventory inI the channel is respending to this core thanto neutrons.
If the chamber is ovet-compensated, as the reacter p:verlevel drops,

it :ay tend to suddenly drop towards :ero, deviating inI

this fashica f res the straight line ordinarily dispicyed on the log-
'

'

arith:ic tfre instrument. This indicates 'that the channel is ever-
_

cor-pensated and is responding too strongly to the ganna radiationproduced by 3e fission procuct decay.
!

Other possible operational manifestations of chanber over or| under es:pensation can he described.'

full power and the lead supplying the cocpensating voltage breaksAssu=e the reactor is operating
at

'

What effect does the operator see en the iedication for that partic l!-
.

channel?
This question has been chaerved en the AEC reactor operator's

. u ar8

.|
exacinatiens. If the reactor is operating at a substantial
level, abcve its normal shutdown condition, and the ratio of ceutron

power
1

sensitivity to ga==a sensitivity Ls typical, one would expect to see -

nothing or very little at any rate.

Another sit'uarion can be postulated which is perhaps morei info r:s cive. Assume that .

level (perhaps 10 watts to 1C00 watts, dependinc on the residual levelthe reactor is operating at some lower power
I

-

} !

ce==on to the reactor being considered), but at any rate assume that
the power level is not far abeve che' nor=al shutdewn level Also,assu:c that
reldased by residual fission products.there is a substantial a ount of ga==a radiation being

.j'*
l Assuming these conditions,

what happerts if the lea'd to the co=pensating secticn of 'the cha=ber
t

h

f -
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,| opens ? If the cha :.c is under-ce pensa:ed, say radical *.y unear_r- {ect:ensated, e:e :-til see ne:1.in:. There vill be co ch.tega 1: tae.

pindica: ion. If the - - *:e r is over-cc .pensated, implyi:q tha: -he ;. -

ga=a or residual ra;_a:ien frs: the c;re is *jroduci:; .: ex cact ive
cha:ber cc:p.:, ue :: :ne ganza scr.sitivity of the cha=14r, e :t i
will tend to see a 1.:. e 1 crease 1: the indicatien ce ai:.: fr= ::is I
particular ens-J:er. If the cht.=be r is ever-co:pensat ed. : r.c 2 : 21 j
ou:;at will tend to :t depressed relative to the : rue ce* tro: evel

,

in the core. his 'u. 3 the c.ase, if the cc pensatl.ng v-;: age :ts - !
appears, ene will see s step increase is indicstion. S u.= un cc:re .se ;*
1 ht nave sufficien:

si:e and sp'ha:b:eed to produce a perioc trip : I
teactor saic: syste:.i. If the c is prcpe rl-/ a-d 1.:.ec es: .t.ly }
cc re sa:ed, ::e wil. s:lli :cnd ec 'we a pesi:1ve incre.u e i: {

( indic::1cn fro: :!.c cnnel. Since the concella: ion eff c:: of ::e j
| cc ;enssti:;.; chana21 --11 disap; ear, .ti.e resul:t a s'ignal vill :.e due I

t the net.cron signal ;1us ene ga=a signal f rc= the ose s ee:1. : of-

fthe cha:ber..

.

.

i
Corp.nsated 10: chambers are ordinarily used te f t ed :/.s

'

cha:nels -tich previc e indic tion of- reacter .neutren levC Set :.-e
ene low c source ran;e and the rasse of p:ver eneratio:. In :: is
particular range, 1: s cc=en to develop "a sicnal thich. .-ill .:.: se
dr:? ping cf the rods :- d reactor shutdo.:n in case the ra:( of _n:::ase ,

of reactor ;cuer level =eccces grester tt.an desired. Th r is uit of*

the reasons that cons .derable attentien is being devoted := thi s,

pechleu. The need :: u .ders tanJ tre reactor instt.::.entats:r c .s nel
iWhich is heirg fed by a co per. sated' ion chacher is i=ror:.cnc a: r.11.

ciscs. Fen ver, it L.; perhaps leEM of a probles under t.:.e cen. itions
when a reecter is beir. st:rred cr restarted from a situ;Gan w lW

'

residual gs na radia: .:: sucn as the first startup or af:tr a ra--
|f t.eling . Circumstancs s under which the proper unders c .,.L :.g ot" :ne

operatien of the ec:: p c sated ion channel beco e cost in:ces::. :; a.nd
ecst importact are thc.ac following a sudde: chutdevn of : :e rests::r.
This is a situation :c.4.: can conceivably ve of censider'able int. crest*

la t.tility operation; since returning a plant to a llac i:llow r.g an,

ur. scheduled shutdown :r..1d be cf =ajor i=portar.ce to the .c .tira: s-es t em.
Under these circu::stan :es, conpensation can be a probler . -'ha ;;a== a i,

fit:x level and :he ga=.2 flu.x spectru: are changing at a s::e nr.ach':ay :*
, require continual adj .itzents of cc pensatien. 1:ecever, : is _=;creant_

.? to make the: correctlr.
9

f 9.7.3 V Detectors I

I
There is scue dfficulty in producing ion cha:beri for y: er

, reactor use which pma=ss the sensitivity required to de:a-:t thee
levels of ccutron flus cxisting when the reactor is shutdo.o. . .:neve r,.' it is possible to cens - uct a botan trifluoride gas filled count.e for

l operation in the propc tional regior. schich has adequate s.t:nsit et :.:y
2 to ther:al neutrens f: r use in the source or shutdown repen. ~. : can

be useful in fluxes Ic. er than 10 1 nv. A typical ST: c:c::ter =ay
,

? have a sensitivity of U counts per second per ny, althetz h 1: =as
; vary f roc approxi=stely 5 counts per second per av to per:.aps IC counts

; per second per av. Th+ operating range of such a detecter ray vpically
|. , ,
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8 i
be fro: c:e count /see tc 10 counts /sec, corre:p:. ding to a neutros
flux of la x l':-2 g, gg , igt. This de:e::or, pr-duces pulses as a
rest.*: ef irsi:stien in the detector vel :.a. S. i.: ioni:ation can be'

pre:L.:ed ay p= a rays or, due to the f ae: : hat :he cha:ber has "

! filled ite. bere- :rifluori.:e. it can be. ;roduce: by the alpha
,

-

8 ; article _s res21:in . f rc: absorptun o,f neu:rens in the beron. There-
! fcre, a situati:n exis:s which is s:r.e rba; a .alc* ras, to that in the
; iaa cha=rer in which resper.sc frc: :Oth ;:;.:a ra rs and neutrons is
* obtained whereas the objective is to = ear-re_ ceu:rens and =cutron
f level only. Is this type of system, as 1: the 10: char.ber syste=, a
g sche =e is available s hich allows discri ica:1:n 4. sins: the ga= 2 ray
a s ig t.21. In the case of,the 37: propertie al cw: er, this- sche e is
! based cu the, fact that the ga :a ray has a zuch Ir.ar specific'

ioni:scien chas :he alpha particle frec :e:e ceu:::n alpha raactice,

and therefore =uch smaller pulses will b e ;roduced. By tra:scittin;
e.ese ulses :hreugh an appropriate ele::::nic cir ui:, the :: ca ray

; i:ducef p.;1ses can be screened out. This is acc::;.lished by dis-
'

cricina:ing api =st all pulses which ara belew 'a certain height. The
} verv si=ples: fer= .cf a discricinator cir::it =ay be developed by i

j sir.g a bias diode. This is illus trated 1.n Figure 5.

i
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! T're signal input is a negative pulse applied to the cathode of the'

die d e. 'Aen the pulse height is high er.cm;h io dri.e the cathode
be'ou the potential of the biased plate, a current flows through thei

diWe and the resistor R, thus producing as cutput ;alse. In the
c:.se of the cutput f rem a BF proportional ::2-:er, :he bias can be jar.fusted so that the input voltage produced by a g .=:a ray signal
f ::: the chamber is not sufficient to effec the cu:put but that
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produced by the neutre:-alpha reactica is high e-ough to cause the*

| f diode to cendac: and produce a pulse acrcss the cutput load resister.
' ' '

This, of course, is only the si:ples: for= cf discri inator circuit
I

and cacse in practical cse are generally considerably : ore ccepticated
and core sophisticated.

I '

? Figure 6 is a sketch shoeir.; a typical train of pulses vhich
"

might be produced by a 3F detector. Two sizes ef pulses are sne n;
! a large pulse such as eight result frc= the alpha icni:stien, as well

|
' i as =cre nu=erous s aller -pulscs typical of gc- a io..i:ation. Thisi

sketch aise at te pts to a,1ve so=e ides cf :be ef f ect of .various dis-

i
-

crisisator voltage settings.*

I
t

De:er=ination of the proper discriminater se::ing is one of,

| the cicres involved in preparing a re.teter lasert=catati:n sys:r- f or
j reactor startup. Le technique involves the folleving stops. !ne

detec:cr a s placed in[a ec:stant therral neutron flux (perhaps ,,

produ: 43 by a calibration source) which shculd be streng ccough to
S ve a cou.-tir.; ra:e of several hu Jted counts per secor.d. Den thei

operating vol: age en the detec:or is adjusted to as arpropria:e value.
* Folic ein; this, the discriminater scttin: is varied an' the count ra:e

|,
ceasurec f:r each discri isator sot:ing. *his data is then pletted as
shc.: 1: Figure 7. ;;ote that as the discrimina:or volta e settin; is

' increased is nega:ive fashion f roa -2 volts, a ra:l.er s.izeable decrease.

in ccanting ra:e is obtained. This represents the ac: ion of the dis-
- ' crinir.a:or in screening out noise and ;an.ca' pulses. In ghe case of
8, the cerve snova, it levels off perhaps in the re;ica from -4 to -10

volts and it is se:echere in this region that the discrizinater should *

be set,

j In :he adjus:=ent of the circuits associated cith a 3F pro-
; parti:nal counter, enere is ar.ccher adjustrent that must be made to

assure proper o;cratic,n. This is the de:c: iination of proper operating,

; voltage. As covered previcusly, the pulse height produced in the pro-
portic:al region' is a function cf the voltage applied to the electredes

e it. the chsaber.
|

As a result of Icu voltage, neither neutrcn nor gs a
puises, can pass through the discri=inater. On the other hand, if the
voltaga is hi-h, :he pulses produced frc both ga::as and neutrons cay
be high enough to pass throur,h the discriminator. As a result, it is

{ which iil,co prepare another characteristic curve for a 3F
cus t::a ry channel

indica:e the change in response of the channel with changes
in applied voltage. A typical plot of this infor=ation ~ 1s sho rn in
:igure 3. (Carve A) .

.

Another important characteris:ic of the BF which is indicated
in Figure 3 is the tendency of the voltage plateau to beco ie more narrov

| and to shift in high ga==a radiation fields. Because of this, as can
be sees fco: Fi;ure 8, it is advisable to select the voltage operating

; point out tewards the knee of. the curve.(Curve B).
b

on aspect of F.>F operation which always concerns the designersy

of reactor instrueentation systc=s is the fact that they are susceptible
/ to per=acent da: age if exposed to radiction fields above, chier nor:al
( ks

l
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,

ran;;e with volta;e applied. As a result of this, all reactor
irstru ectatic systec, which use ST3 Je tec tc rs , include pre--

i visions !ce disconnecti:; the high vcltage supply from the source j
range de:ec:crs (17 ) a: the reactor ;wer level is increased,3

nis diser:.cinari n is us ally dene =anually by the operator. The -

c.a teca:/ s>- ::c: cf de:ec:er da= ale is a tendency for the voltage [plateau to disappear. I

' 2.7.4 E-10 .ined Prepertional Counter *

9

A ccep ra:1vely recent developwnc is the hihh sensitiv1'ty
proporticnal ::a.nter in which nou:ron n.casitivity is produced by
li:1 ; the detect.>r vol.: e eich solid 5-10. This =ethod of produc1:.;
entren sensitiv::f 52s al. cays been att ractive since the ccuster, and
i:s plateau are euch scre s:able than ui:h a EFr :;as syster. Het< eve r,

i

j i: general. 1: has beer, dif ficult to produce sensitivities cceparable *

to the IF . Cu.ren: develop en:s, however, are solving this probler,-'

3 5

and it eig..t i.e anticipa:cd thvt this typc' of detector vill be util::r:!
in the future :o provide source ran;c neutron in. formation. The sta W.1:y
cf this detec:ce is such that it is bein;: included in system.s t/nich h.r- e

'

to :.povisian fer rc; cving the' high volta 'c st.:pply :s reactor -pover Ic. el
is:raaes. Sic:e this detector, like the CF , depends on the (c,a)3

rea::1c: 1.n 10, the need to es:ahlish a voltage plateau ad discris-.* 1:nor curve recains esse::ially the s;ne as for the ET dete:Cor.
.

.

9.7.5 Fission Cha='ser
? ,

Ar.other type of detector which ia used in the source range a:d
abc used as a pcvar ran;e detector is the fission che.c::bar. This is 3

an ioni:stica cha:5cr which is constructed with a 12yer of e:tric.hed*

ura:.iu= en the electrode surfaces. Therral neutrens, of c urse, are
a' ::: bed by the 2M and fi.ssion occurs. The f rag =ents resulting f ro .: '

,

*

tne fission havin; considerable energy create ionicatien in the filli:;
.

that produces pu'Iscs. Cha:bers in which icnizacien is produced 1
* gas
{ thia fashien have been e;ersted in tuo different' canners to cover tuo '

;

diiferent ra ;es of reactor eperation. Fission chambers have been used -k f:r .:ourca ran;e detectica in rhich the chamber is used to produce ii pulses. Is this ty c =ede of operation, the fission cha=ber is genera.- y
[{ used with a discriminator ' type circuit no describcd for the OT

3 covet a r ii previous ly. In this case, the discriminntor is to be usec to discrf -
} inate the pulses produced by the fissien f rag =ents which are large, frz.: |

those prcduced by the alpha particles from the natural decay of thes.

j fissionable sacerial involved which are considerably smaller. The) fission counter is also so etiscs used an a power range detector in
| uhich reston it is used as a current producting device.

I The fission cha ber has not generally been used for source
|range =easurement in power reactors due to the fact that for a reason- tI

able contect of L"-235, its sensitivity is considerably louer than thac
|| of the 3F . !!c eever, it has been rather universally used in research3

ia

reactor applications, because in this ca::c, it is usually feasible to
loc. ate the chamber in closa proxicity to the reactor core.,
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I

9.5 Other 5eu::en Octecters and Technieues '#

The ecutter detectors previcusly censidered are those cost likely to! h4 used as prLear ele =ents in a reactor ir.stru entation sys tes. However,
i
'

t tre are a var:4 :7 ef other sche =es for sensin; neutron flux. Se=e of
trese are used :: 2.rple:ent the basic ceutron detection in a reactor, and
ar e vorthy of ce:. len.

9.S.1 A:::vatten Techniques
'

C .a simple technique for deter =ining neutron flux ao a
particular roitt is to insert at that point a thin foil, or uire,-
of a atarsci cf kne n neutren ca.-ture . cross sectien. After a
pre-selec:: . period of time the foil', or uire, is rc=:ved and ita -

-

activity : t : =ined using standard counting techniques. If the"

infer :tian. listed belev is k :cwn, the flux at the. ; cint of'irradia: ice :sn be calculated using relaticeship.* arkviously deveicped
in this pr:gra=. .

,

> a. Orcss section of material'

b. Oinensions and weight of foil or vire
c. Ti:e of irradiation
d. * :e b.etween end of irradiatien and beginning of

: runting
a. Activiry at ti=e of count

Oce distinct advantage of this technique is that it utilizes
s all bit: ef t2terial uhich can be inscreed into roints in a reactor
core which rre inacscsaible to larg.er detectors so f ar describcd. Forthis reasca. it has been videly used to sahe detailed studics of flux
distributi.:cs in research and peuer reacter cores. In the case of a

| ;over reac:::. this is the type of work rhich is generally dcne in a
critical f t :lity tetere the core is installed. .or perhaps even'

con s t ruc t e-1- This technique, of ecprse, has the dis.idvantage in thatit does net. in general,' previde. timely infer =ation concernin; flux.
As a resul: tt is not feasible to use it in routine operation of a
r ea c t o r.

Seimral ce=:en exs=ples of this- technique are described belmi.'

| Small, thin _ cold foils have been used gutensively for flux plotting.
Oue to their relatively high cross section, =easurements can be'

!
obtained at reactor power levels sufficiently lov that the resulting
activity is the fuel elements is essentially ne:ligible. Many|
research res.:ters are so constructed that it is not possible to obtain
an absoluta prier level calibration by ther=al ceans. In such cases
it has been :ennen to use gold foils to ceasure flux at man'y points inj the core, a: a lou level, and integrate this data over the total core

g voluze to citain an absolute power level. This value is then extra-
I

polated to t e full pever region and used in the adjustnent cf the ~nor=al inser :ent channels.
j Anct.Ser similar technique is the use of vire cade of cobalt-( alusinus aLL y. In this case, the percentage of cobalt is made quite

.
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1*

1 lov, anc ; a result, these wires ca: Se expsed. to high Macs
.

,
s v1 3 gg g._ =ing too radicactive to count. such ' tires have been j
.! u ed :c --- ;*''' f l'X- distributio .s in pc".rer reactors at full

P. pu, . cne rapidly increas.1:g size cf power reacter ceres,
.such inf..:_.1. ice is beco:inr of faereasing impcreance because

,

. a ia.. cere an undesirable 1ccal fis:u:bance can develop: . .. ;
.

.p i c). 3 pessibly be se sed by the detecters outside ther- .
p r es su re .. l . Js a result, s: J pever reactors have been g

jprovided ..... facili:ies for inscrcin:; flux wires without shutdovn
'

y*
or disar~;.:. '.y o f the reacter syst e:. Infor=stics fro: such,a syr.te:

{can te ur.2 :s sup;1c=est the out-cf-vessel detectors vita a reasonably
{short ci r M. '

t

fical scrd on act:vation :echniques. Such technic.ucs., :. .:

med : cbtuin infor :stien en the s; ectr.z: (or ener.y ',are co =:- -"
istribut. .. cf the flux as icel1 as its intensi:y. Tcr cxx:ple.

.

the gold '"--- previocly =catic:ed can be covered with cad::iu:s.
|vhich 'til! - lcer out the " sic.:" neutro*.s. The^ flux data obtained

fic: the ...L vill ther give the " fast" neutros flux. ;
*

I
' i

3.E.2 1M .ure Detectors
i

'

!
p -:cy previously have been b: plied that.it is. not Pasible

to providh -. detector uith a continuous electrical cutput fcr insertion '

directly sa. the reactor core. riovever -the increasing nceti for ;
detailed f. : dis:ribut on infor.acien in power re. actor c res has
sti=ul ted m develeptent of devites whick are sufficiently s=all and [
radiation as: ant fcr such service. T*:e A;'pendix ccatains infor- ;'

cation d:# :ing the =anner in uhich one device of this type curates.
!

.

Such devi. etc not usually used to feed the ba:ic reacter cperatin;; jins e rt=e : - : n. Ins tead, their output is analy:cd (perhaps by -

cc:pu t e r., ... wed to deccmine changs required in plant condizions ;
*

such as r. sitica, to opti=1:e core performance. ;

a.
A . ,cral ?'.?? =le,ht use 51 asweblies each utilizing 7.

!
detectors .t t h.is type. The.se vill ;;ive flux infor=ation over the

. .a ecte c: various radial positions. The outputs vill {. lengen -of
he connect 2 c the on site co=puter. j

i"

t9.3.3 ' e..;ren Sensitive Thermopile
I

i
; T '. . a ctvice is not currently of great importance, but it is
! included b c.m e it detects neutrons by a ciechanists different fro:s
* any so far a .c rib ed.

}
-

I if . ther=occuple circuit (hot and cold junct. ions) is
inserted :..c. a reactor envircrnent, both junctions vill be heated

$
'

n'' the::a1 C7 will be produced. t:ow , if one of theequally ar 2

i rich a riaterial with a high neutron crossjunctions :- :: ate:
i section, s-= 1s Scron-10, this junction will be heated by the' energy rel--...ed by neutron absorption. As a result of this, a
[ tcperatu.. .;.f f erence s'ill develop, and a resulting the=:al D* .J; This CE v? C be propertional to neutron flux. The sensitivity of' >

such a dev'..i can be increased by usicg a ther=opile, or an asse=bly
-

of a nu=ber l'i *ucctions. *
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] One specific disadvantage of this dreice is thic its
relatively large ! . at capacity results in a len; ti e te sta:t
(greater than 5 se conds).

_ .

9.9 Reactor heclear !: < trzentation Svste=s,

-|
8 The detecters whi ' have been discussed re:f esent the initial er
; prescry c: ;cnects of a n.:: lear in:stru=entation sys tem. Tneir output is
; not ef the proper sagnitude or fer: for the actuat;:n of the indicating,

rec:-di g, and centrel devices eeeded fcr plant c;eration. Therefore, they
mus: ce folleved with a:;'.ifiers to incre:se the sytal level to the point
recured to eperate such devices. Co.nputin; devicer -us t also be inserted
to e.:;.ange the for= cf the signal to that which viZ be cost useful 2,

reac=or opera tios.'

9

One aspect '3tich is perhaps unique' to react:r instre entation is the
neel to =eniter si;nal levels o ect a treten'dous ran.;e. It thould be realized
fro- the censideratien c: reactor physics and react: r Linetic.4 that it 13

extr cnely i=portant to f ell,;ne variations -in reac cr neutron Icycl in going
'

thr s:;h the critical resten in a start-up. Trc= t::s point it is necessary
to f.:llov variatiens in nectron le rel and, rate of charge' of neutren level.
all :ne >ay up to abeve ne full power point. Thi: ran;e can involve af ac: u: of 10' cr scre. It is difficult, if not 1- essible, to assceble a.

,

sing _e instru=ent syste: v'.ich can cover such a ra.:.;e adequately. As a
resui:, it has hecoce cus:c:ary to instru ent a reas:ce with a ne ber of

'

nucl.: ar detection systc . each covering a differe .: portion of the total
react: neutron level or .wer range. When this.iJ dene, the instru=ents
assuned to cover each en:e of reactor Icvel can 5 e. designed for optical
perf r-.ance in their assic ed range. It has generCy been fcund feasible
tc c.ner the normal power rccctor cperating range ~:; dividins; it into three
dif f : rent ranges. The first of these is designed :r cover that range of
ceutran level in the reacter in v51ch the reactor 5: art-up source is in-
fluan::ial. For this reurn . this ran ,e has c.~ e.tc .e referred .co as "the
scur n range" or "the s tr rt-up rang,c" 8Ls shwn is Ti;ure 9, the source
rangs typically covers a range of reactor' pover f t:c 10 '' percent, of full

j powe:: to 10 ' percent. S e output of this channel 1.s usually displayed in
of counts /secend, and over the range indicate 1 for this channel the!- ter==

varu:icn would be a facter of 10', In the 'shutdou_ condition of the reactor,,

such a channel sight have a count rate of so=ethin; greater than 1 count /sec.
- so tme overall calibratie: of the associated instr =,ents vould vary fre: 1'.

per second to 10' ceunts per second. Referri. ; again to Figure 9, itcounc
'j is snacun that se etite betere the upper limit of th.e range on the source

1 range another set of instr.: ents becomes operatiorC.. This may be designed
j to b.e operational frc, 10-' to parhaps 10% of full power of the reactor.

Proemeding upward, the pMr ran5e is encountered vuch generally replaces<

the nnten ediate range fer reactor power levels beeveen perhaps 10% and;
; 100% of full power. This range, of course, must be responsive to signals

which are actually over ll? 'of full power so that t. can be used to produce
necesmary saf ety shutdown-type control actions. Tol.leving, sections will
cons;_ der each of these rances in further detail.

9.9.1 Scurce Range

the source rana typically uses a cou::er type detector, which
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j =ay be either a propertional counter or a fission counter, which
Ls fclle-ed bv the secessary electronic devices to' amplify the
pulses and discri=1aate an. ins; extraneous pulses which =ay occur ",

*- '- systen. Ancther f e itura which custo:arily is inccrporated
j in o~:he sa:rce range channel is that of log extraction. Since

this thinnel cevers such a broal ran;e cf reacter peuer level,
varta: ices at the les end vou'd be sincst L: perceptible if it
ucre :14rlayef in itnear fashien and of course it is these

; variaticn> at the lev cad which reveal what is actually occurring
'

1: ~-he reacter during the t ransit thr,cugh criticality. To selve'
th4s pri:len, it is custe:Ory to take the logariths of the count
ra:e e.tput of the cha:ber and display tnis signal. This provides

! increased sensitivity at the Icv end of the range covered and, as
1 a reselt. decreases sensitivity at the upper end.

.

( In ad:1 tion to using thE.. output of this cha:ber to previde
', an infica:1:n of neutron level, it is aise customary to produce by'

cc:putin; circuits an indicatien cf the speed or rate at which the,

reacter peict level is increasin;. 1;cv it is a characteristic of'

reacters, at least before tenterature and other feedback effects
tec e apparent, that the pouer level vill increase in expenential
f.shi,o- fallesics the insorties, cf a certain arount of reactivity.
It is a charecteristic of cricnentials that the race of change of
the varia!le in question, uhether it be recctor power level or any-;

thing else, civided by the instantanects value of the variable,
| gives a cons tant ehich . char.seteris tic of the exponential. it is,

therefcre, ccavenient in reactor control syste=s to cc:pute this
characteris tic constant. This tu rns ou t to be rather st=ple since

logarithm of the source range signal has already been take: forthe
cenvenicr.ce in infication. , A relatively sicple electrical dif fer-,

i entiating circuit can now he used to take the derivative of this le;! sigr.al and produce this cen:. tant wh'ich is related to the rate of
pcVer level increase. The c.athematics of this situation can be
ei.a:ined assuning that a st.p insertion of reactivity has been =ade.

| and that the reactor poner level is increasing accordin; to the lav
i p . p e /Tt

i o

| If the natural logariths of both sides of this expression Ls taken,I we obtatn

InP = In P *-
+To-.

If the derivative of both sides of this expression is tahen, the
res ult is:

B(inP) . _1
it T

Thus, a signal which is representative of the rate at which reactor
pcwer level is increasing relative to its absolute value has been
obtained. This is a quantity which is extrecely important in the
reactor start-up situation. This signal chich can be developed,
related to the characteristic exponential on which the reactor power

,

i
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I r

j level is increaan:.3, can be displayed on a =e:er :alibrated in *

} various units. 1: research reactor systems, it .as been ra:her,

'| c===on to calitra:e this ceter in :c:ss of T, c .s nu=ber of sece:ds
required for the reactor pcuer level to increase *:y a facter of e. I

! This qu n:iry is car.n as reicter ;'eriod. A cy. ::al start-up ;eriod .

5 used in a rcsear - reactor right be 20 secends. * ben indicated cr. }-
'

| the =eter, this : . ald indica:a :hst every 20 se:enfs , the reac:::, ,

.'
power level is i::rcasing by a factor of e. *d: ir. er, the practa:e I

uhich appe.ars te :e developir.6 in the nuclear pe.er industry is to
I calibrate this reter in ter=s cf decades per c1=:_:e (referred :: :s '

startup rate). != cc: pare chase two modes of iriication, if tha ;
reacter period ia 20 seconds and the reactor pev e.: level is incre.asin;; '

by a fac:or of " " or approxi=ately 2.7 every 22 seconds, in a :.L:ute
it would i= c r eas + 2. 73 Therefere with a 20 se:r:d period., the reactor
pc-er level is i::reasing by a f actor cf 19.7 e:.t y :inute or a' 7 t:,

1.2 decades per t :.nute (lox = 19.7, leg g e19.7 = r. : 1.2).

To su's u-- the typical scurce ranse sys:c , it is activated *

vith a de:ce:ct Tri=arily desig..ed to produce a :lse cutput. ~;ese
pulses are a=plid-.ed a:d fed c:r an electrical c;r:uit which cocp:.:es
the nu-ber of pu' Aes per second and produces an : atput ' signal.w L h ,

is properticnsi :: the nusber of pul es per secci: and therefore the
neutren level. - .e legarith= of this signal is :..en taken to pr: vide:
a convenient ind.:.::icn fer the reactor operator. Subsequect te -his
,tep, the deriva::ve of the ;egarithm is tsken ::.give a signal rela:ed.

5

to the rate ef OM.:.cge of reacier power level. - .is " period" si;; al
. also 1's displayei

.
i

t.'h en t h e .ntermediate range is considerei, it vill be fer.:d - -

that this sienal treduced by diff erectiating' the icg of the level *

signal is used c: produce a si;;nal which can ca:.a e a reactor tr.1;. :The use of such 2 : rip has been attecpted i= the 'srurce range b .: it
has tended to be rather unsuccessful since the 4:::is:ical nature of
the detec::: ou:p : tends to cause rather sizeable fluc:uations I.s-

i
j the output signal. Taking the derivative of thia signal tends .:
i excggerate the f L.2: tuations .' Thus, the period =.e er in the source

range t ends to v1.-- rather videly and it is dif f.: ult to adjust the i
-

ti=e ccnstants in such a syste= so as to give p :per indication a.nd
still avoid the possibility of a spurious trip signal.

|
I* 9.9.2 Intermedia:e Range.
|

$'
The pri=a y sensing ele =ent in the inte==ediate range' is,

;
'

|
the cc:pensated ion chamber v ich has been |almost univer si r,

discussed in . sore detail. Followin:; the ion chz=.ber, we have a= !
I' a=plitter Besigt.r: so that its output is proporti==al to the lo;- !
I arith:2 of the in ,.: signal. The situation is am a. lor,cus to that
! in the source ra:.;e in which the range of neutrr : level covered :y

*

'. i., the channel is vare large. To obtain a reasonab .e. indication 4:
,

all, it is desirsale to observe the logariths of the signal rather-
'

! than the signal : rectly. Again, as in the sour:e range channel,
the derivative cf the log M signal is taken to et tain a measure cf,

the rate of charg e of reactor power. level. In th.is case, the si; al
is actually used :s prcduce a reactor trip if the rate of change' gbecoces excessive.

i I
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9.9.3 Peter P.ange

f As the intermediate range' a;prese.:es the upper level cf its e" !
I ' capab ility , t..e peser ran;e instrurratatics shculd take over and I

I begin to provide t'.;c operator vith the decessary information' for f
'

i

I | cperation of tLe reacter. Ic.=oving inte thts range, the re;1cn is ;.
; entered where heat ge:cration hy the reacter becJ:es significant. [

As a result, r:all variations in rea:ter pever level become of I
+

i increasing i:perts.nce to the operator. Fcr this reison, the {
; electrenic equir e:t associated with the power rance is designed i
'

to produce a linear indicatien of reactor power level on which Ii

stall varisticta ca: be =cre easily seen throughout the ran;e than |
vith the Ic3 ty;e ef indicatics provided i= the scurce or inter- i
nediate range. The detector chich serves the power reege of the |
Mnary ser. sin; ele ent =sy be an uncegenssted ion chamber or it
nav be a fission chanber operated in the cean-level = ode. Power'
range instruncnt: tion is generally desi;ned to cover the reactor
;o er level betceen approxi=ately 10' cf reactor full power up to " *;

and including 15:' of full po'.rer. Fewer range . instrumentation is '

designed to pravide signals which can be used for autc=atic shut- i

down of the rea:ter, in the event that the reactor power level
greaches scre u :esica)le level above the 1000 peint. This trip ;

setting =ay be anev ere f rom 105; :cc 100* Jepending on the desi n. !
of the reactor a:d the assu=ptions made in its safety analysis. !

,

9.9.4 Overlap

Figure 9 exe:Plifies a typical three range system. The !
regicns of reacter power level ccvered by the three ranges of i
instru entatien and the resulti:g output currents and the flux -

I1.vels are shagn. These flux levels are flux levels at the-

detector rather than flux levels in the. core. Note that in this -

laycut an everlap cf apprexinately a decade between the various :
cnarber: is sh7 r.. This is c:ctrenely 1 portant because as the j
pacer level is increased, during a start-up for examplei as the

i

upper IL=1t of usefulness of cne range is reached' it is necessary '

,

enat the next range becoce active to allow centinued proper know-
ledge of cenditi:ns in the reactor. Prevision of this overlap is

; initially the responsibility of the designar of _the reactor control
} syste= who =ust select cn'aabers, instru=entation, and positions for

f| location of the cha bers so that this over. lap exists. However, to
I actually guarantee overlap in reactor operation, it =ay be necessary
j to adj us t chamber pcsition in the process of initial start-up of the
8 reactor. Chan;es can occur in the prt=ary detectors, the associated
| electronic instrunentation, or in the tsactor itself, which can
|. cause this overlap to be decress'ed. It i's extre=ely L:portant that

the operater be var / of such a situation. As the reactor power level
is increased, he cust be prepared to secp this power level increase j

| if it a; pears that the Fever level reading is going to go off scale I,
in one range before adequate inior=ation is received from the next ,

range.

9.9.5 Redundancy

If the reactnr instem meation system is designed so that a
-
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1 'proper channel i; trevided f or each ran.= ef cperz tien, the operater,

: will theereticali- have adequate infer a tr= to carry cut his dutic.s.
3

4 Lwever, if he u.E provi.:ed with only -.= scurce rf infor:ation is "

sach ra:3e, a pretr ie: could develop if . f ailure 6 ould occur in that !
'
.

I range channe.l. T: reduce the probcbilitt of this happeni:g, it is {! custecary to prevue at 1 cast tuo, and in sere c:a es ecre, channels i

of instr = eatati.n f er t ae various rangsa . For erunplc, a tyP cal Ii

pe-er reactor cacc ol systes as shws in rigure l' and Tipure 11 vill i
A have t-o identical cha .nels of start uP ="urce rs: e instrzentatico i
I and tso identical :han:els of inter:edia' a range it.st rumentation.
I 'he . the pcVer ri=.:;e is reached, it is c..= cer.ary :: previde three or

even f: r channe'; ef insertr e=tation. lims, in 2r y case, oce cas. .

reassure oneself ri the adequac7 ef the t.,for=cti;: being received -

I by cc: paring ene : .annel agains the cthar. I
1

.a
ej It is net :: _.51etely obvicus wh7 two para *.isl channels are

'
,

censidered adquar.t for the startup and I..ter:ediate ranges, when r

three or core arc ; encrolly sa;: plied fer e ? e pcuar range. After j
all, if two cha;h s of in.stri :entatic= e , centra ticcing ene i

-

a:other h u does r e tell which is corr..t? In 0.a case of a =
*

| three channel .ys:er. if one channel din =c rees s t:; the other two, ,,

I one can as su. e win. reasonable probabilis, that it as indicatir4i

incorrectly. !
,

There are reveral anr.'crs to th!= :uestion. 'One is that, ;,

it in a we chancel ra.nce, the two chann=b are n:: in agree =ent,
the operator cay S. able' to taentify the ec shich is correct

.
,

; simply by his ka w. edge of plant conditi...... Fo r a:,y.ple, if i
reactivity has been inserted by withdrt 2.- cont r:1 rods, cne, i

should expect the reactor paser level to t.e increating. If one '
,

channel does not L.df cate this increase, .me stich: cenclude that
.

it is t: e chaasel a.ich is talfunctionir.q,
~

,

One reascn why additional chat.cela are cert essential in,

; the pcVer rac;e is nat this is the region in whi:. the reactor is'
i going to spend the tsjer portion of its life. It :.ruld.therefore *

* be pcssible for anv ene of the poeer ranL* channela to fail vihtout i

{ prodacieg a shutdm:: of the reactor. .It aMuld be .ossible to
f

'

recove any one of ::ia power rance channel > fres ser. ice for c:ain-a

!j tenance withcut re uiring reactor shutde ... ie

|
'

9.9.6 Calib ra tiam
,

! Ordinarily. absolute calibration "I either the source or
} inter =ediate range n terms 'of power levd is not xttempted. TheI*

basic require =ents :.re that these channela Indicate proper chasces
! in neutren level anc. rates of change in n.. tron le.wl and provide !

suitable overlap Mrseen ranges. The abs tute levd in terms of |
say, kilowatts, is not eco significant. H".* eve r, en the. power range }}- is reached the situ.2.tico is so=echst dif f=eece. Ic this range, the

{reactor is releasi.q energy in nessurable eiuantitirs and it is
.t=pcrtant that the _sdication produced by eever ra::ge be calibrated4

3

rather precisely in ter.s of energy releaa.d.frco rJ e reactor. The
| ~

fact that these pur rance channals are w d to produce reactor tripe,
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si.nals in thc ev .t of an ever-pe ter sirustic r inerces.s the-

in;0r:snec cf tr. ir :211br2:1 n. ?cwr - r: ;.strussnts trc .

|
usually 2djas:sd :n th. 52 sis cf . sur cents --da cf tha thct .:1'

pev;r cu:;u: of :Pc :lin:. ? c :hcr:11 Outpu: :f :%. rcic:ce ::: Scj4

d.tcrrined ey ul:1plyine :he flew threuth th. :.-rc by tha ,

,
j := pcts:.r* diffurcnct 3crcJs it by thu . rpre r:2:e constant to

; eb: sin :. 4 --:- cf ;cvur er'due:1:n. A.::hcr .rdc of dc:cr-inine-

! :nc :::us! urttin.: ;: -r Icv:1 ef the rc2c::r is c3 enha a.
'

niesur: :: ef s:ca Mncrtted. :::v.vcr, :his 'invelvcs entsurc;-n:s ,

, '

I and scnst:rcs assu -;::1:ns re:Ordina quality c' s:.at predue:d which
tun:s to ru.uc ses;vhat thc rc:urnev syril t;.. At any ratc, in
ser2 f:shien. a kn::%:n of rc:cter ; ei.:: 1 :.1 is slvays d rivc4

; fr:. :hc thcr.:1 :u:;u: cf CN cerc cnd this . .ua is uscd to
,

r.::j.s: :ns ::-sr ::n,-( ncu:ren detsetine c!.- e ..ls until thay.

~ is :y b. dens sichcr by adjus:1- .:he pcsiti:n of :hec:incidc. n
, -

' - ch:r crs reis:tve :: :h: cers, cr :::: cc::n.. by =anipulatic; 2n
sdjusen n: ; :anticrcter in the ; ev r range circuit.,

, 9.lJ ~1 c;renic Circuitry

b.
It is not in:;nded in this pr:fr:= ::= sttcnpt 4 dct:iled or cenprc- '

i h nsiv : esran cf :5c .any diff.rcat clcc:renic cir . .:s enplcyad in
te.sc:cr ::r:r:1 systens. For enc :nirit. nacy cf th.s ; usa standard ele :-
: nit :s:;. nieces # 1:h Irc no: occu21:r .* r seter c--:rci systurs. Alse,
ch.rc is net :ce ..uch pcint.in cavorint the circuit ' .2ils, a.s thers is a
ids v$.ri tien frc ::4 plent te enc:har. Thc transi:nen frc vscuur tuh.s

:o tr: sisters, nicrocire.:ics, wec., has . ads the ru . Of cbsolescane, of

; nucle:r lectr nics cc:: pirticul:rly rapid. Ececvsr :he re er.t s li.-itsd
_. .u:-bur :f :c;'ics in :h 2:w2 of circuitry which shcu - ba discussed in :=y.

! ;re;rt.m f:e rca:::r er rn iens perscnnal. .

|
-

}.11.1 Ir.;ut Couplin;:

h ree:Lon et det:cters hNs descrit. d cc a fishi:n in which.

, radiati:n pr:duccs icni:stien,10.-pairs, and . :rre (q in Anoere-
1 s.: ends er ceu!:rbs) in a dctecting devico. " r ch:rce goss to

pr:cucc a veltert 5:rcss :he c:racittne: f e r- ..: by the cha:ber and !,

its 2ssocitted 1sedvira. .n t51s ;'ef nt it cia tc notcd that j
ty,1ccl chr.:5cr ::;. . cit ance rangas f rc- l''0 ;a.f to evct SCO af. |'
Ter :he capaci:snce f tna cable connectin;' th . detector to the

3

rcraindcr of t% svacca, a typical nunb. of t.n us'.d is 10 wf / foot. :

! Tc ch: sin a useful sitnal free the dctacter, th . chtrr'u obtained in '

this fasnien cust bc drained off through a les- rasistancs so thte s. |,

usaful currcn: er volts-c sicnsi cin be pr.viue . :. /.s mirbt bc
'

i irAg rsd, tha r. ann.r in which this is done vill be ser.cvhat different !

d.psnding en uhathcr s voltage pulsa or a centi -acus current is ;
r2quircd from the char.h or . '

!
.

9.10.1.1 M s Input Ceupling |

It is cc:: n in raseter se.:::. ran?c systens to '

us2 the d.tsctor cu:put to dev 12: volts:4 pulses which are j

|-.

t
i
i
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a=-lifi=d ::d shaped Nfer. baint f ad :n threuch :54. sys c . t-

J. :ypical input circuit is'shevn in Ti urc 10c. ' ".. e: s curran: !
'

;. 1sc fl:ws threu;h p.:. as a result of ieniz1tien 1: the3,,

,t4 da.:ceter, the veltere se p; int 1 is lev; rad, caus1=.- the

'[- Or:und throuch ?.g . producine s na;:tive ' val:+:e ru14 e at (2).
c :citor te dischtria. This eill cius s current :. fl:v fro:2 ,

M6 th2t the tic: const nt, P.20 ., sh:uld be sher: ;.lative tes
; t; r ciprec21 cf tha nexinun ceuntine ra:( :n:icip ?:,d. In

1 : . .er verds, the currents which fl:9 as a rasu1- -' 'enirte; }
ev r.t in tra da:ector should ic ever vall hfore tha n x i

'-
. .

''i; c ::. In 3dditien, ?. cust 'bc lu-s cncuch te ell-v s vol:aca !

:, of adequate sitc to dev,elep acress it.
*,,

, s
'' 9.12.1.2 Curru t. Input Coupling
.~ ;

.a char?cs produccd'in the cha-bers usci 1: -

' I, en.:. int res:iin:e and pev:r rsn:as ars teerally 2112. e-d to -
! f L'v thrce?h an =xternal currcn: re:surine device. ~:a nunbcr
I cf :vsn:s t: king pl:cc pcr.s .:ent is so .-Eust ths: .n. tectl.
!. ef f =ct is a ";C curret (vich senc noise voltare) fle..ing.

h a a circuit is shNn in y1;urc 1:b'. Thc curren: develeped4,
5.* eni::tica in the chanbcr fievs threu-h resister ~.,

i( desicping a veltsg6 uht:h can b. fed into sn arelifiar.
* Sin za tha currcnt nicht A very snsil, perhaps 10~8 - anperas,

~

th* rcsister rcouired to ;iv s adequate 1 nt111ve;: signal'

_. f f: arplificsgi:n voeld be larca such as 19 ch .s. . .s nere

'[jy dcsir:ble apreach is te us2 c :urrcat fecdtsck :vp.,. sys c as
stesa in Firure 13. Nota ths: if thc rain C is ver *: rec, f' E

the v:ltsra drop s1L. b th''; 1p r:2chts E In this case,.

c .mcr curren,EUit zere, and th: efftetive s:eady s:.n o
ranzt-snceifgare, la p;actic, . it ni,he crcunt t: several.

. the asand ch s.
o ;

9.10.2 Fr:.:npli fit rs
.

,

. 1, - .

{' Th- lensth of c:bic reeuircd bc:vecn the leestienjsf the neutren
dctectors 2.ar tha rc:'eter vesscl) and thc rc .sindar ef the

,g. instruecat:.:1en systcn (in tha c:ntrol roes) r.2y bd 300 fea: er
j . ecre ir c .rra rue:or pewr plent. If th. chsrbcr espaci:: .nce is !

MO uu. n :he cabic espacitance is 10 uuf /fect, a run of. . .is length 'y
4,cri, could incr :.se th. total input capacity fro =- 300'uuf to 3300 uuf or !y a faccer cf 11. If it is assuncd that th: eutput pulso volt.tra is !

pas dctorminec ry the charp proddcad by cne icnizinc event and :lu total - !
a

,.], input cepse_itenc. (c/c = V), an incrasse cf 11 in capacitanc.t vill !

!7 producc s c :rrcspendin; rsductica in t.he sist. of the pulse. ~3~ svoid
i

. .his possi.: ity, 4 pecarplifier is of ten installed as close as |.

possible c: th. dctceter. Such an anplif14r zay serve eniv ts an I

inpedcnca c.r.:ntinc dcvict, with a voltara cain which is lov, parbsps !

| 6v'n unity. Such in arplifier, whilc it :2y producc r.o incrasa in
g volta;*, ha virtuc of' its lov eu:put impedaner., can supply :. .e '{j- current ec:tuired te char ~e chi cabic capacitanca. .

.\.
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Frc a=plifists are crdinarily used enly in the puls output, scurca rante t-(
channels . 1: tne inter =ediate and power range chsanels with currer:: .

' -

type.trans:1ssie of sige.als, the cable ca;acita=:e does not aff ec !

| the stesdy state. flow cf currer; cace the capacitance has been }

charled. Of ccurse it vill still reduce the respe=de cf the syster j.

to t ra ns ien ts . i

{
9.10.3 Count ?. ate Co:putation s

The train of pulses which exists in a pulse type channel
af tsr a=plification, discri=instics, shaping, etc., is still of no {
use to the reactor operator unless he has se=e means of Cetc;sining j

their rate of arrival. One si=ple *vay to do this is to use the g.

puls es (with the- cacessary a=plifitation) to drive a mechanical ,

l resister. Of course the pulse rate is usually' coo f as t for a i
!mechanical device so, prior te the re;ister, en electronic " scaling * Icircuit is ordinarily uses which totalites pulses until 1003 have ibeen received and then grsnstite a pulse ,co the register. Thus eac.n [count on the registet represents 2003 actual counts.
t''

Now this systes s:111 gives only $he gecri total of pulses 6

recas sed, and net the ;ulse rate. To obtaia a ceasurencnt of pulsa
rate, the operatcr cust etserve the change in totsl coasta .

recordel |over a Leeva pertoi. This la rathe r avtniard- for nor:al operationsi '
use al: hough early rea: tors sade c:e of this type of count ratedetensination. It is still used at ti cs when hir.h precision is~

rcquired, such as : sip.esining a eneck en the approach to criticalie-
{vhile fuel is bei ; Icaded. If a scalia; t;;e device Ls counting.
;while the reactor is in nor:s1 operation; a by-prodact results whica

sore operstars havs foucd useful. That is, the constant clickic; cf
i

,

the register ;tves the operator as audible indicatien of . reactor pesurlevel.
Surprisit;1y small changes in pover level (and-hence counting

.rate) can be detectec in this fashion.
I
i'

Regardless of the foregoing, something more convenient is sreacired in neder reactor control systens. Therefore, the circuit |
known as a counti:;-race circuit is used. (See Figure 14) |1

s'

A countin;-rate circuit is ;enerally arranged'so that.each
.

i-
1r.put pulse f eeds. a known charge isto a capacitor (Cg) shunted by aresistor (R). The volta;c across the capacitor builds up to an ,
equilibrict value at which the rate of loss of char;e through the
resistor equals that being supplied to the capacitor. When this'

. occurs, the volta;e, V , across R is:6 a
I

V = r q F.

.

vnere r is pulse rate. ,and q is charge per. pulse. Fram this empressbnuit can be seen that V, is proportional to pulse rate and icdapandentof C .g

Assu=e E in Ti;ure 14 with internal resistance Rg produces
- |pulses of voltage 'I and duration T.

Capaticor Cg charges through Rg

!
t
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figure 14

i

and Tg to alscst *1 ;.*c.en v retums to :ero, Cg discheeses throu:;h T
transferring a 2,ar e of V Cg per pulse to Cg.

Io f asure the the charge is M pletely trs sferred, -Cg cust *

- be very much n aller than Cg, and V,cus'. be very much. smaller than
V. To allcw equilibritu to be attained between pulses, *l/r - T nust
2,4 grsater than 5 Rg Cf. '

The output of such a circuit is essentially a DC signal,
althou;h statistical fluctuations vil.1 exist in it. These can be

i

sini.ized by selectics of ce=;cnent values , but decreases in response .

et.1:e to transients vill result.
}

'

It =1:,ht be ocserved that the portion of the circuit for=ed,

by Cg and ?. can be compared to the equivalent circuit of a chanber ;operating in a current output :: ode, and its load resister. In this !
case, however, the designer has considerable control over the charge

-

'

contained in the pulse and as a result it is possible to produce a
usable ar.alosu QC current or voltage) type si;;nal even when the,

; count rate is low, such as one count per second.
!

9.10.4 Logaritha Computation

As centiered previously, coverage of the range of reactor,
'

potter which is ordinarily assi;;ned to the source and inter:ediate'

i rande syste is not feasible with a single range linear readout. j
0:e solution to this problen is to use a single range systu: ,',,

1 in which !the range is switched (usually manually, but sc=%ciscs automatically)
!

,

!
I I
I I

I
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as the pr.er level incre;3cs. An eu.=ple of this can be seen in
*

c::e Line :.: I.evel channel of the Fe:s sta:e T.ICA T.eactor. ",
l

| I ,.:ever, designcrs of m r reae: r syste=s enerally
prefer :: avoid the need fer :his ty;e of uite.7ing if at alls

I possibia. One method of d:i .s thi.s is display the logari:h:2
i of a le-rd signal. ratner than the slo::1 i:self. This type
| of prew:ation can be seen en the Iq '; chassel of the Tenn
i State TT ~ ~.Lt Reactor.
f
f

Irveral schemes have bee: found fer extracting the
i log a ri tt.: :f a signal. One which is ven si=ple but which has

been usec estensively vill be described.
.

4

J n e voltage across certain diodes such a.s a m a is, over
cer:ain : t.nges. propertior.nl to the legarit'::: ef the current
through .22 diede. Figur'e 15A is 4. circuit of t!.is type. %;te
that a hah resistance is sh:vn in series eith the velts;e sirnale

Le rease fer this is, that the currc-nt through the dioda =ust
c r e f r . t.a t is ef fectively a currest s:urce. C:her.ise, ti:e.

volt *;e a::sss the diode vo'ald feed back d af f e:t :he currert '

th r:v:;,c. : .. T1 e o'.% diode hhich is a vacuu= tube dioce). if
eperated . :n a heater voltage of 3 vol:s, vill provide a loc-

.! arichsic r:ltate output for* a current range of S reestes.

.

9.11.5 S: art-Up Rate (or Period),

| '
Sin:e the reactor is basically an exponential rather than

'. a linear 53ste=, the tic 2 required for the power icvol to charpe
by a fac::: of e gives a very convenient description of its rato,

i

of change z: any gives time.

I

Cc. sider the circuit of Figure 153. If the input voltage-
| j- is changir g. a current will flov into or cut of capacitor C. This

, cu rrent 12 proporticcal to the rate of chasse of the input volta $e
{ if R and ate preperly selected. The output voltc.ge vill then also

be propor:tenal (i 7.) to the rate of change. Such a circuit is
called a cf ferentiating circuit. In the case of an expecential
1: crease i: reac::: ; ver level, if a log ? (or leg N) signal is
supplied :s the circuit:

E.
4 logeP = log R +T

-

e o

d(log,?)
de =0+T

Therefore, the output voltage 1.; proportional to the inverse of
the perice T. ' The relationship between T and Startup Race (SUR)

| has been d.escribed.

.
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3.11 ?.4 actor Saf ety Sys te=s
~ ,

'*he first desitters of nucle.ar reactrr s reccgni:ed that the: .e '

systes possessed energy release capabilitier greater than any dev :e which
h a d -ret yet bec created. They also reali:E- that any ccntrcl sch.c e devised

,

'cr a remer, unether :.inu.s.1 or aut0:stic, . cad se:e fi .ite failur t trobab- !

ility. As a result, it becc e custenary c =:crporate af.diticcal ecui;r.ent
j nich would auter.atica.11y terninste the chat =. reaction if certai . u:ndesirable

,

| cced.itions develeped. Such cc=ditions were :r.2st ecc=only an excest ve ceutron
| tiex or an exc-ssive rate of change of neut... fl ::c . As the years :.cva passed,
| such equi; cent has beco e continually : ore ser:histicated. It is tn.t intact of

| tais sectics to discuss so=e of the thinkic; dvolved in chia deve1.3 =ent, to
j define so:e of the ccncepts involved, and f'- "y, to exa. ine cer'ta curre=c

safety syste=s.j ,

I*
'

a

9.11.1 Typical Eeactor Safety Syste:: I

i
5

A typical reactor saf ety systc=- is one which supplica the
i enegy, usually electrical, to energi:er ca; nets , clutches, er o ther

devices whien support neutren abserbi A -=aterial (safety tch 1 in
i

. a a. eut-ef-cere p:sitien. ~he sys te: .t
,

crdir.arily stran;ed w that
! 11 the reae:cr ir.stru::entatica detect: an unsafe cendicien'i.t the

l
reactor plan , power is interrupted t; t.ne rod supporting run.et, or '

a

clutch, alleving the neutros absorbir: =aterial to be. insert.ei into
the reacter core by whatever e=ergy st: frag. syste= =ay be in me.

In za v of. the early reactors ::articularly test and research *

reactors) the w. puts to the scfety rys: e: vare pri= rily sign.2.is frex:
neutron de:ecting instrucentation such 2s neutron level er period. ,

*

; With the des cicpment cf the large povet- reccurs the need fcr etenotif.s
of operatic:. a ne it necessar'/ to opcrr.::e clese to the ther a; licita
of the .:yste=, and it beco es necessar-- to includc so.e (P t .it ec.o lan t
sy s:n =easuretents in those ' hat pret.c.:;e shut 4wn (scra ) s y:als . jt

.

I :
* 9.11.2 Failure :! ode &

!
g

cIt is i=possible to construct c:nv of the necessary c::=wnents
for a safety systen without recesnitier. 4c=e possibility for r'cilure.

~

Therefore, it is cusconary to desi;n eguipcent so that it vii~. be
"f ail saf e", :: caning that any, or at lea.a.st the =ost probable, failures
will cause the safety action the equi;=x t is intended to prccture.

IAs a result of study in this artaa, actually three type:S of '

J failure have been identified, as definedd below:
I

a. Saf e Failure ' this is as dseacribed above. A si=pis
exa:ple is failure of the p.v.eer supply for rod
supporting magnets.

,

b. Unsaf e Failure - this cea:ts --hat the f ailure actuCy
produces a positive actics ::ausi..; a possible hazard
to the reactor. An dxa:ple . 3f this is an open ci _uit
in the feedbach loop of' an uter.atic control syste= *

which will cause a continu.al. rod withdrawal.

,

'
. |

'

i
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1 . ?
r c. " Sterile" Failure - a f ailure which ecuses a coepeneet - ;

[ or sys tec to bece=e istpera.tive, vith no indicatioc of *

this, is censidered cc be. "s terile". In exa:ple of ;
,

this ci;ht be an open circuit is a thern:ccarle where ['

! the asseciated tastrc=e tatica is cet desi;ned to do 1

anything specific in this event. [
t i
l 1

3.11.3 Red undacey |
t

Ii An described above, an effert is f.ade to dqsign reacter- saf ety
vste23 so that failures vill not za se the reactor to,be unpretected. !.

*

r. ever, there always will re ain 50:e prebability of unsaf e or sterile . .

7
failures. To further protect the reactor, tuo er more cc:plete

*

c'.annels a re prevtded for each saf ety functien. This, in conjunction-

sith desina er ssie failure, produces a safety syste: whose probability
et not taking the desired action 12 extremely s=all..

t
.

9.11.4 Ce i::cidence
i

Previcus sections 'have dis cussed the extreue lengths to which a

designers have ;cne to proiuce res:ter shutdown in ca.v of indications
af :routle (resi er cthervisc) in the !cacter safety syste=. It can*

'

be readi;y inagined that systets deJigned en the $ssis cf the ideas
'presented ac f ar would not pe' sit a reactor to operate very long vith-r

out a shutdevn due to sone calfunctirn in the safety systen. This
situatien ct;5t be accep' table in a research reactor, or a small I'

|de enstratica po er reactor, but with the devel,cpcent of 1030 :?.le
pisnts, on unnecessary shutdevn cat not be taken lightly. r

One af the sajor def enses againsi an unnecassst/ shuts vn is ' j
tte une of coincidence. This =eans sicply that tae shutdevn 5-icnals
pr . aced by the variaus safety channeli are considcred by a logic

'

syste: vnich calls fer a reactor shutdown only if .ons out of three
(er sete other ceabinatien) of the|scf ety channels produce a shutdown
: gnal. This produces a great increase in. pline reliability with a ,

relatively small reduction in safety. !.

e

In eddition to directly L:;;:ving reliability, the coincidence
- nystens provide a secondar/ reliability benefit. This is the capability' of renoving a channel f rom service f or test and rep' air. This removal

would ordinarily cause a trip signal to be prod 6ced by the channel ("

t c anc e rne d . however, if two or no.re trtp signals are required to
| produce a st utdown, one channel ca: be taken eut of service.

9.11.5 Reliability and Test Schedule

i
The term " reliability" as used in the missile and space

g industry, generally means the probability that system will survive
: to co plete its mission. The missie: length is generally short
! D. urs or days), and so provision is =ade for testing during the I

- is s ic a . The situatien in a pewer reactor is much dif ferent. The

! , # mission or life time of the plant is relatively locs (perhaps 40
,

8 ' years). The pecbability of survival for acy particular component |
, *

$,
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*
i

, I

i ,

i cver this period of time is lov.
! = ore feasible, and indeed, esse ==;.al.'.*Weve r, periedic tes ti=g is

In this case reliability
is ccesidered the prelability cf s . tival f re= one ce=plete test DI

and overhaul to the next.
I
g 9.11.6 Independence.

's
*

Another aspect of safety rystem design which is receivin;
censiderable attentica is she rel.ctive independe:ce af the varicusc.- . .no ls . All the ef fort which r:ses into applyicg redu dance 4.dcoincidence cas easily be defeatan

to all chan=els can cecur.
if a single failure in a syste:;

co ,o

reactor reliability is jeopardi:a -.If such a f ailure is " safe" ther.
re.acter safety is at. stake. If the f ailure is "unsaf e" en e:

;'

One obvious lacl. of inde .c.dence veuld be t.'ie su:Pl ics ofinstrt.ent Y
po'.wr f ree a sic 1e se*urce. Th us , seural quite indepu f-

*

ene sources of pc.ee are pro;videc.i
depende .ce in the influence of int trument?cssibly a itss obvious source of
example, root envire 2est. For

-

ef f e in hey cocpe .ents .in a net.cr of channels?coult. a cnange -in: bien, Ec:peratur.u ; roduce a calibra:Lon
considering such points. Current designs m

. 4.12 Nuclear Plant Control
t

The coctrol of a nuclear power pl. ant*

can be div'ided '.eco three
, area s:
!

Control of reactor reutron leveel
a. ,

,

b ..
Ccntrol of primary coolant ec-ditio.qs to se.et! c. Contrcl of turbine generitor s~stens. turbine denands,

(b) will be censidered.In this section a rather simple tr eatment of (a) will be s;iven
*

~

{ d.iscussion will be related specificallir t:
(c).will not.be , an.1

:.scussed. A.s in other sections.
pressurized water 'rcactors.

9.12.1
Control of Reactor !'eutron level

the nacner in which reactor..neutrenThe concepts covered in Ch.uptor 6, Reactor Kinetics, defice
]

Icvel (or* flux) is controlled.I:sertion or r. . oval of a neutron acsorbing caterial such as a coot: ci
rod, or a boren coepound in the ceclant- .oderator vill change' react-g

.

ivity and, cause the neutron level e;ither to increase or d
the reactor is ocerating in a low pi='.ser regica where effects secrease. .f

te=perature coefficient f eedback are negligibic uch as;

changes resulting from a reactivit7 change will be exponential.
, the neutron level|

! actocacic control system required .;o :.sintain a desired neutron The

level in this region needs to be escef611y designed and might
!

some rather sophisticated cocputing involve
true if it circuitry. This is particularlr
be the case if aucc:atic start-up usere required.is expected to operate cwer a nu=ber of decades, which wen 1d! .

,

,

lieuever, a nuclear power pl-unt is generally designed for ca:nual
;

start-up and control until the power range is reached.\ \
.

Af ter all, i f

i I
; i
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g it c;erates with the he;ed for reliability it -ill be shutdown andi

i res:1.rted only once a year or even le.ss ef ten. D erefere. the desire!

for an au::=a:ic centrol syst . is ;enerally li:1:ed to the rather
~

,

na: _ range ber.seen IC and 101: of full pover.
.i

Ihr.* in this re:;ien the typic:1 behavior of the reacter~

dep tr:s Ir:: the expete.:ial or losar'ith:1: response which has been,

studed in censidering reactor kinetics without regard to heat pro-,

ducti:2 a:d core te:pera;ure. Den cperating in this region an,

| incr ease is pca et level (ceutren level) predeces an incretse in core.

*

te ;-tra ture *.t.ich', in :ur ., results in a reductica 'in reactivity due
| to the ce;stive :c=perature cosfficie:t.~ (This discussion asse:es a

".est:ive c ; era::re coefficient.)
,

hus , the sequence which developes uhen reactivity'is ins'erted( by rrd withdra.al is as fellev3. First the ,ncver levc1 inercases,
| pred _:ing a core,:e:perature increase. De te:; erature inc rease causes
!

, a r a ::ivi:; refue: ton which eventually can:els eu: the original in-
i ser: en. S e finsi result is that the reacter levels off at a new and; so_e. .a t higher p:ver level. nus, is this region the reactor tends to

behave me:c like, the "lir.oce"' dcyices which are re cc==:n, such as
; ,

! valvts , f t: taces, e tc. In othar verde., is this region the rea: tor is
,1chere:tly static, as an increase in.irput.(reactivity) causes a ec=-,

''! pets a.11.=; reaccios.
1:

i

| Due to the characteristics described in the previous para-
!
*

grath, reactor neu:ren level centrol can be arcoarplished vich a rela-
:ive.17 s1=;1e aute a:ic contrel systen. (Mt.ually a ou=ber of pover
reac:::s are operated saf ely ac.4 efficiently with no aaremar,1c con:rci).
Such a sys:em is she.m in Figure 16.

i
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! i
la Figure 16, a signal ce=ing f roc a neutror. detector is '

;ccr;ared with 4 .eutron level decasd si; .al (fro: a scurce to be
} ex;1ai=ed later} . The difference is a=plified and used to actuate }"~

t. as "',"?" or a "r.~.C' signal to cae selected red drives. As a result,
rod :otion at a =o:stant speed be;ics and continues until the

!*

ceutren deca =d si nal is satisfied. This form of control has been ?*

.11ed "slov sp e e d floating centrol."
.

.

The adeg; :y and safety of this code of control depends cc:,

I
0; era-ion within ti.e range where the ce;ative te=pera-a.

l

ture : efficient is effective [|
;
8, b. A red drive speed t/nich is sufficientlyslow, i

+

t
.

'
! ,

To insure itec (a), an autecatic cutout systes is usually .

provided for lev Seutros level desard.
* . t-

.

9.12.2 Pri=ary ~-> slant Conditions |
,

>

!i The patte.= that the tr.=perature, pressures, and flows >

I threa;hcut the ;.* a:t assu=e as a function of pceer output is called j

tt.e petaram. Fig;re IT indicates a basic plant, and the s/::bols
.

.

chat will ba used are.
,

,

6
T 1:'.et coolant tenparature to tha reactor 1=

q
i

3 T cutlet c lant te=perature fr the reactor
=

h

T avera;e c.colant=

tenperature = (T, + T )/2g,

h 'e

! -
F

I pr.sary coolant flev=

*
t, F steam flow=

5 i
p absolute steas pressure-

,

I ,

T, = s team tesparature 4

F
j XbR4I..-
.I

-
LOAD.

, T T
t h s,p

.

REACTOR STEXiI
av GD;ERATOR

T
C

I*

F i

Q,

CO .T,LNSER

l
.. ;

-Figure 17 s
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i. A distim:: rela:icash:.; exists between the te=perature t

1. _ and the rcssur.a cf r.e pr"- ' v ar.d seccadary sides cf tha plan:. '

| he dif f srecc= ,c:vect :i.e av t. :.:;e .:e:psrature of the pri=ary c, clan:
a: d :he r:ea : r.;e ra:.re is crectly propertic:a1 -to the p.:r er being.

tran.sfe red fic: :*.e prica:j c:2:lan: to c.5e stes= side.,

f

t :
t *

P = K (T -I)l ,*

!,
av s

e

j vhere ? .s the :.r:al pcver as: " is a proportionality factor dich i
'

; dependa :: teh x.4.:-transfer c: .:racteristics of the stea generator.
; The vah e of K mries slighti- vi:h ceolant ficv rs:e, ther=al pever, [

and boilt l eve '. ' ut cay be as n::ed c nstant for a firct approxi=ation.:

The va h ts cf T and T, at f Ci power can be deternized frc= scturationr.,

da:a f r = s:ca: :2:les when c. t stea= pressure for 100 percen: power is,

speciftir:. As :Tro output po. er is approached, the difference be:Veen ;i Tay and ! cenn:- es to zero ed the value at which the te::peratures3

conyc p ay be e.rbitrarily 1s:::ed on a te:.:p'erature scale, assu=in;,

cc.1. trol sys:c= to enferce the selection. The peintthe prec e :a of :

t o b e :.t i s i s tr.2: :once the c: #tants of the pritary side of the plant
.

'
a:c hne.: . the s.verndary cona:.n::s are auto =atically specified and jvice ve.ra a. Per u.a=; 1e , if ce t desires a plan: in dich the average-
:::pera .re of :.:a pri ary coc u st is cc:.stant with pover level chag es,

-

then :.': t te pers=u:e pregran ci the steas is av: :stically specified ,

, as drep; :.; off : the pcver 1:i:rcases. Conversely, if one desires a
giren pt:;ra: c: tec: .

te=per =::re as a function of p.7. er level, the .'
average : np.er v. =e p r:grs= cf :be pricary coolant is i:=u: ably fixed !is long u we au.c=e a co s tan: K. *

9.12.3 02 s tact-!av Progra.n ;
*

(
C- < . yp e t'f desitahle picgra: for a nui. lear power plantiis

the pro,r.: he i"y the averap te=perature of the.pri:ary cocl.:nt is
cc stant r q ard!.. a cf the pcVe r output. This type of prwec= 1s shwa
in Figure 'E fer rans tan't prir.a. v ccolant ficv. For reJ Ors having a

'

nega tive . c=pera:a.rc coef ficie: . this is the natural presta= cf the
hreactor a .d the enie that

i requir es the least a=ount of external control.
I*
'Lr: us en.c.1:e the s1== ~ e plant shcun in Figure 17, =aking thefollovng usu=pt:. ins.

Figure li v ith c: natant-coolan:The ste.t.: -state progr=: desired is ,the one of
.

;

flow. The reactor has a neSative te=-*

) pe ra ture :1ef fic1xn:, and the piant is operating so that a steady out-put is bei. ; sup.a ied to the 10.bd. Now suppose that = ore output is-[ required :2 the INd. This grel:er loadir,g causes core heat to be', extracted fren thu heat exchacgt;:, and for a short period of ti=e, the {
heat capaa.:y of =Je heat excha=;er and coolant can usually supply the Iadditier.a'. lead. havever, this extra energy ext'rac:cd fros the syste:n
If the rea::or has:ceperature cf :he coolant into the reactor cust drop. f| requires _nat :he

'

a negative t.c=perature coefficient, the dro; ping of! the inle: :e:per2:are causes a r. rop in the average temperature, and ,
j conseque: :1y the - = actor v111. p.nssess = ore reactivity. If the reactor ja

was init*_Cly in a critical sea e, it now tecporarily beco=es super- ;
I critical. '~he on : ut teeperature of the coolant rises, and core energy ,

-'

| is then aw hilable , f ro= the reac :Or. 3Finally, in the steady state theJ
its cricical :ondition with the average coolant }I teactor rearns c:

tecperature the s.t:-'e as it was '.=itially. It vill be noted that uith- |.
1

I
L ,
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.

out any cc: trol necha .iss thatever,: the reactor system has stabill:cd'

itself abcut a given average te.=perature and automatically supplies a' *

reasonable demand pl.s:od upon it. In other words, if the plant pro-! grs=:ing calls for the T to be constant, no control-rod rations or no
"

ay

I
external cor. trol cea .s are cecessary to handle changes 'in power de=a.nd.

;

The advanta;as.of the constant-average-tesparature. progras areI
i=portant. If the effects of aging and ;oiscning could be ignored, no
extcenal reactor contrcl would be necessary during nor=al operation.

-

!

The reactor would si .;1y follev throttle changes in a. stable canner by
i

'

means of the negative te=perature coefficient. Another significant.|
;

advantage of the cot.stact-Tay progras cencerns the pressuriser.I
If {Tay is constant, the volu=c of coolant in the pri=ary' loop is essen-

tially constant and the required size for the pr.essurizer is a ciniraam.

Ecvever, there are also sor.e disadvantages to this program.
I The principal one is the large change in stem: pressure over the power irange, as seen in 71gure 13. A vide pressure range beans larger and '

heavier stea= piping, autocatic. throttling devices, special turbines,and boiler-feed pump ;roblems. '

t.
Further : ore, since the ef fects of aging 1

, t

and poisoning cannot he ignored, there always must be a feedback controlI'

loop to hold Tay constant even in a simple plant. This control loop, j
t
3 however, can be very slow and might be manual. |

.

I9.12.4 Plant Control Systecs
-

if the analysis of the basic plant indicates that the plant is
!inherently suf ficiently stable, the auto =atic centrol probles is si=p-
i.

! !
I

f.
.

aem - *
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lified. The plant ed'ective'ly cectrels itself supplying whatever j''
! load is 1: posed. A:" difference betwee: sactor pouer and stea: load y

[ ~ results in a rate cf change of average c:c~. ant te=perartre. The .

I' reactivity chan;e cau:aed by the te=perat re change then alters reactor
f power, thus - resettin.; the te:perature a:d the heat balance. The speed

'l of transies't respen -t. cbtai:ed =ay in it: Cf be adequate for the systes
I applicati:n, so tha: = =any cases aute a ic centrol of the po er level
} for 1: proved transi.e.t perf or=ance =sy c::. be required. I'ie use of. ,

nuclear =casurecenta c d the generatien :f a neutros pever de=and signa * {

{ becoce unnecessary. Thus the role of the aute:stic syste: is reduced j
to that of caint:1ci=; the s teady-state t.c=perature progr.c. ;

*
, <

; The require ets for a plant tha: ts inherently sufficiently |
'

- stable suggest a con::rol systes of the t-r e sho.n in Tigure 19. Here ;

the te perature err :r is controlled dire:Cy by' insertion and'vich- .
*

| dra 41 of reactivit-r ry centrol-rod ceti:1. The inherest stchility of !
the plant consensates for any change in : s.a:t:.vity by shif ting the [
te:perature level e: . .1 the net reactivi:- is, a; sin reduced to zero. [

'
_

Thus by =oving the cuntrol reds a gives ::. stance, the te:perature shift ,

to i new cens tant v . ue, and direct costnl of the pro;; ras is acces- ,

plishwd with no neu: :'n informatics bei:g required. i
. e

I - In suc=ary. _f the plant has sufficient natural stability, <

direct control of p' . ant parameters =ay _ be at i;e= p t e d. If the plast has

poor inherent trann nt perfor arice, neutres-Icvel centrol should also
be used.

.
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i 9.12.5 C.:: trol systa:s fcr ?lants ..:n I rufficient I .here : Stabiliry i

!e
'

: = :ost obvious rpe of cen.:rol - -:gre is the constan:-T ya
progra=. As has been pointed out, ::: s is the na: ural progras of the,

reactor. A f ew ty-es of cce:rel sv ste setups f.:: the c:ns: Ast-Tay - ,

progras L.1 he esa: iced.*

'
T ;ure 231 dicates :Vo types of c.r :rol syste:s. Figure 20A

represenu a sche:.e where:a :he pcVer der.trd sis 21 n is ger. era tedo
acCa rding; to the equation

1
o - E. (Tav, r r, - Tav) -* i (T -!av) d: f

o av, ref '
,

. [-
The n st.- .a1 generated i: :qis canne r-is then c:=; arri virh reae:or |o
pever, ae r ed proportiona*. to the :..-u:rer flux .s vel, r. .d tr e resultant*

error sig :1 actuates the.cnetrol rei.:r. :: e inte;ral Of Tay error is
necessarf to provide a stes. y s:ste .r.3 s i - .:1, s i ce .: Tav errer exists
in the st.t.ady s tate. This rystes, in ile at=ple , is at s. dist.4 vantage
because a poor transie .c racoense rwalts tres thr::tle chacres. As ,

the thra cle opening 'is inc: eased, s ; r a: f:.eu in:: eases i:= efistely, f
.

thus vitn.:rsving core pcva: f re: th.: pri=.try cociant 4:C 1cvaring the ave. |..

coolant .: pera ture. The eta:ccr po. tr is increased :: supply the i
de.acd, p :-ven:ing f urther .:.coletien of tht reservair f energy stored
in the ccc iant. The'socner reactor cuer e uals -he's :ea:s de:and, the '

'
sherter t/c duration of the transic:: :. n a contr:1 sp :em ef Tigure 2CA
requires : .at an error in T exists for a length of c se fel*cving agy
throttle .Jan;e, in order :: furnish the secessa y cha ;e in dc=and |
sign.nl n , since the accu =c_a:ed in t;;;ral :f t.he T er or is the cnly .e av .

contribu:rr to n in the s:tady stat t I: other .:rds , this systes'
fo

behaves ;:e:ty - ach in the s.sce car.: r.: as ould .:4.na: ural plant .

stabili:-- by 1:self. Tne '!cv si;nal ensurts tha: ther 1:ng-:t: : depletioc !

and poise _ing ' changes are 's -ped out. !

:

TL;ure.203 shows a centrol 9 ::ie== that dees ne: have :he 11.it- (
acions N : described. In :nis sys: e : it is agai= ast .=ed : hat the
enthalpy rf the steam scners .or is.ew.en:1 Lily c.~ stas: ' th eru ghou t the
pcuer rz.;e. Since power a: any levu.1 is then tha preiutt c f steam
flav and e .thalpy the therta.1 pouer scing delivered is directly pro-

; portional rc steas flow F,. The sette. rated demand sis:Al the: becomes
* ,

.

^
; s- KgF + K2 (" av, re f- T- ) +- (T -Tav) de

-

a i av,refs
i
e

J

; !!ere the iz=and signal is n.i.arly dir e:tly 7 oportional :o s:ca: flow
a and a chl=ge in steam demand i::edla cly cc.anges n . The rete:or powero

is adjus:4-d =uch = ore rapi.:_y than 1:n the systa= :f Tigure 1 A, where
'

a te=pera:ure error was re:; c red for a le:gth of :ise. 3:e i=tegral of,
f Tav error is included to sur rl'e ent the s:.sa:s-f1:v si;r.a1 i: redions

. where the steam-flow indication cay :.e in error. he talue of Ki should
be very close to unity; tha: is , i:t = 1 p.t r eent reacter peu.: ds=and per |
1 percent steam flow. The t. he=e of Tigu-e 203 :,ay be called the direct
c:euod cf controlling n ; cr.at of Fi.;ure .lA the indirect :ie: hod, ko ~

,
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1

,
.

' |' 1: : ccnbtr cf re::ter plin:s pl:nned, :h. schcss cf .*i.urc
203 is u; ad vi:h :h. ch: net tht: "'J d - ' 's u s cd ins :: .d c f :h . s : t ni *-

| flev s t. tr_1 (T ) . This is b: sic:lly th. s: 4 sys:c cr:.;: :52: its'

r.sp3nsc is pr:b:lly scrivhic i ;r vid, sin:s :Sc l p.a tr-nsten:
'I ' vrivsd L: thc r flce:ic: Of ? :F:n;c in :J d6 end :5rru.n :h; :urbi -

c nor::: :: thc sc :n runcrecer is 411nin::cd.

7:.a preccadinc discussi:n of pitnc centr:1 his bes: cr ;1ctcly
a restric:.: :: a discussicn Of syr:s s := c.ive c:ns::nt..!.... 0:hcr
,' sys:::s, :::vcycr, tre pessibic. yer discussi:ns Of c::6si; refer te

.

,n texts suca ss Schultz, **Ccatrei ef ::uclear T.se::rs :nd ?:vcr Pl:nts."
, .
i JI 9.13 ?.ed Driva ::ch:nis:s

t.
r

If a reac::: instru.mcntation and centrrl sys:ce is studico syst.r::icsil-i
j t.;innir; vith ::.a ncu:ren dct::::rs and Orreceding threuph th. sys.:c , svcn:-
F u:11y the red dr va esche.nis s tre ra:chcd, thcy nrs . thor:f rc the lest

cenp:n n: in the systen. (This sue:1en' vill assues t;.st :h. cen:rol reds.

J thensolves, er t: 1.a s't their abserbsr scetiens, ar; eutside the ern:rcil systes ;r: par) .
4

h*

q In discus: :r r:Js and' red drives it h s bcun custa-iry to divide th r_

into s=v:rsi d.d f rcnt typcs, dsp%ndin; en : heir function. In r.tcters wh:r_,

r such s divisic: : f functien h2s bsen iscerperatad in:o the design, a dif fcrune:.
Ln the dt' sign s;w:ificatiens for the :ds and their drives has sonatincs.

I resulted. (Such distine:icns sdc= te bs disappc rin is current p:ver'

reacter designs, :tth all reds and drivas bcinf iaentical). Typas often
i censidtrcd 2rs: ,

! Ssfcty Ts:d - If a red cr r:ds arc 7 ved :e's reedy or cocked2.

i ;esitt.r vhare they c:n bc relesscd to r2pidly takt k < 1, the~. reds 3.r. called safsty rods. !!hsn s'afs:y reds crc uscd, enerc
is tivets a s;cendary ncans of cen:rol (such 'as shis. reds or

i ~beren L: the coolant) so that the rcacter.k vill ne: b. qual to
! er t.re:.:ir than unity when th s:fety ' reds -arc it thsir positionj of 1 :J r cf fect' en k. One or nort such ssfaty reds are. very
; cc=n:: in ice peu:r er critical cy.pcri.;r.: verk and arc pulled
| to rcsry or :h. cockcd pcsitien before fuel er coderatcr 'is added.

A secr_d sacrpy sourcc is alv:ys provided and centrolled by a
nsgn : 1::ch so that, upon loss of pcver, or a shutdevn signal,
thc red vill run rapidly to the eininua k positi'on.

Is erscticc cost rods in all reactors hsve bcen provided with
rapid ins::tien'capsbility using sected cacr y.

b. Shim ?:.d - shis reds are used to aska relatively large cdjust ants
in raletivity. Thcy arc. used during start-up to brint tha rc:ctor
te cri:::sl. 2nd durint eptr::1:n to offsc: chsnpas in fission-
produe: ;cisoning snd fuel diplction to kecp k = 1. For this use,

i speed _* s not ncedad and thenc reds cove slowly.

RcCula: :t Red - thcro nsy bc enc or cor,e rods similar to shinsc.

! .

but vi n li=itad reactivity contrel. Any red so uscd is called
.
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:

red .7.: th ;h its s.ocral design cay ba that {
a regui r:1=: f(cdback centrol is us.d to r.3ulat.

;
j cf a sh;.: ..:. 'h: j.

and th. 4.sig:crs desirs a high perfernance systaa,
|

*

f flux or :: :.:
the sce.: . ! as attach.d to this red =ay 5.. v. y carefully d si;;r.sd.

j
as '' ara s.< -c -; ~hanis s , f or a sp cified pcricr anc .

|
1

$

nod - sp acc is sciden availabl. f or cora chan one s e. j
} d. Shim-Saf rr s

of rods and (".a f catar:s of th. quick ra.1 as s for safety rods at..'
',

'

s. 'the shi reg ::strei cf rcactivity ar.1:cerporated into one sy.i(n.
This is : :. for tha ::st practical syst = and is vid ly used. LL.n I

=ust 7.rf or= both tA Snctions of shi and sa h ty,j
; ene :cc ,2:if.-

the dcsi_.-- .;i..icusly =us t b. cer. co ;1cx. ,

'

;
ha, :s ces i:7:rtant advantage of this dotsg . which the! '

j cngin .: . H id rec:;11: . bh n shi.s rods are in position, ch.;

is alva.es just critical (i.e., k = 1). Even a slinnt
riecter a :.; -f . bank Of thes= rods can quickly reduc. k to luss tL.n *moves.:. : sint ca not' be overstr ssad. Thus , th 1 :portsatuni t y. _;. ; ? i in a sit =-safet/ red syste= is the time it taio n !,.

|rsafety f a:u s
rod to me v;. a short distance, say 3 to 6 in.;

r_e. apter "_11 deal eith th design of sh1=-cafety rodTh _:j Tc.. f caturcs of safetj red drivs m.chanis=sdrive c..:nagens .-

i are s1=L cr.
.

9.13.1 !!asic Dri-c. Requirc= cuts
,

Four : 1~;; pal d.Ji n require ..nts ar. (a) speud. (b) posic-
iocing, (c) pes ;t ;cn' indi:stion, and (d) saf ty releas..

t
'

9.13. 1 Spaad
-

,

a

8

Th ccd.anisc cust t; ova the. rod in a dir.ccion,

+; to inc=;,. . or decrease r activity at 'about 10 ' 6k perj thc position in the corc where th. rod is mosts.cend a;

I ef f ac: vc., The driva sp..d v in inches p : second can be !.

.istima tud froc

|
V - b x 10-* (io/s.c) ,

rm
, !

-1 wherc ; = eore 1 4:5 ia inches, F, .- total. rod ef fective- }

| ness 1.: ? .t , F = a f actor which reflects the rod effective- i
'

t*: opent=g point as coupared with the averagencss a:

.

efface. ..a fact:: 10 ~' has dimensions ek/sec. ;

| if a curve of rod effectivencss vs rod position
} is ava:_lat.i., the f actor F can be det rsined exactly. A ,

j
Li,'8d e arbitrarily usc a conservative value of

hdesig u
simply says that, when a singic rod proj cts intoF-4,

a chout c 54r reds prcsent, the. rod will produce j
the care

af f ect wh.n it has travelud 1/4 of its stroke ;
most c it-

) E ./ hayone. the bank.
i
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i i

iA:::her value :e i.ep i: cind is that in a-
v :er-codera:cd power reacter, es:h group is cc ally,

*

varth about 2% 31. Th s, fer a 10-ft s:rcke, ene vould t

V=Ef5x 0. 2. x 0'
t (

7 = la x 10-2 is/sec,

:4

2 ,
7= 10.3 in/=1:I

'
,

i 9.13.1.1 Saf e ty Releas e
,

A s:cred-energy source such as gravity er a-,

; ce= pressed s; ring cust 2:: on the drive rod dur 9; the
quick return stroke Chich reduces reactivity. A ca;netic
clutch or la:ch should b e inserted between the -drive cch-4

| anis and the red whic:i. . . hen de-e:c rgi:cd, all:vs the '

least c.c.cun: ci mass of :he r:d syste= to cove fr:cly under '

the ef fect of the stcred energy. Triction in ;;;de bearings,
*

and seals =Us e be considsred, and : depend e::irely upon* ; gravity is u: esirable tu: videly a::epted. '; hen the rod
travel is several feet, a positive frivin.g for:e to reduce

'

reactivity is often used. A pne==c:ic piston is.vc11 suited
I to- this service. ';here applicstien cf the return force

throughout full travel is impracti:al, a ec= pres sed spring,,

several inches lcng, ca=~ te used :: ;ive the red an initial
acceleratien of about five tices gravity.

Occe the rod is set in :::icn.it cus: te stopped
its most ef fective pcsition. The rod can easily beat ~

brek-n in this action; :he cost severe leadin; :::urs during
+

de:cleration. To cbtat: 5.?.coth decelers:ica. -a isshpot is
often used. !>e princi;:1 pechlen s to carry ~g: the de-~

,

J . celeration 1 a dista:ce c.f less this about IC ef the rod
[ stroke.
, ,

| 9.13.1.3 Pesitioning -

e

{ i
j The machantan e st positirs the contr:1 rod j

accurately and this positicn nust he repeatable. The ;

cechanism should be irreversible so that forces a: tins {
upon the control rod casac: =ov'e the mechanism. Motors

!

:

used to pouer the rod drive mechanisms. should s:rp the
drive within about 0.2 see af ter the po'.er is t. ned off. !

Mechanical colerances should provide a position repeata- 1
'

bility of 2 x 10-* 6k. Repeatability R in inches can
then be computed from

R = 2L-- x 10-s |Fh
|
i

9.13.1.4 Position Indicacdon ;
I

}
s. An essential part of the drive cechants: is a

position pickup for use with a remote position i=dicator {

f
!,

.
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|
located at the reactor control censole. A popular

; device fer this service is a synchro trans itter and
receiver pair. The accuracy of position indication

y sneuld equal the pcsitie: repca: ability given above.
. Li it svitches or equi. valent indicators such as
8

=agnetic detector coils are requited at least in the
Positics cer cspending to the reacter's =intru= react-

,
- ivi ty . One er :vrc inter:edia:c indica:crs are de-

Sirable and a r.:xt u=-reactivi:/ pesi:ien indicator is'.aJ.

also desirable to sher then the rod has ceased cc be
useful for insertin; positive reactivity..

9.13.2 Specific Ccnoiderations
.

Sc e tcre detailed peints to be considered in drive
i desigo are covered in the naterial to follow.

* 9.13.2.1 3 rive Rod

Centrol red =echanis=a generally are located on
the outside of the reac c' r pressure vessel. As a result.

. it is quite a distance f roc the reactor core and the actual*

abscrScr er poisen sec;ien. A " drive red" is usually used
~

to make the ccanection. The drive rod =ust withs:and the
forces developed durin; rapid reactivity reductica (or
scrac), eauecially the force of deccleration as discussed+

*

above. Joints in :his sectien are necessary for asse:bly
1 and disasserbly. Thresded joints are of ten used but the

joined sections =ust be loci.ed or guided so that theyi

cannot twist and work loose.

9.13.2.2 Mechanism Travel
.

The ulti-a:e =echanical limits of 'the drive,

mechanism should allow about 1 to 5" greater travel than
I; that rod streke specified by the physics of the core. The '

? eAact stroke limits can be set af ter in :allation with ref-
1 erence to t5e con:ral-rod position in the core by adjusting
j licit svitches in the cotor control circuit.

,

% 9.13.2.3 ::o tors

9 Any type of cot'or--pneumatic, hydraulic, or~

electric-- can be used for a rod drive but the easiest,} to apply is of ten an electric motor.
J

| Direct current motors of fer two advantages:
,

3 si=ple speed control, and dyna =ic braking by si= ply
} shor:ing at:ature ter=inals. In reactor applications .

! ) to obtain these advantages, dc cocors are operated with~

the field centinuously energized, centrol switches being,

i g used in the ar:ature circui: only. Direct current cotors
are easily incorporated into feedback control systems,

./ because of the adjus table speed feature. The chief dis-.

|
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advantages are brush =aints 2:ce and tha :.ecessity of
! providing de power; both dis s.dva=tages are easily

ov_e r c o= e. -

Two-phase ac cot:rs also provide the advantage
of speed centr 61 and are esp ecially suita.:le for use in
a feedback control syste=. n addition, :: ercial t.:-

-

phase servo motors offer a high ratio of :::rque to ar=a-
, ture-inertia ratio which 2%es a cechani:21 brake un-*

necessary. The gear ratio 'retween =otor and drive is
made high and if there is a reasonable f:_: tion loss ine

' this gearing, no =echanical I rakes are =e-c.essarv. This'

type of motor has beer. used far experi=e=:rl reactors
where power require =ents fer the rod drires are less -,

i chan 1/4 hp. On power rea:t::s the drive.s require
! larger cocors; three phase .=:: ors are =cre econe=ical.
! as long as speed variatior. f:r three-phaa a =cters is
| not required. Dree ;hase 4: r.ators hava E. lov torque-
; to-inertia ratio as ccopare-d with cuc pha f-: =ctors so
i that a solenoid-operated in::ian brake c: the =etor

shaf t is al=ost candatory :: step the red within a
I reasonable time,

i The chief advasta; z of both ty ts of ac' =ctors
| 1s that the =axi=un speed is fixed by the 11:e f requency

and not by the applied volta.;e. Thus, wit: constant li=e,

frequency we can guarantee t..e maximum sp ead under any
conditions.

|
j 9.13.2.4 Position Measure =ect

~

6

Position c:easure=e:: is importa=: to safe reac: or
operation. Both limit swit:7.es and contid:: sus position -

) indicators should be attacheI to the: rod : ensure that si.~se
| position indication vill always be availaL *.e. In an ecer-
g gency it is c:ost important :: bov where .r.e rods are. .suiy
} position indicator signals ;;:_st be carried to the control
i roos.

In attaching a pic;::p unit for r:.3 position
j indication, the mos t direct r< thod is pref e rred, for exa=tule,

' a rotating shaf t geared dire:-ly to the' re.1 drive shaf t. he
,

transmitter of a synchro pair attached to this rotating s:naf t
g should be geared so that 350 degrees or less of rotation at
. the trans=itter represents full rod stroke thus eli=inati:.ng

a=biguity at the receiver. ""..e typical ac:uracy of posiden
indication for. this arrange:c:, for exa=;:le, is 1/350t:=
of the rod stroke. This is =crnally not at: urate enough for
experimental and research rea: tor operati:.: and a second
fine-position trans.icter is .: sed which turns 350 degrees
for each 1 to 10 inches of red =ovecent. Irovision should
be made on the position-indi.:.ating shaf t c: innall sever.._1
ca=s to operate limit switche:s . Control-e_rcuit inter-
locking of ten requires not c_1y switches g erated at the
travel limits but also at sc:e intermediat e rod pcsitions..

,
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9.13.2.5 lianetic ' eliing Device:sd
I

Magnetic 14::hing of th a- achaniss with the+

current "on" to hcid 1:e rod in p4sition provides de-
sirable fail-saf e re i release. h:1 ding cagcets are
of ten used en both s:::-safuta/ a:f safety rod drives

~

to prrvide for f ast-ar: ion safe:y release cf the rod
fro: the drive :echa:Lic. 3y e::1;ying =echanical
advant *e, s 'solenoi: latch vich holding force of

.

40 to f0 lb c:.: be us ed fer rods ..eighing up to 1000 lb.
Roller 14:chos redaca f riccios a:i dc =agnets provide a
ore certain holdire; f:rce. The ~ ::ch. linkage should be

designed so that the return force :n the rod acts to open
the latch aven if tha 1:tch spri ; should fail. Eoldin;
sagne:s tre specially :.esigned d: powered and usually clad
with stainless steel ft: protec:i: of =agnetic ca:t: rial
and Icad vires. The :. pet vire s of ten ecuered with
glass insula:ica. h:; 1:; feree :I the =agnet is about
150 15 Mating f acei es red and . rive ce=bers are designed
for quick release.

The cagnets rroviously d escribed are generally
used in that portio: : f a red dr .vt train rhere the

cotion is linear. In :cses where he linear red drive
=otion is derived initially f ro . . .e rotarv cu:pdt of a
:otor of so:e type, w.:n shaf tin; .:ennecting the motor
to a rack .and pinion er cc=parat,1.e nechaniss, another
possibility exists. - .is is to i:s:all it.t he shaf ting
a conventional fricci:_ cit tch, e'.ectrically cperated.
The desisn is such th.:: thes the 21utc' hes are de-energi:ed
for energency shutde.- the cocor .z=d gear head are dis-
ec;sged allowing s tor < d escrgy fr.r: a spring or a,ravity to
drive the rod.

,

9.13.2.6 Shock Absorb.er

As. discussed earlier, a check absorber is
necessary to step co:r ol rods. Specially designed,
they cas use air or cC where stopping action is
applied to the red dr.ve techanis=, or use reactor
coolant as - compressivat =edium where the rod itself
is released from the drive. Coc=ercial units are
available with a varte / of force -s distance charact-
eristics suitable fer stopping red.s. To ensure suffic-
ient fast rod travel. the shock s' 5orber action usually:

is limited to about 17: of rod stroke.

3.13.2.7 Penetration rf Iligh Pres:rure Systems

I The aspect c-f drive ciech. anis =s shich has
caused the cost design ef fort is :f.e need to penetrate
the high pressure vesJ.(1 of power reactors. A cech-

_j anism suitable for a ;ool type res earch reactor operating
at reoc te perature an.i pressure can be a very simple
rack and pinion drive, driven by I small electric motor.
The proble=s involved in producin;; control rod motion

__
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inside a P'.3 oreratt:; at 2000 psi are =uch sere
e

.

in te re s ting. Several a;; roaches to this proble:
t vill be described. ",
i

9.13.2.7.1 F.agnetic Coupling
;

0.e cethod of producing rod : tion-

without a y actual break of the pressure vessel,

is to create a covable cagr.ecie field external
j to the vcssel.vhich vill exert a force on a
i cagnetic ar:ature which is 1: side the vessel
} and atta: ed to the centrol rod itself. A
i si plified sketch of such a syste: is sheen in

Figure 11.

9.13.2 . 7.T Linear Shaft'S'eals
S

! The rod which attaches to the
j absorber sc: tion can be brcught directly

through t'.c reactor head. (top or botte=) ifc
'

,

suitabi'y linear action se:Is are previ'ded.
I If this is done a varicty of drive =echanisms
i can be sclected with relative freede:. One

point tha t =ust be considered is that in sucnj

]
a design t. ere is generally an arca (such as

- that of the drive red) upon which the system
! pressure acts and atte pes to force the rod

out of the recctor. This ferce =ust be re .
! strained S .the rod drive =echasiss.
| There has been a tenden~cy to avoid,

the use of such seals in reacter systens due to*

| the possibility cf leakage of pri.; dry coolant.
i novever. C:cir use is increasing. If a.ne:ber

of such seals are installed in series aleng the
. shaf t the icakage may be cade very sna11, and ecyI

be collected if desired. To be even tore con-
servative an external pressure higher chas the
systes pre ssure nay be applied to the external
end of the =.41. This vill cause any leakageg to be into the system rather than ouc of it.

9.13.2.7.3 Iotary Shaf t Seals

Seals similar to those referred
to in the previous case can be used with a
rotating shaft. If cocion is transmitted
inside the pressure vessel in this fashion,
the device which converts rotary motion to
linear motien cust be located inside the
pressure vessel. Other c:csiderations for ,

j rotary seals are si=Llar to those for linear
s e als . -

.
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i
I 9.13.2.7.4 "In te r .al" -ive Motors

~

r --
.

Uccers have rem designed W.ich are t

I capable of operaticg i= ::.e vater cc:.ditions of {
a 7.7., using tec.~.i acs ::. .ilar to those used in 7

.

the design of can:.ad p- :. ry coolant pe=ps. With j

|
such a cater, a drive etchanis : can be installed
ce pletely inside the ;:-.= cry coolant systc=.
Thus, the caly pv.netra:.nn necessary is for the (
control and po er viring to the =echanirs. j

!
. .-

3.13.3 Typical Drive Mechanis=s

To tiluatrate soce of cne points vnich have been discussed,
*

seural current designs will be described.
!

? .13 . 3.1 Yankee-Rowe !

The centrol red drives. tre locrced on top of .

he reactor vessel. A pcsitive-;- .o type cagnetic jach ,

sechar.is= designed ard developed ':7 Westinghouse is used' .

Ita drive the contr:1 rods. The s t=.sral arrangecent of-
:ne teenaniss 1:; sheva in Figure C. -

'

In the pcsitive-grip, ca.;--ietic jac's t:echanism, i

:Be cc:;onents which opurate. in t.Se high pressure, high
- perature :ain coolant system ar e tha drive shaf t that *

::r.ncets to th'e control rods, the mrvable and s tationary
; rippers, and the solenoid plunge :- that actuate the
prippers All of these parts are et:losed within a -

'rcssuro housi:g uhich is seal-vel:ed to the' head adaptcr'

on the reactor vessel. head.

The electromagnetic coil.s that actuate the solenoid ;

plu .ger: a;.d. in tu rn, the gripperr are' counted on the outside

:f the pressure housing. Taare a-* five sets of coils: the .

static:ary gripper coil, the mova!:'.e gripper coil, the lif t ,,

: :sil, t.ie ;ull down coil, and the _ cad transfer coil. The j
action cf these coils is progra==4:d so that the stationary !

; ; ripper bolds the ~ driven shaf t whi e th,e novable gripper is ,

relocatin; to raise or lever the eontrol rod through one 3/3 i
:.nch meep. ',

I

i
The relative positions c f the movable and stationary

; rippers are such- that the latches e. gage and disengage the :

irive shaf grooves without load. i

The operating cycle is' prograr.=ed by a motor-
| friven cam-switch arran;e=ent. A :. rive with a' fixed

'|| speed limits the control rod rate ef travel.
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i
! 9.14 Process Ins truzentacion and Centrolf

It is the inten: ef this section to discusss the =casure=ent and
to a very limited extent the centrol of certain Orn nuclear" reacter

. plant pa'rs= e t e rs . This discussion vill, in sener:11, Le li:ited to recuire-
4

=ents which =1;ht arise in t!.e pri=ary syste or : pressurized water reactor,
| although much of the cen:ent is applicable to ot ccr plant syste=s. and other

reactor types.
'

This area of reac::: plant instru=e=tation .:nd control is se:etimes'
referred to as " process instru entation and contrr:1."

.

9.14.1 Te:pera: re Measurc=ent *:

A nuclear pr et reactor is an ener:Tv producing systes,

! which releases hea: to the votking fluid (s22:5 as racer in a 3'.JP.
| or P.'R). This abs:rption of heat by 'the userking fluid results in

a te:perature increase. As a result, accur, rate tempera:ure =easure-
seats are extremely i:portant in the evaluu tion of reactor per-

: f o r=a n c e,. Such easurezents are equally i :)crtant in detercining
| ef ficient and safe cperating conditions it all of the plant syste=s.

5efore pr:ceeding co discuss =etho::: of te perature measure-
sent, the basic uni:s of te=perature measurrecent will be reviewed.

I

9.14.1.1 Te=perature Scales and L' :its
I

|
! A change in the te=perat tre of a substance vill

occur ehen energy is lost or.gaicec. by the substance. -This
change cf :==perature can be detec::ed by an instrurent such
as the f r:iliar glass thermometer. which is filled with an
opaque 11e.2id whose density changes vith te=perature, or by
a ther:aceu;1e ohose electrical occ::ut chan;es with terperature.

Fer =ost ce==on uses the ianiliar class ther:ometer|
i It has a bulb, filled ett- . mercury or alcohol,1s used. '

connected to a finc tube into whic,- the fluid can flew as it
expands when the temperature incre,acses. The scale of a
ther:oce:er cay be one of s,everal t t:: pes. In this country, the
Fahrenheit scale is generally used f or ordinary purposes , but
the =ost ca :en scale in scientifie r vork is th'e Centigrade.
On the Cen:1;rade scale, the O* mar .. is the point uhere the
colu=n of fluid stands at the freert: g point of oater, and
the 100* cark is there it stands at. the boilin; point of -

water under one at=osphere of press;ure. On the Fahrenheit
scale, cae f reezing point of uater ~.aa 32*, and the boiling
point of va:er under one acnosphere of pressure is 212*. In
the Fahrenzeit scale, there is a diffference of 150' (212*-
32*), and c: the Centi;rade, a dif f acrence of 100 degrees
(100*-0*) berueen base points. Thus;, one Centigrade degree -

is equal to 1.3 Fahrenheit degr.ss. To convert r.adings from'

Cmntigrade to Fahr.nh.it or vie. v.t rna, it =us t also bs
rune =berad that th. tuo scalss bcgin at diffsrcnt esforsnce
points, en the Centigrade scala, c f r.szing point

--
-_ . _ .

- -

--

// 66?6 ' @ R|O93.- . -

.

e

_



, _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _

!

|
|

i

|

w

|

|
|

.. = - - . - - .. . . :. . - -

> 7

I .V..
1

f I

?.9-61 r

i.is :ero cegrees, Wt en the Fahrenne.ut scale, the free:Ing
{{ pois: is 32 degrws above :ero. 1: chould be bvious then_

i.r

I that in order to ;btain a relattenst:.ip bet".iets. the. tuo
!g scales related c= :he size of degroes, it is =ecessatr to
l'1 subtract or add 20 degrees to obtain ':he poin: unere the [* i

respec:ive scales Legin.
{

i ?

i Keeping these f acts in cint:|., it 'is possible to
i" rite the followi;;; equations. To c:nnvert Fahrenheit to

{ Centigrade, tne e:: ation j
l'

' i*C - (*7 - 32) /1.8
I

,.

is used, and conv<s rsely to convert Centigrade :o Fahre:'.ett .
*

ancther forn of ci:.e same equation,,

1 *r = 1.2 *C + 32

1
, =sy be used. Therefore, to ecnvert te perature of 43*Cco *r:

{3 *F - (4:' x 9/5) + 32' s
4

77."* + 3:* j
'

'I - Ic:.e I

A
t~*

-

Tuo diff e ent, "but related. I
Oe.e.perature scales I

[
' should be cention=c.. These are the ha . hine and Italvin

scales. These ars tatived fre: the D r.renheit and Ce:ti- !'
, '

3rade scales, resy.e::1vely. The diff s.rence is that tot

\ either a Fahrenhet.- or Cesti:;rade renc: ng a ccnstant is
added chich refer ce te.rerature to "absol6te'* :ere 'whict.

1*'
/ is the te.pera tura .evel at .d.ich all nolecular ocion ?

i' ceases, and which : considered the 'l.r.:es t theeretical

i
' To convert to : nese scales: i,

'

te=perature possis *.t..

;

l *K (det:ra.es Kelvin) = *C + C3'
. s

:.

'R: (degrees Rankine)' = *F + 40* jg

-
I
e

I W ile the ;:elvin and :.ar. kine scales =ay see:s to 1

be of acadeuic inte. est *

to the pouer : tactor operator, tr.cre kare several ressons uny they are of. ccmsiderable 1:sporta cein the nuclear induw:ry. f
5,

For one tn.1::;, tenperature :uat usuany be exp re. cued
on cither the ;;elvt: or Rankine scales then bein; used i:{i ther odyr.anic laus und equations. Amor:her, r. ore restricted,I need is in the cork related to develop:ient of nuclear Tcch.ce :;ines.

In. this eme, both the te=puc ature of t!.e major/ propellsnt (liquid :) and the envircr=tental tenperaturest

involved in outer sm:e are notI far above abcolute zero, and tI the use of these ses es becomes conven_ent. *
i? L.2 :

i
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1

.:ow , to proceed to power reactor te=perature
,

; = essure =cnc. It is .sually not feas.ble to use a c ==on
liquid filled glass :h e r=oc e te r . ."ys te= pressures ar e' e--

of ten high for glaa s , and =a=y poi =ts whera tenparatura
j seasure=ents are rez.1:ed are qui:e in.ccessible, and the

ceasuring device =ua: be capable :f trans:itticc a signal .a

for a censideraale itstance (100 :: 1000 feet). I

\-
2

! 9.14.1.2 The Ther=ccouple
}1

l
In 1821', icebeck observed that if, in a circuit2

constating cf two . ires of dissi:ilist netals joined at'

i teth ends, cne junction is at a dif f erent tc=perature tha:
the other, a voltage diff erence vill exist between the two .

.] wires causing a circulati=; cper e=: to fleu. For certain |

'i =e tals at least, th e volcace dif f erence is closely pro- |
portional to the dif ference of : e ~ :c=peratures of the hot ,

and cold junctions. In the Appe::iz ef this section, a -

,

'

variety of infor=a:ica concernin; the various cornon types
i of therrocoupl.es is given includi=a tables giv-Lng output

'

I vs t e=pera ture.
*

9.14.1.2.1 Iher=occuple Construction and Installatioq
,

The car = "ther=ccouple" is used rather'

loosely to identify vari;us portions of a ther=o-
electric =easuring sys:e= but for neu assu=e it
=eans tha firs t ele ==nt in the syste=, the hot

junctica 2:1 its i=rredia:e asse..bly. This assenbly,

as found L= a teactor plant systc= gercrally censistsi

j of two le=;:hs of vire c f the =aterials desired,

; -long enour; to reach f r:= the.pci=t of =easure=ent
(perhaps :ha center of a prl=ary coolant pipe) to
a point suitable for tertinal f aciliti6s (the out-'

i side of che pipe). At :. e in-pip'e end the two vires -
are welded ::; ether to fi r= the hot junction. The
wires leading f re= the *.:t junction are insulated ,

by 34Cnesi;= or ale =inu: :xide with an outer stain- ,

less steel sheath. To rathstand pressure in the i

pipe, the sheath cust either be welded to it, or
provided vith some type :f pressure fitting.

i

The hot junction =ay be exposed,
|

'

included i= the sheath. if it is included in the ,

sheath, it =ay be either insulated fro = it or |
grounded to it. The l=::er arranee=ent gives ;

.

better =echanical- and thermal properties, but can !
,

cc p'11cate the electrical connection of the ther=o- i.

couple. '

,
The entire asse=bly previously described

=ay be arra: sed to slip into a well which is per=an-
ently installe'd in the pipe. This =akes replace ent ,

| of the ther=ocouple =uch ai=pler, but can introduce -

i

( . >

| 1
!

-

|

!
'
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i
*

a ci=e lag into tne response. This la; should ii
! be mini =1:ed by =.sking certai.: a=j annular space

,

is filled with a g:04 cencucter of hea.. ,

!
j Ancther =eans of =easuring the fluid ;

*temperature within a pipe is to si ply veld or.

cla=p the hot junctico asse=bly to the outside
,

of the pipe. This gives a =tasure=ent which is
;

,' net quite representative but eli=inates the (

t prcble: of penetrating the pipe. [
i ,

!.
9.14.1.2.2 Ther=occuple Extension Wire

I
i Ideally the ther=eceu,,1c vires vould

he carried all the way to the c.easuring instru=ent j
,

vithout any. jcints or discontinuities, bovever, i

', this may becc=a costly depending on the length of
'

the run acd the price of the vire. Also, it =ay. .

introduce excessive resistance into the circuit. !*

To avoid these proble=s, "extassica vire" is
', available for so=e types of ther-oco6ples, which

is =ade of less expensive caterial, but is similar

[ ther=celectrically (at least over a specific rance).
.
~

9.14.1.2.3 Cold Junegion Ccr:pensation

'As previously centioned, the signal
ob tained free a caer=occuple syste:s is inevitably '

a function of the dif ference bet.:een two te=pera-
a cures, if a =easure=ent is made with nor=al ;
- equipment, the crerator =ust ceasure the cold

junction te=perature and correct for it. The cold
junction =sy also be centrolled at some known te=p-i

'

erat,ure such as in an ice bath. This si=plifies ,

the correcticn (or eli=inates it if ther ocouple-

f data based on the conttolled te=rerature is used).

I Uhere continuously irdicating and/or
1 recording equip =ent is involved, the equip =ent
! usually ~ includes a means for continuously adjusting, !

the zero of the instru=ent to correct for changes !

, in cold . junction te :nerature. .This is,co:xsonly by g

=eans of a te=perature sensitive resistor (perhaps }
nickel) at the proper point in the circuit. The

'

need for this can be eli=inated by locating the
cold junction at a point of knoen, unchanging,e

k temperature. One advantage of this technique is ' !
I that if there is such a point near 'the hot junction, ij plain copper conductor can be run f rors this region !

|| to the instrument.
t .

A' final observation on cold junction |
'

compensation. In =any cases considerable effort | 1| .

* #
3 is expended in either correcting manually for cold

i
!
r ,

-
_

6

*vs
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junctics ce=peratures or in designing aute=stic
correctics into a circuit. This effort cay be " "-

urt.ecestary in soce therneelectric. syste=s. For
exa ;1e, if a te=;erature ef 2000*F is being

' =easured, with c!.e c:1d junctien located in a
c:ctrolled ce:perature ins tru=ent room. cer:al
variations in cold junction te peratures will
be invisible in the =easurement.

9.14.1.2.4 Ther ocouple I:stricentation

Ther occuple output, And therefere,

j te=cerature, in =act cases is ceasured by a..

rather si=ple =illivoltmeter type instrucent
$ with the proper sensit.ivity and calibration.
} Such a sys.te= is adequate,for cany applications

alth: ugh it has several drawbacks. One is that,

j ' the sensitive =eter ccvc ent -is deficient in; develeping force to operate control cethanisss.j Also it requires current f.roa the ther:: couple
| and therefore calibr;ation is affected by IP.
.

drops in the thermocouple and its extension wire.
''

I A : ore sephisticated approach is to
use a "potentic=cte'r"' c r " null-balance"' type-

ins t ruren t . A cuch si=rlified sche =atic of such
i an instrument is shown in F,igure 23A. The ther:o-,

couple voltage is compared with that frem an
adjustahic slidevire, *and the slidewire is'

adjusted'by a servo amplifier and cocor until'

the two are eq'ual. 'The techanical motion
j produced can be used to move en indirect pointer

or a recorder pen. Since in the steady state
| condition this circuit docs net- draw currenti

f rom the ther=occuple.. lead-length does not
: affect calibration.i

g Another type of circuit which is
coming into use is shown in Figure 23B. This
circuit is of ten draen so that it looks considerably
different from that of the traditional self balancing .
potentioceter but they are basically sinilar. As
shovu in Figure 23, the basic difference is that
instead of using 'the a=plifier to drive a =otor-
slidevire unit to balance the input voltage, it
supplies current directly to a resistor which
generates the balancing voltage. This circuit
can be ca: pared to that shown in Figure 13, Page
9-35, for current measurenent. That could be
considered to be a current feedback systen,
whereas this is a voltage feedback system.
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.

!9.14.1 2.5 Ther:occuple 'C:=puting Cir:2its )
|

|
.

.-

Two cr = ore the::ccou;* es cc be ; j
4 .

| cc=nec::sd in various vays to perfer: si=ple t

' arith =ce.ic operatier.s. :
I

i af they can be connected in series addics * '

f
4

to su:s evo ta=peratures g
|

| bP they can b'e con =ceted in parallel to i

! average'evo te:peratures .

,

cP they can be- coenected in serd.es oppcisition
'

to take the diff erence of : *:.tc=peratures
,

i The las.:: application is 1:portant t: reactor syster.s

! because. the dif ference of reacter inle: and outlet .

'
temper:.tr.ure is a function of reacter '; ver outlet
(assu: u:; constant flov). These c:=puting'

operathens are generally not. possible if the
: functio n is grounded.

9.14.1.3 The Ecs.astance Ther:ometer
^

l.
.
-

e

f A resi:r.c.nce ther:oceter is a length, cf wire, '

usually coiled to reduce its size, which is rade of a
=sterial . chose reat. stance varies substantially, reproduct ' ,

ibly, and if ~ post:1ble, linearly eith te .perature. Typical
naterials are ni.:La:1, and platinu=. Tor c$ t a - easure of'
te=peratu:e it i: =ecessary cely to ceasure the resistance*

of the :5erno=etarr. ':o cold junction problems are involved.
Se e.xter.sien vire ercble s -cxist, except tha: de meding os i

the type of zessur-in; circuit used it may be :ecea::ary to,

keep the lead re::aatance belev sece value. Ccf.siderations
! en installation .ar e similar to those given in Se:tio : 9.14

1.2.1 for thermoc:nuples . Resistance vs eersera:ure data,

| for several types of resistance ther:oceter are 1:cluded
,

in the Appendix of this section.e

I

? .14.1. " 1 Kesistance Ther=o=eter I:st:.=:entation
-

>

'The resistance of a resistance ther-
:oseter -is' generally c:easured usin; s:ize form of
brid;e c:.ircuit. This may be the fa:iliar labora-
tory tfre '..Seatstene brid;e but as e.sc ; cered in -

a ,reacto>r instru:;entation system it is core apt
to be a tentinueusly "self balancL:;" circuit
anale;out: to the potentic eter circuit shoun in i,

Figure '.'3a. Such a sircuit is sho"n 1: Figure 24
':ote the canner is uhich three conduct rs are used.

to conne :t the resista ce therece.eter :s the

! seasuria:g instru ent. This places the lead
resistan::e of one conductor is both sides of
the bridge circuit. This tenda ,co ccrrect for
"varieticcus in lead resistance.

.
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3 Another point night he noted concernic-'

this circuit. It involves only the balancing of .,.4 resistacte and, therefore, changes in the value ofi

I
the brid;e supply do cet affect the . ca lib ra tion .
This is not trye in the C:F =easuring circuits
shown in Figure 23. If it is desired to use a
resistance ther:e=eter system to easure differ-
ential te=;crature, it can be accomplished by

-installi=g a ther:eceter in two of the less of
the bridge circuit.

Resistance ther=c=eter circuitry can
also be incorporated into non-cechanical type
ceasuric; syste=s, analo;ous to that sheen in
Figure 233.

3.14.1.4 Other ::ethods
'

A variety of other .ethods of te=perature ceasure-
=ent =ay be encountered in the operatien and natacenance of
a reactor plane. Eevever, these covered are the cost likely,

to be encountered in the normal control roec instru entation..
9.14.2 Pressure ::casure=ent

rressure is force applied to an area. In a reactor, sacy
different forces are at verk. It is neccssary to measure the pressures
of gasca and liquids. The reacto
therefore subject to intcrual pres,e is essentially a closed system cndsure chan;es. hiquids are forced,
under proccure, throughout reacter systens, and it is 1:pertant that
these pressures be oiserved and recorded. Celium pressures, air
p res s ures , and other.s are also ceasured. As do tenperatures, pressure 2
keep the reactor operator inforzed as to the scatus of the' various
reactor systees. They prevido a cethod of chaerving =any internal
cha .;es, and alsc may serve to operate saf'ety devices shod 1d extre.e
conditica: arise.,

} 9.14.2.1 Pressure Scales and Unitst

In eva4 urin; pressure, two dif ferent scales are in
general use. These are the gage systes and the absoluce '
system. The only difference between the tuo syste.s is the.
reference point for zero pressure. In the absolute system.
zero pressure is a complete vacuum, uberaas in the ;ase
systes zaro pressur.e is equal to the pres:ure of the earth's
atmosphere. The absciute system of ceaaurement is usually
e= ployed in scientific work, particularly uhe'n a high decree
of accuracy is required.

Since there are several units of force acd ceveral
units of area, a variety of units of pressure ~ have evolved.
One ce=cen unit of picssure is " pounds per square inch". In
scientific work it is convenient and accurate to mussure
pressure in terms of the height of a colu=n of fluid which ~

_

e-

m *

|y| 0 b b N- w

,QQb I I1
'

__

-

_ "



. <,.

--

__
.

t
1
! 9-69
,

.j can be supp:rted by a given pressure. C:e of :he si:ple'st
g i-o en:s used is a barc=eter. A bare:eter r ly be cct-

~j s:ru::ed by filling a gl.us :uie, about il c. .. ire: (and
cic3ed at ene end), uith nercury, acd then 1:c. ?:rting it and
thrbs tic; the open end .into a *. ell of sercury. Tae .ercury *

,

f column f alls until its veicht equale the vei; .:.: c f th e colu:'n
i

l of air of cr:ss ree:::n aqual tc thte of the :c::cury colu::
' ii

| and extendia; frc: the surface cf the cercurr - the cell to
'

4 the tu: of the at osphere. As the reight of :.c air chan;cs, ,

f oving to changes in tha ace: spheric pressure, the' level of

? the cercury in the tube = oves up or dow.. The s'hei@t of
i the cercury colu .n, read f rom a ceter s tick ph.::ed alon': side,

thus serves a: a ceasure of the at=espheric pr isssura.
.1
- 9.li. 2.2 Pressure instru=entsi

I
The .= ace eter is one of the si:ples: ; pressi.ro-,

,
'

=easuring devices in use. 3asically, this de. n:e is usually
'

a U-si. aped glass tube that is partially fillac cith c'ercur/,*

uate r, er a suitable caterial. If a pressure . As ap911ed to
? One side ef the colu=n, the level in th.tr leg . treps, and
; rises on the oppesite side. ~he dif ference ::T-eeen these
| t o lavels is directly proportional to the apre ied ;reasure.
t Considering the applied pressure as, dif ference. . in 'the height,

the device tells us that a gived pressure is c .:apable of
' supaarting a colu=n of inches, ce'ntinetcrs, er ; cther units

of height. The colen r.sy then be calibrated ':0 read in ter=s,

,. of the desired pressure unirs. Such a pressurcewill byI: necessity be read in the :; age sys:e=, as cae . v. of. the U tube-

, is subjected.co the at=osrheric pressure. To : :revide for

{ readings in the absolute system, it vould be nn::essary to
i cicse one end of the tube, , tad _ seal it of f f r:-. - :he at=es-
*

phere. This closyd end cus: be co pietely. ever.i.sted or the
j pressure of the trapped air sust be tai.en ints consideration
f in the deter =inatien of the applied pressure. One' pressure
*

g 1:self nay be cocpu:ed by =ultiplytag the der ut'ry of the
l liquid by the diff erence in height, i

A second cethod of neasuring pressure e e= ploys the use ;
of a diaphrap cechanism. This unit consists c.rf sealed hex |

or case, pressurized positively, and contair.ic=.: s thin piece |

of corrugated stoch, cade fron a material sucn a as brass or ;

j stainless secel. The. corrugated stock for=s t ::.e actual
;

y. diaphra3c, and uhen attached to a pressurized a 1yste=, the '

,

diaphrap vill bulge either in' ard or outvard, . as the pressure a

e varies eith respect to at=ospheric pressure. T!his unit is !I capable of =easuring eit;.er positive or negatinve pressures. I'

The bulging of the diaphrace ay be related to a pressure [reading by installing appropriate cechanical lu :.. age between i
| She diaphra5s a:d a pointer and scale. As a f t:::ce is !

applied, the diapnrags acves and the cocion is s :ranslated to -
|

the pointer, which moves across a scale calibrn z:ed to read :
in ter:s of premre. I| t:".
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s

{ A. third pressure-nessurio:; devi'ce _s a *-

# bellows. T:.15 c:it operates in cuch the sas.r. =anner
as the diaphra;=. The d'evice.is enciesed .a a sealed

, .

case, a.d a spring wechanis: is used to con: 21 the ,

:f expansion er centraction uith cht.n;es in '!arount
i The spring provides a ,;reater fla:_bilitypressure.
1 in the ran;e ef pressures that =ay be ceasured, as .

!it c y be adjusted to =ake 'the desired racta sicher
high o r icn. . As either a positive or ne:;stire pressure
is applied, the belleus neve in or out, and . .e cove.9ent ,

is tr : slated to a : echanical device. Jhich erves a
,

pointer 2 cross a calibrated scale. The bell:as has a ,

j
i; ;reater =echanical advanta;e of =ctica than :. sea the

idiaphrap. Pressures are normally read in cme gagei
syste=, but =sy also be ceasured in the absc:.dte ~ :

I sys ten, by enclosin:; 'the ' bellows; in a case f: = vhich ji

-

all air nas.been evacuated.

A final pressure-ceasurin; device t.: be
Iconsidered 'is the l'ourden tube. Easically, t.r.is

device consists of a s;-tral tube, ner= ally e'".iptical ,

'
in shape, and appror ria'ta cechanical equip =e:.t. The
tube is closed at ene end and then curved i=t.: a spiral ,

fcn. W.en a pressure is applied to the ope end of
the 3curion tube, the spiral. shape tends to ::nded. A
sprin; sechanis; say be attached to a pointer, which
translates the unuindin; of the tu:,e to a scale, whica' ,

is calibrated to read in te.r ::: of pressure. Tae pressure
is read 1. the :sse syste.1, and the Lcurdon tube eay be ;

used to nessure pressures botn abcvc' and bel.'.* a= oshperic.
0.14.2.3 Differential Pressure

,

As vas. true ,of tesperature ocasure=ent,
dif f erential t ressure can provide- cer'tain in e rtant.,

i

' nfor ation on reactor behavior. 'T.ree of t..s devices
i

| just di:, cussed, nasely, the diaphra;o, ~.ane .ecer and .

ibelievs, adapt readily to this type of differential
.

!
neasurenent. In the case of tha =anc ec%r, .t.a two I
pressures to be neatured are c'onnected to the tuo ends'
of the U tube. The dif ference in hei; ht of ch.e trio :

legs then 'aecoces an indication of pressure Efferential. f
,

i g

In considering the diaphrasu and be*2ous, the :

situation is sc e"nat lif ferent. If the diaperam is i

I used, the tuo pressures are applied to the opmesite sides !

|
of ti.e diaparags. T.ie aa=e arrange =est "ill wrrh with i

j the bellous, but generally a separate bellow i.s used for {each of the two pressures to be ueasured. ,
}

}
f 9.14.2.4 Transmission of ?ressure :leasurements

'
i

*

'fechods of using pressure or differential. .

pressure to produce a mechanical motion have deca described. !
,

,
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l |

1 If the point at which indication is desired is near the

, - peist cf ceasure=ect, s=all lines containing th'e fluid
can he run to one of these pressure sensitivo devices;

] and the resulting :echanical =stien used to deflect a
pei ter en a scale. :.owever, in a nuclear power plant'

dis *z es between the point of ceasure=ent and the control
: renr are toc ;; cat for such a simple rysted. In actual |

| Systt a it is generally desired to convert the =otion '

pr::uced by 'the pressure sensitive element to ao electrical*

s i g t.21.
i

i
| Cre cathed of dcing this is to utilize the

chtsge in resistance in a length of viro then it is.

* s tret .ed or contracted (by the ::vc=ent of the ' pressure'

rer.s tar e elenen t) . If fcur such vires are activated,

by tne pressure sensitive ele:ent, an electrical bridge
cir:uit can be cennected to ctve an unbalanc'e signal
prey:rti:nal to the applied pressure.. This for:s whac...

is usually k:cen as a strain gage type tra=sducer.*

Another uethod of producing an electrical
sic:al. fro:= the oction of a pressure sensitive device* .,

is :o use it to move a recallic slu; which will vary,

'

the coe;11n; between ruo or = ore transfor=er coils.
.[ 3y i:3 nature such a syste= is li=ited to use with an *

AC s'ys te:, uhich makes it susceptible to errors pro-
; duced 17 inductance and ca;acitance in the viring.
<

! 9.la.2.5 l=portance. of Pressure Measure =ent
i
j Accurate =casurement of pressure, and'the
'; resulti ; control actions are of 'pgra=0unt inportence -
, in a F47 If the pressure increases beyond a cercaLn'

peint, certain irreversible relief devices are providedI
I such as- saf ety valves and rupture discs , which'while

|
pr:tecting the primary piping produce an. inevitable
shutd: = of the reactor. If pressure decreases the

I

}
possibility exists that boiling uill begin, which =ay
precute a sufficient change in the heat transfer f res

| the core to cause da= age to fuel.
,

| In addition to this direct importance of Pre
| pres sure measure =ent, it' vill be seen that the dif fer-

ential pres'sure =casu're=est plays an impertant part in the most;

, co==:= totheds of meaauring both, flou and likuld 1 vol, two
! oth-r.; arac.t.rs of great icportance in r. actor cpuration.'

,

' 9.14.3 Fles Measure =ent
!

| Flee is a parameter of great interest in reactor operation,
j particularly the flow in the pri=ary coolant system. A knowledge

of this flo. is essential in making one cype of colorinetric deter-5

I =ination of reacter pcVer level. A decrease in pri=ary coolant,

' *
flow belov sa:a level uithout a corresponding decrease in reactor

f
1
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'

i
t

pc.er senerati:n . ill always cause da: age to the reactor core.
*

'Jhile suca a de:rease will be reflected in tenperature and,

other seasurenents, the flott seasurenent cent rally responds'

first. For this ressca the prinary fir * instru entation usuallyj provides c:e or core signals to the reacter saf ety system, to
cause reactor shutdcun or power reduction.*

I ne as;cces of flou ocasuccents to be discussed will
all relate to liquid flow, as fcuna in tne primary cooling

! systen of a ?7., althour,,h so e of the techniques and devices
''

24y 1,e applicable to gas and vapor flou. All of the devices
- to be discussed vill provide a nessure= cat of 'volu: ctric. flew,
I in units suc's as gallons per minute. Thus, if a 1nowledpe of-

,

sass flw rate in units, such as pottsds per heur, is desired.i

; a cer ection for specific gravity or density of the fluid is.

required. It =ight be noted at this point th.a t the change'in
des t cy of t'ater over the range 7C* F to 600*F is 'ss.bs tantial..

| 9.14.3.1 Flow Heasure:ent by.1:ead !!ater
!
I

. !!ead ceters are based oc the fact that a. fluid
strea: under pretsure possesses energy, or " head," is

i several for:s. This energy can be cenverted fror. ene
I for to another (and bach). Thus, if a restriction is
| placed in a line, the fluid velocity or velocit'y head
i icercases while the pressure or pressure head decreases.
I Once the restriction is passed the energy uill return to
, its original distribution except for f riction type losses

f due to turbulence. '

. If, in a line with a.restriccies, a pressure
i tap is placed at the high pressure (lev velocity) point
| ptior to the restriction and another at the lev pressure
i (his velocity) point uithin the restriction, and the
i dif f erencial. pressure betueen the two is ceasured, a

ceasure'of the flev rate will be obtained. The relation-
ship involved is:

a-EE
where Q is the flow rate, U is the dif ferential pressure,
and K is calibration constant. The square root relation-
ship results fron c .a fact that the velocity head (kinetic
energy) is proportional to the square of the velocity.

The actual devices used. to =easure and transmit
the ' differential pressure produced by the various de' vices
to be discussed will not be included since the measurecent
of differential pressure has been considered in Section
9.14.2.3. Uote that if one of these devices is used to
seasure flow, the calibration of the receiving iestrtcient
vill be non-linear in square root fashion unless a square

.,

root extracting elecient is included in the systen.
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l
1

'] co:parimp the varicc: head seter devices the
'q

'

distinctics bet.een f reessure drop" and " pressure less''
should de :.r.de. Fres; ure decp is the . pressure diff trential,
across the :;evice ::s e of inic!T is recevered. Pressure less-

f is that pc--ion of nt drcp which is not recovered. Tressure
loss can bi cf concer in a systc= if it is appteciaile vithf
respect te ene tetal crive ; pressure.r

f esd =etersj 4.re the least expe:.sive mer.s ofeeasures; :~.09, partic larly chere the line size end flev-

are large. w a rese'.:, they are usually what is fcund in,

a reactor - ;=ar7 (and :,econdary) systes,i

(
.

7
t-teus devt.:es specifically desi;ned to produ:eg

a press. re : rop will1. t.| diccessed.
in tie lo: rnich represents a ' restriction ca:7.ever, any cc ;; ent.i n he usId to
neasure f1r. If suitah R calibrated. This applies to the{

t secas genert:or or. the reactor core itself,
] 9.14.3.2 C d ice Pla;e
1
4 A: crifice' place is a chin disc uith a hole chich4

is located 14:veen flan: es in a line, aa shown in Tigure.

25A. This is the simpled:,I
I used of hoa:t seter dev:.:ss.least expensive, and nest ce=caly~

Its cajor drawback is that
turbulence d.:r mstreaa :esults. in the greatest pressure loss

the
,

of a:y of tha head necars.a

k'|
,

9.1/. 3.3 Ventur'i
,

{ This is ahom: in Tigure 253. As mi;ht be expected
'

f ro='ics con:nurs, it ; rnduces the leas t,

of the heed ses:er devic es and therefore gives CSe lwestturbulence of anyI
' pressure loss.

:;ovevec, it' is quite expensive. and isgenerally ave:.ded.s

! -

1 9.14.3.4 Tlet: Mozzle
'i
j The flou noz:le is sla n in Figure 25C.

It isessentially the front hd of a. Venturi., It provides a
desirable cocpromise bet veen a Venturi and an. orifice] place, and is used frequely.

| 9.1 . /.
f 1.iquid level ;iaasurecene
a

| The need to =e.asure liqui.d level arises at many points ina nunclear pcuer plant. Gouever,1 -he systen uhich is specifically
bei.u considered, cae ;risary coc Lant system of a ?'"1, is completely

i

fill.ed with liquid wate.
f and no '..evel measuring problem exists, withone extrenly i=portas: exceptice.
$ in ur:.ich electrical i==.etsion. heaters are used to boil thThis is the pressurizer vessel,

creat:e a steam bubble. e water and.
messure in this ve.:tsel, and L.s conttolled by controlling theThe press re of the system is determined by

-[ the
! ''

heat
supplied to the i=.ersion her:ers. .It is essential to maintain

.
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i

.' 1the level of the 3:ea=''acer interface in the pressuri:er . thin
' c e r tain 11=it s . ;f t:.e level vera.:s fall teo le.c, the h u :ers
'

would be une: vere -. a,3 veuld overh=a:. 7:e s tea = fillei 3: lute
*

in the c;per pert;:n f the presserizer vessel is relied :. :n as ,

; a pressurc trans t t-t absorber. If nis vo.1==e dere to bec:=e too
! s all, as a resu .: of high liquid level is the pressuri:rr, a

|

,

', pressure surge =y n: trip the saf ety valves causin, bler:4 6 s of '
the syste= acd re . iring shutdown of the reacter.

4

t . As a rest. : of. these undesirtb!c. censequences cf rtre=e
f| variatiens in pres n.urizer level, the instr'.:=e=t systec v'.::h

| =casures it gence .lly initiates the tax 1=u= available cc t::ive
-

action, la the c u e of high level, a letdo.-. sys tem is :. c .erally
i provided to alle" liquid to bleed fr: the ;risory coolan: syste=,
; watch vill r m l: .n a drep in press r:rer level. "In the same.of^

low level, =aheut. .=ps are calle d upra :o add liquid to :c e syste:.

; 9.14.4.1 * iquid 1.cvel by Oiff erential Pressure
n

A cc::.on method cf pressuri:er level =e.Lrure-*

isveMs the use cf a differentisl pressure :::.=s-en t,
'

du:er, pretieusly described.. '

!= an unpressurized vessel, open to tr.e t==osphere,,

; the ga. e t e.sure at the bot::: of the tank is'dir4:tly re- '

lated to :..e hei;ht and der:siry of the liquid in :c.e tank..,

Thus a ec .<.: lent way of =cas uring ,the level is si.=-ly to.,

"

make a pre :ure c;easurerent at the. bette . cf the se psel and
i

calib ra t e : in units ef level, such as' feet cr 1:=:.es. To-

de this , c f course, the densi:r of the liquid cus be fixed'
and 17.e"n, :r a densit,y corre::in;', device e6s t be . Li.ded.

f
e :: the case of a pressuri:e3 vessel, the 'rrchlea
g beceres :cre carplicated.; The static pressure in _.e system6 can easily e so large that pressure fluctuations a: the#

botto: of :.Te vessel due to le-rel changes are negli;ible.~

, Tais is in,:eed the case in a ? " pressuri:er ehere the static .

i

I pressure ir greater than 2000 psi, while Icvel chan.;es on the
!order of f 1:tions of a foot ( hich means tenths of a psi) are

) of interest. .,
,

T: ov ' re tais probled, the differentia' pressurej between a ,y: +t i e Mttoo of th'e vessel and one 4: :cring the
, istea= bu' . t' top of the pressuri:er is :ceas red. The

(upper'te .. ,> , d t o only ::e atatic sysces pres sure, whe'reas i
I che tap ., the ..u res has sys:c prosure plus that due to jliquid he /.:. If the differece betveen these is tessured, the

!
I

} resulting s:;aal is proportional to liquid height c=1y. ;

-| 7 ~ t
asser;>1e the syste previously outlise-1, equipment Io

might be ass chled as sheen i= Figure 25A. :.ouever, certainj proble=s exis t in such a sys te. If the different u l pressure
.

jy transducer i.s located .at a different devel than tha: of the
i

'

9 lower cap i=:o the pressurizer, it will ..oduce a :.tasurement3
;,
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:f level dif f erer.ce between 1:s cisva:ien and t he+

cressuri:er in:erface, rc:nce than that Letve-n the. lover
... and ' the it.t erf ace. This discre;2ncy 15 1-J1cated iy
:.:.e dis:Ince' "h" indica:e4 in Tir.re 2;A.,

b
Another proble= concerns the pihin; scen:1fied

a: the " reference leg" in Fi;ure ' '; . The ade. 4Jcy of
i ;_.s cen:ection as a reference depends en its'sc:31cin3

f ree of liquid, so that it senses syste= stati. T ri:Sure.

| cely. Lovever, since :his le: 27 he physic:lly exterr.al'

-

t the ;ressuri:er and ordinarily su, plied vit'. test. it
> =xy cell run at a :c=perature su'.s:sncially le er than the#

rr:ssuri:tr. As a resule, ccide.r.s,ation cay ec. ar Vith ~ n.

i:, caasing it :o fill uith liquid water. If U.as !.appens,,

s- ceaning of the essurecent disappears. ,

A nodification of this sche c, s[c.:n ir Ticurei
.

' ::T, selves these prchless. ;;O:e that in this systc 3
L_:n.is';rovided for f-111r,; the referecce leg . tth va:er.i

Oc.s eliminates the qcr.densatien pr:bles. In *;dit'icn..the
eleva:icn cf the transducer is no iceser criti. si, since. ~

an~ pressure due to liquid in the input lines t? equal-cn,

becs sid es.
.

i;cte tha: with' this sys:ca the dif feiratial
pressure becetes zero Gen' t!.e vessel is full, e.d is at a

when the * vessel is c:p:y. To alibw nei..;l calibratien-
8

cf receivin; insi.rusents, the transducer is cr.t nurily s et up,

t: be reverse acting. In other verds, =cro tr,naducer output
is given by naxinus dif ferential pressure input er.d Vice-

. versa.
'

9.14.5 u.t surecen t ' Transsiss ion

{ 3ef ore c qcluding cb.is section, a uord =isht bc . aid on thef general pr n ler. cf 'trar. scission. ::any years a;o, parti.ularly in
the chasics ; and' ;e:toleum industries , .it' vas reco;ni:e.t that theree

i was coasicerable desir:bility in converting all = essure-ents to a
{ "s t a nd a rd'* :13:a1 at or near the point of ceasuremect f..r trans-

g mission. ::.e syste= that was used al est universally. u..til recent
electronic dev leg =ents cas ~cae in which all ceasure=enis cere
converted to a 3-15 psig pne,u=atic signal. This was ac,0:plished by
using ceasi. ring devices which in soce, fashion produced * mechanical
motion.

I
Th s cetion was then vsed to vary the cositien of a flapper

I in front of a nozzle to thich ccepressed air was supplied. The bach
pressuro L= the not:le.then' beco=es a ceasure of the ve,iable.

9 '

The seasurine devices used with this systc= ver. those unich
ost direc:1y : reduced a cecnanical. =otion. The pressut e measu ring,.

i devices das. ribed in this section of course do this, for :eoperature
l ceasur'ese: s the thermocouple and resistance thereocetes described in
3 this secciac cere not quite so convenient. It was core coc=on to use

4|
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b filled with soce lisuid 5:hich would ex;and vita tecperaturea bul'
increases and cause *deflectics of an elenent. st=ilar to a Sourden

''
'

'
.: ,

' tube.

Such syste=s have been used in =any . reactors;. he ever,
.

since World "ar II, a variety of electrical ar.d electronic syste=sj

have becone available which convert variables to a uniforn elect-i

Typical syste=s involve the transmissien of !.-20|
nilliep OC (s.oney tell) or 1-5 cilliacy DC (Leeds and ;*orthrup).
rical signal.
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10.0 Intraduc ton

A nuclea tsaetor in additien to produ. t: g a graat dual of huat also
produces a hi;. Icvsl of radiation. The nus h ar -lant operatind persocnal.

; as uell as th. tentral public, ust be press ..ted f ro: radiation in accordance
with the li=ita as defined in the Code of F .: ral T.egulations,10 CT?. 20.;

To accc plish c.ts task, various shields ar ilat d arcund the reacter and'

:facilley to att<=uate the neutron and 'ga=3 a ddiation (=itted f ro varicus i
sourcss such d the reactcr core, coolant Iv..: s , a,,xt'liary equip ent, and '

spent f uel ele =s:nts. '

,

Shielding :=chniquas and calculations t. cc:::4 v6ry ccepicx and ti c
ceniu=ing; thsr af cre. v. vill cover only so .n of -J.c 6asic conccpts and
shieldin; calc.' atic: s whic.'i are necessary for a ~;asic ucdcrstanding of
the proble=s c :niciding. .e will begin with a b rief descriptien of
w',ac type of tr_;ati:n is e:itted fro . a typt.:al := actor core a:id then

ideter.ine 5cw : :. . varicus types of radiation Inter: cts trith' =atter. Once *

t h.is is *undarst :cd be can then dcvulep sc se = 8 ple shi ldin; equationse

which can bs t ! =d as a " ule of thuch'* f er e r r ect.1.w shieldina.
.

I 10.1 Ra d i a t ic.- Tren A :.uc1=ar P.eactor

gadiatica f ren a nuclear reactor. consimi s cf cipha particles.
-

*

beta particles, p= a rays and neutrons. TL = (cit, adequate shielding
must be utili a ; to attennte the radiation t.. a .s:Ie. level for nearby
opetsting pers.1.=1 and tne general public.

Cencrally rpcakin;;, the sources of radiatiet f rom a nuclear reactor
can be classif1::: into two groups: radiation.as a result of 'the fission
procsss, and ra:.atien 'f rors c=utron and. ga ca ray int ractica eith caterials *

outside the corz (See Figure 1 and 2).-

4

10.2 Radiatien S teraction '.!1th Itatter
.

10.2.1 Types of lateractions'
4

, ! -*.e intaraction of radiation with =.aterial can take on
!

1 several f c.ns such as : disintegration. sc.sttering , absorption,
and . t ran s~-t a tio n.i

a '

,

j T.e can classify all types of rddiati.'s into two categories.
, t either ch.t ;ed or uncharged particles. He fi=d that charged particles
} $ interact 9 th =atter causing direct iontratic t and uncharged particles ;

j interact w th matter and cause ionizatir.n by secondary means.6 ;
I

t
l '

'

Lncharced(Particles_| Charned Particles or Photons - !
f proton ( P ) neut.ron (on!)

8

V / beta (36-) ga==a (Y); positron (g S+) ,

x-ray
; , alpha (ad*)

.

,

; t
s

' $.
I

ow
,

- _ e gse
- "N

e .- W 4D" ' ' *

w

**N
,

44u

U "' 9 p4v : s !. n o rs',j O
V : ".

l

,
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FJACTCR CORE
.

I
e

|.-

f. .'
,

,

Prcepi Neutrons Fission P.roducts
> .

.7-

? . .

, if y, ,,

Ther=alized
played-

I
} Neutrons Delayed Ca=2s Kays P.'.c ton eu t rons,

:.eutrons and,

; 5 eta P' articles
i

!,

_ j Captured' ,

Seutron. .

t
I: elastic c. stable Componnd

'

Scattericg Nuclei'

f
* D* cay C M ~Dcca %Casg,,u ,
t

,g Figure.1,

] RALIATIO:3 PRoti:CTION AS A RESULT OF TP2 FISSION PROCd5t

'

Decay Ca::::nas Decay Setas.
4, ,

'r
.

- Compton ,,
*

Photo Electric Effect. '
- Bres trahg

Effect. r. duedon .
I I

s & 3 & 4
, Attecuated Free Enerietic S+ S''l Gama< E ectron Tre ilects a "

! - g
(/ . t I-rays

*
Bre=sstrahlung,

s*? Figure 2
X-rays SECONDARY RADIATION..3
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7
i

* ~ Char ed .-.iclcV. havist an alectric fiald surrounding
the: due to their r :.r ,c, e.sn paasi ; through =atter interact

.} with the ortitel e ,: tron (duc to chtr;e attractics er repulsion).

J in such a cant.er t'u t
I

'

. th., result is a G-stceleration of the
char,.d particle .'. t: in.t re us acceleration of thi electren in
the a t e .'s m ' - - '-%r s:Ords, .there is as c:ergy cTans fer
fro: cna char;a: pa ticle te tha ate .i electrons. If*this tra.sfer

'

of energy is lar;e c .tugh, an elcctre: ray escape f rc='its pare:t

, acce creatin; a: 1:a pair (Sce Ti;ure 3).
- '

g ,.

h "M
",

!
s-3~

~

_ -- p
~

3 C \N :.
' -j pr ,

,

I.
% \. ? . < ' T. g,

:;uc l.t.a ; -.

\- - / ~ C

K ~} | \/ %g
m' %. f

- fW
fe ss.

J
.

g'.s

eus |

\$ # 4
+

.%' .

los Pair

Figure 3

Tais resul:a in the creation ef,a positive charged atom.,

| (since the ato: h!.s _- st one electron) -and a free electron.
t

Tne re fo re , t.f we look at a lar ,e volume c f material and
the path of a char;cd particle throu;h it, t e vould expect to see,

i a trail.of created i r:-pairs un.til the energy of the chargedI particle was dentcis. ed to a point where it would rcconbine.
.

.j Uncheir;ed n-ticles, as ue vill show later, lose energy
only by means of col isions and/or scattering ef tects..

~(
'fith the a'teve opening resarks we vill now Icok moro). .

,

g closely at the type :f inreractions which takes plate with both -
charged and uncharged particles.,

t

I. 10.2.2 Alpha and h:a Shielding '

}.
.

You vill recall from our earlier discussion that alpha
i particles interact 1=; vith matter have a definite range and that

,beta particles, alt..ec,5 not having a definite range, do have a,
a

finite penetran on L:.:1c in material 1: .hich all becas are atten-,g ,

i ated. Therefore, te effectively shield against alphas or betas,
i

I,

|
t
.

4

'
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. _ . _ . . _ _ _ _ _
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all one . cads to de is :o i::arpese ;:.r.:rh cateriai 4;.:41 o , ,*
:he :::;c cf :ha: ;ar:1cle -n _:::t es: t rial te seen :he r:dia:ics

-

3 Cur e and thJ r3d 201cn fits crEa.

10. .s . s .
.

3:ges r.

2.e range of a c'..2 ;ed particle is the dis:ss.ce :h2:
3

the ;ar:i:1. css pencer::a -- -* :gr *.- .;1c causing ioniz:tien.
Tcr sn ple, a 1 "cv alpha :: be:a pt - .:le has the folleving
ca: ige n air, water, c:acra:t and lesd:

F.ange in :nches.

*:atsr at.

Particle _ Air Tissua 0:ecrt:c Lcad

1 0.2 0.0002
E 1a 0.14 0. 0.' 5 0.52

m

It is now obvicus' f.a: cne ca shield ; ainst any beta
- or alth: particic by using :. shield cf 5: .e :tcrial having a

chit,.nssa sligh-:ly greater :had ths :::.;c of that particle in
th.t caterial. 2.c rante fr: a:ch - qt of or.rticle can'bc
da:cruined frc= the follev;:.; scuatien.s.

,

13.2.3.1 F.ange of 41phs

A) '?.cn n (sir) .= 3.319 E3M .

D..re E - en ar ry in .Mev . Lad
F.anga is in ca .:1ceters.

- L
h-re ( 2 . -) 3.2 x 10-' A -O F.se gc - (sclid.. =

..r .sity (s)

Exacple: Find .he range af s - 1 Mr.v alp.hs in water;
3o - 1 gs/c

a) 7.an ge (air) = 0.318 (1) 3/2 = 0.313 c=.
i

k
b) .ange (E:0) = 0.318 (3.2x10-')(IS) /l

- 4.36x10-'cc = 1.72x10-'in.
!

10.2.3.2 ?.sste of Esta
.

A) Range (g=/csU = 0.St.6E - 0.16
[ vh7te E = En IV in "ev :sd

Fange is in. g_./ cs*
T anca (;--/c=2 ) ,

B) Range (c=) =
2

s'; hasity (gW :s ) ,
.

'
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T.x2. :ler rind thi. rs::ra 1: c --- -"- *s o f a '
,

1 * v *er:- 1- 1. d ; .- - 11.35 ;-/e=8y
t

q

=
*

:) 2 (-Jc: 3) = 0.5M(1)-31f " 7.3f 4 C /cn
~

a
t

5) R (es) = 0 * 3 M '-'/c
,

= C..T34 cm'
11.35 ge/cs'

.

I

= 0.C13!. in.
|

It should be noted ths t.6a ete-rc rule of
t t .;-i ccicul::ie:s varv n arly a;;rext:.st:e th. i.xp.ri-'

r.r. :1 vilues nentioncd :sr11er.
10.'.4 :."= ct e:r. A: str.ua tion

.

9

2.6 n=utern havin- no charce, in:crn::s ci:h :stter
by :na e' :.c rur .ts. abscre:1en or s:1::er:nc.

l').2.4.1 .'3serstion
,

*

'"he 2b eretien reaction is char n= tert:od by_J
a rautro .'entarir.r a nuclet.s r sulting 1.:r other'
;: articles or ?..otens 1 caving :ha nucitus. "

10.2_4.1.1 Slow Ncu:ren Absem:lon or Capture -
t

f

*'hc.n a siev neu:*r:m is' stsorbed.-.
'

t.

9, usually _one of the f ol_le. _.ir..e..e%:e.:cas or
<

.
.

particles is e.ittic*:
- .

r...s, alphs, e+--.si u

I rarticles, or bete esitiel.s.' ':r cxar cle,
t ;;cces s esildd --di-ti te c re.ura

; .tllustrates this cy . i.: ....u .... r. and is
y repres(nced as follows:

1

.C'
.n X(A+1) * X(A+1) +i

i+ r
,y

and is usually written [ (n,y) r#*1'

.

No important (n,Y) reacticss- tt-c:
4

8

,n! (t
(1) G .+ !i3 '/ Ea , 7

L 1 ' .r

.1

888 + I
(2) ..Cd .n (.Cd8 8 ")*

88' y'p - s

..Cd
+

..

i

4 .

I \"
e

'

i a
1

- - . = . . -

,
_

+
W-

. , _ ww

M6

. gam.m -- 4
.

e
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.
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.

The fi.7: rea::isn indicates wha:'
. cccu rs
,! .te eve r a Ay: ::;c.s 1.;s tf:::e (e.uc-le - the _

5 ' 02..:.O. .ody) se r:*-. the r- al.
.

. - -- t' eu t ren s .
;

- The resul- ,

t

un: L-I U. v.ich 1.5 ctt:ed has at-least 2.2 Mev of
j e.tr y and therefore becc:es a gs:: a shielcing-pr:ble. ~

t

The sec: :d resetien is very 1:por:act
+

4

f because' cad-fp_ht.s a hig:1 MSU for abscrbing
tie :41 neutrons act :nerefore is goed cI.otee
fc: reactor centrol rH cc yasition.

- 13.2.4.1.2 Fas: Ne.:res Absorption
e

i
Ias t neviron abscrp:len withcut

'

resulting in ' fistic- :.s usually s a n .w.d thre'-
fo' e vill not be dis':2ssed any fuEh7r other thanr

to cention *us t of.e morta-:.

reac: Log as fo11c4s. _ type of absorpri:
'

|

|
'e0 ' + en ,gH + ,N ' ~

3 8 3 !t
,

Th1sreacetenisge-. . :er:an: to va h ggq1gj
reacto,rs because of : e, pr duction of Nitroce .-

,16 which- is hi;bly r4toactive and c=its hetai
particles and a_6 Mer ga ::a ray.

10.2.4.2 Neutren Scatteringi

Neu:rcs s_ca tte rin _14 a precess whereby av,

| nea rpn collides with a target :.clei anc t;,ansfers acr.e
or all of its emLto the nucleus but _

i re : sics free af tertN reaction.| There are two ty;*s of neutron scatteringre t::lons described as follows:4

10.2.4.'2.1 Elastic Seittering

Elastic s:attering is usually referred
to as a "1,illiard-ba;;** tv _e oho _111sRn where
both kinetic energy a:d co.entum are conserved.

,

1 A A+1(as- )a+ x ----> x -> x A + (ge )bla s -

l

Note,that the eutron which enters the
reaction is no: the same neutron which
leaves the c'eaccion. ,

In this ruction a stationary nucleu.s
-

is struck by a neutree traveling at some velocity.
.

(

The acount of kinetic energy which is transferred .

to the nucleus depends upon the c ass of the nucleus !
5

'.
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i. i

i

,_ and the an;1e thrcugh s-hica tt:: neutron is

; s ca tt e red.
.

! . In the esse of a .ead-on collision
'sith a proten ( Netet the preitru has a, prox-
isataly the se:e cass as a ne.; tron) the neutron,

1 ) could be stopped coc-letely witth the proton
takin on all of the eneri;y. If the n. utron.

'
collides with a very heavy en::leus , the neutress
vi.11 glance ef f the heavy nutueus with only a
sli;ht decrease ia energy.

!
'

Elastic collisio s are the type of
collisions n ich take place :r. the coJ. rator of

a reactor since the cederater ale =ents are of
low mass and vill- be mest ef f c::tive for reducing
neutron energies of shout 0.1 .ev dcwn.to 0.725 ev.

10.2.4.2,2 Neutren Icelastic i:attering

Icelastic scatter:t .; is the process
in which a neutron is capturn. y a nucleus and

then re-esitted at a 1cr.er ene:rg.
~

t A
A+1+ ( c r.* ' ) 5+ Y(on ). +-x > x *

a 3 2

'

where E > Ena nb

and' E -E =r
na nb ~7'

Note that when the neutron is s'asorbed in the
'

r. action, the tar et nuclide a;.raiseJ to a
hi;he r energy state and.returrt.3 to a 1.xct
state by the e:issien of Y-ray photons'.

Since the, ener;;y sttates of the
' tar;et nuclei are of discrete 'valuesi there are

only.certain sinimum energies . required 1efora an,

inelastic scattericg reaction sill be observed.+

| The threshold is en the order :f 0.1 Nv for'
| Scavi elcents and creater tht: 1 ::ev for'
f __il-ht e r ele =egts . Therefore. :..is ceaL'that

- i neut rons 'si ch less than 0.1.:e.-- cannot lose
i energv 5f inelastic scat terin: . 3.% s , , g

.

|
|
' 10.3 Neucron Shieldine_

The ethod of shieldinit acainst neutrons involves n o aspects:

(1) che sieven;; devn of :sst neutrons (2) ene rJ2.turo c: the slosieJ yoyn
, ,' ,, ngyg_rgs . Each of the a'.cvc nethods 4/=- depencent _ugn ity probability
| of inceraction with nuclai and therefore are a function ..::-the cr.ms sectica
i

-
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fo! a p37t!!.'.14r reac:1Cn. It is therefCre important that ".e Orie* stand! hr- :he c ! s_ r c: ten for a ;4r:teular reactier. varias as a b .r:nn ofg
| .rea:!c3 e.erry a..d the tar.tet caterial. *

*'''-
--

.

,

13.l. Tv es c: C: ass Secti: s,

' den s ceu:ren tr.: era::s with a :sterial it d:es so in rva .ays:!

C) it can be sea::ered by the cucleus with the ;rcNbility de.f:. sed as
the scatteri ; cross sectie : c,, (2) it can be abscrNd by the t crget
n.cle s w::h the prctnility defined as the absorp:ica cross se : tion c .

_

Since the c!:ss ase::1e.s are prebabilities one 01@ t ex pect to f_nd and
''aes find tha: :..e re is a ;rebebility, ha.ever s all. fer each tw7e(~ 2: ering er i: s trp:len) :o occur in any reaction. "'h e re f e re . .e'shall4!1ce the s.= cf each pro: ability to be the tctal cross secticr. ice a
D-rticular rea:tton.

C =c +c;
t a s

10. 6. 'l Scattering Cross Section

As =entiened earlier scattering and therefore tha s ca tte rint;
cross se:.:iza (r ) is the sua of tho. inelastic scatteriegs tross*

secticn (01,) plus the elastic cross section (c,).

c -c +cs e le

Teu will see later that the scattering cress sec:: en for '

cost :arge: material vill be in the racge of 1 to 10 barna fer
thermal r.eutror.s and vill decrease as the e ergy of the cau. tron
is increaw d. Ac hich energies (>10 kev) the sca:tering c: ass1

section approaches' the go etrical cross sectien of the ca ;et
cucleus,

10.4.2 lusorption Cress Section

ne absorptien cross section (c ) is ce: posed of c.r.e sum ofathe prota:ili:y of capture or capture cross section oc plua the pro-bability of fission eg,
i

a =c +ca c f

l
The abscrptien cross section for =os t target mate:r :.s1 is' ,

usually divided into three categories dependent upon the carutron-f energy. The three regions are:d

I

1. The low-energy region where we vil? find that
-f

(0.Clev to 190ev] the cross section is inversely prep::tional
I to the neutron velocity (1/v regicc~)
| 2. The intermediate - neutron energy e resonance

,

| (100ev to 10 kev] region khere one vill find sharp i:.:reases in
cross section at particular energia:s. '
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*

e .
|

*

3.
. Le f ast-enert' re.icn is tere the cross[ >'0 k e il sectien dacrea:.us s: caci;y with

c.eutron energy.
*

10 A . 3 '

..wr tien Cross Secties vs. %.;tren : ergy,

' O . L 3 .1. 'g Ir.e rgy T.e-ton .01 ev to 100ev)
*

i In this regicn we f.nf tnat the cross section
varies as 1/'.' w%ere "V" equa;3 t.au v.:le-ity o' the
newtren and terresents the ti.: > s;cnt by t5e neutron

,

within 2 ven distance of the nuclous. 2.erefore, the.

10 '-sr the c.ewtros is in the " tinity ei the nu:leus the
,

crestst
tr.e enance of interace rs between t.ie two..

1C
3 ~V.a

For exaple, a p;ct ei the Icv enerry ree,1cn of'

ca Unese illus trated the 1/*,' *..v f,or neutrcn energies Lctwen0.015 ev to abeut 6 ev. :4o t e , :nsever, this curve representsth e.

decreases at a regular rate anstotal cices section, but s : ice the scattering creas sectica.,

the enly variatios in thecurve is due to the absorption cross section.
'

100
,

t

s'% .

= -

3

4 10
d {

~!tancan se
-

-
D

6

e

L ')'
.

,O.01 0.1 1.0 10 100 logo

,
,

a

I,
Energy ( v)

Figure 4
f
,

There are a few other low-crass nuclides whichj to11cv the 1/v lo.; even vell int.:
and Li'. the fas t-neut ron regions.; Examples are 5 I8
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| Figu e 6 '

10 . 4.1.2 Intermediate Ragie.u (100 ev to 10 key)

This region i.s krawn as the resonance and is
ch.1:acterized by the cc ara ds of absorption peaks which

j ria4 sharply for sc=4 eatry. e.nergies a:id drop sharply'

beeseen these rese:ance pea'r. . :!anganese again is a' good
exa=ple' to use to illustrate this region. (Figure 7)

Ue find tha soc, resonance peaks are very
lar;-e for emanple. Cac :.us-1 3 exhibits a cross section1

of O x 10' barns f ar cea:rf vnergies of. 0.17 ev and
Xeman-135 exhibits an esor;.?ien cross section of 3.4
x'd barns for =vutroe.s of aergy 0.7 ev.
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10.4.3.3 Tast ::eutron T.r.ergy Region,

In this.re;1on we ficd that e.cattering reactions
;

predeninate a:d therfore absorption reactio .s are insignificant,,

j
At high ener31es we find that the elastic scattering|

*

cross section approaches the.geezetrical.crcss section of the'
atarget nuclide (Fr y,

!

*e'also fi5d that the intlastic cross section also
j

.

;
approaches the gec=etrical. cross section of the target(tr'). nuclide1

i

7.3erefore, the total s'cartertu,; cross section inthis area is then:
a .

. , c = tra+ Ur* = 23r 2
s

where "r" (the radius of the nucleus) = 1.2 x 10-t s (32/3),
. -i 10.4.3.4

$
Scattering Cross section for Water

1
* The scattering cross section f.sr hydrogen and

therefore water can be represented as a function of neutron
f energy in the range of 1 to 121:ev by:
I

10.97,# * **| s E + 1.(,6

vhere E is the energy in llev.

3

10.5 Neutron Shieldina Ecuation

I k"*
Fres the previous discussion of cross sectional v.1riations younight

expect and indeed do find that neutron shielding h. ccces very -
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:c Fli:2 rad and thcraferc vill be discussed in ps:cra*. :ar s'en17
,

aL u ti.a w will use fer neutres i::,.::ustic: is:
,

!
...i

t . t e''' *
o

-ter. !, - crigin:1 neutren flux of sintla ensegy
' 1 e::cnusted neutron flux-
9

a f
'

2:::s of tarte: nucici/cs'': -

*: - tot 21 =1cros:opic cecss secti:n for tha raa.::ica bt:veau 2.

m eren of given enargy and as s:o cf c:r;1: ::crisl.

= thi:kness of targat cm.:arialx

1

3 * ::c t o . CN :ross sectien is found .ci:her in thc bara *:.ork of cross
secs tras or a;;roximattd 'hy t's ruiu of thu=b sr.rsssions -
discussed earlier.

.

*3.6 Cc- a Shieldin-
4

Frc: cur prcvious discussion of n.cueron reactiens ve e.re ncui

j r. ara cf t'% lac: th:t ::any neu:ren reseti:::s rra ,(n t type
.

'

a

ractions. b rufort, whan shielcing sgains: ncutrc: s va cust slso
tr=n snitid qsinat gar as. 'ta vill rev turn cdr atten:ica in this

,

*

dircetion.
, a
t

; 10.6.1 Cr=s Ray Atto' nuation*

C2 s rays art absorbed exponenti:lly in .=cerisis.
^ Ter ax: git, e .r.rrow bea= of parallel gar:.s rap ' ef ,2 singlo

enorr/ (noncenc.rtc:1:). when pcsscd thro 6;;h ,ac. a:scrb~ct,,

cas!
j tc cx;: sred by the fc11 cuing relationship:

*-uxI*It,

o (1),

where I
>f

.riginal intcnsity of tha sourca in units of*

intcnsity (=F/hr or R/hr) '

, .:
4

-1
|

I = intensity of 'tha scurce af ter ;sssing through
a thickness of sc=e catarial.

,

x = sbsorber thickness (es)

the Lincar attenuation coeffic14=t (cs"*)u =
'u.= u +u +u

P. .c' PP

he linaar attenuttien ceafficiant (u) for sc:a riven :sterial is
the r,sta at radu: tion of thu inter.si:Y of the ha_qthicunh_an
'ticrKf'. Men:qs7c attenuatien coef ficient f:r varicus.

atcrials is found through 4xperi=antal s.nalysis and is given in,

| various published shielding nanuals (See Figure 5). .
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i
0.1 0.5 1.0 5 10

,

Encrgy (Mcv)
'

.

;

~

' !.inear I.ttenustion Coefficient (c= )
k \ | I

| Energy | "ans ' N -.t. Al- ' fren I. cadI'*2 v i . e>

' 0.204 0,227 |0.651 li640.5 0.0966 )
.i f1.0 0.0706 g0.149 0.166.j0.468 0.776

.

0.121 0.135 90.381 0.5811.5 0.0575
2.0 0.0493 0.105 0.117 0.333 {0.518

'

|0.4773.0 . 0.0396 0.0853 0.0953 0.254
| 4.0 !0.0339 |0.0745

0.4760.0537 0.259
,

; }
5.0 ' O.0301 ,0.0674 0.0761jo.246 0.483

0.0651 ,0.222 0.520
!'O.0571; 8.0 ! 0.02'O'

'| I 10.0 ' O.0211, 0.0538 0.0613 i0.231 0.554
i !.

'
-

k'T Figure 8
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.

I te nast be pin:cd: u: tra: -Se lines: attenua:ien coef ficient p,
! listed in F',;ure O is ec *d :1 a re- u:tien coef ficient which,

*

I i.n:ludes the Co ; ten effect. 7heso :.lat::ric ef fect, nd Pair
,! ; p gyu:tipp.

-- --

!

f u **u +u u
total c p pp

The attenuation cuf fieleM5. is also a fp ction of M the
4Digng-- n2:erial and the eWy of W cd ray. It benaus

' m the de- s ity, er ate-ic n .-Ser, inn: -z ses a:d decre2ses as

the y .s ray ener y incre:ses (See F' gure 6) .
? 0.e should not es: fuse the te =.. "line'ar attenuation
| coefficient," with the tira "nass att:enution ccefficient", -

'

whien is so of ten used in various shia.iding canuals. The es.ss
attcNstim coef ficient is f c :*d bv c' -idin- the li caI ,

*

attenu tion eccf ficient by_ the dens _i:-- af the ca:erial in,

! . questicn and is expressed in. units et := per grats (See Figure 9).
#
'

The ngrrev be m conce;t is usuady used for. rcu;;h calculation
i and. therefore, is not very ideal for a: curate calcu.lations. The
I concept asstnes that every scatterinn ur absor; tien interacticn within

the .euu 2 utll renove a :oten f rr. ::na or1CLnal bean; One. r;,1.a
{ the #ctector is just Isr?e encu;:s t_o ..e:ect ti:e hea::, it vill only sge
i the results et the attenuatec ort inc t e..n . In reality, 'this is not

| | the whole s tory, for not all sources. .tr.it a narrou be.3|2 of ga =a
,' photons and not all s:storials used. for sQelding are very thin. I: 1.s -

also very pecbable that sone of the sca:tered photons eithin the
cedite will re-enter the original bear . thus sheving a hi;;her detected

: intensity than that calculated by the m..r ce-bean concept. To account
t for this scattering ef fect, a new co?.n:cpc called "the b ead dex2l'

cn;; cept"; ill cow be introduced.

;iasa Ai, sorption Coefficf cnts (c:J2jg)
d

. in a

!'
En e rgy * Iron Air ' Water Lead A1.

0.5 0.827 .090 .0966 0.144 .0S05
1.0 0.596 .067 .0706 0.068 .0590
1.5 0.435 .0517 .0575 0.051 ;0150
2.0 0.423 .0480 .0493 .0456 .0414<

3.0 0.301 .0356 .0396 .0420 .0337
3.5 0.341. .0325 0350 .0404 .0300,

! 4.0 0.330 .030 .0339 .0390 .0296
! 5.0 0.312 .0262 .0301 .042G .0270

10.0 .0216 .0219 .0453 .0218---

20.0 .0162 .0100 .0201---- =

.

Figure 9
4

4

. *Ca,:na Er.ergy in Mev.
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!.
. 10.6.1.1 * road k a: Coscept

| . The "Iroad Sea: C: .:ept" is a co re realis tic'
i

approach for it taas into cce.siferatic . the s:stterit; '

I svi.r .ts '.hien a:d io c.ie radiat t:0 received by the dete::or
($ce fiewre 13).r

'
| *

- j,( d Scattered 7adiatic: cat ring
'' *

,p r* original
| bx,

|
.

.i -i . I

,

-

f' ,/
Ii ',

'

!
t

.;, Source : t, .

, /' 0 / . i |j , { ' , k *'. . '{tt.
' '

|

. :. ,.. w. .--- w. r . f.i ,y g. - ,,<t..: .r
,

.

..
i 4 . ; , x ; / / ,' * f; ,/ ~ j./,

.
<

- ---

g ,

, i
- r ;,

, ., .n. . . , ,.

, .
*

N / '1
D :.: tor ,. 3, , , t ; ,,

} ;i 3 3 ., t,
>

. .|
U '

Collicater nick,

Scattered
Shia,c. .

Sarrov 5-a., Radiatica ne:
.

s .c by Dstv::or

.

1

.

4
Figure 10

The cauaticn for this concept is identical t: Iquatio: (1)
except for the sdtition of a new tem called the builde:
factor (B).

-

~

.

-uxI=I Be (2)o .
!

-
;
e

-

The b ilduo factor is a function cf the shield
mat erial and thi:,. ness as well a.s tFT"~cE'ir;yj the radhtien.

! Its value, considering all of the afore:entic ed parase:ers,
; is strictly dete:ined bv ameri: ental' ethods and is ' listed ,

in various shiel:: ,t =ancals. Ir.erefore, it is not ur.c::::co ito hear one ex;ra.ss the buildup factor as-A " fudge f~ actor" i
e

.i for, indeed, tht.s is really wha: it is - a means of naking a **
i vrong answer rig.::.

. ,

Since :he buildup factor is depeodent upon the
i. nacerial used, 1..e thick:tess, ar.d the er.'e rcy cf ~ tid ~ radiation'

source. we find : hat =ost build;p f acter taTes 1.i_s_.g_ the
' buillup f actors as the product cf the attenuatien coefficient,

,

'" ' '' thtee thick =ess of the material versue the energy c: tne
j (.s radiatica source (See Figure 11).
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!CII.D'.*P TAC 07.5i t

4 ,

! f.ner y C:ev)-
?

e
' ~Cx 1 2 3 4 6 10aterialw

.

,

. 1 2.13 1.33 1.6; 1.55 1.46 1.33
$ 2 3.17 2.77 2.42 ~2.17 1.91 1.13

4 7.63 4.E3 3.91 3 .34 2.76 2. 3
'

. . . g'"'
r 7 16.2 3.46 6.23 5.13 3.99 2.57

-

10 27.1 12.4 S.63 6.94 5.18 3.72
'i

'

15 50.4 19.5 12.0 9.97 7.09 4.30
20 $2.2- 27.7 17.0 12.9 8.85 5.?3

1 1.37 1.76 1.55 1.45 1.34 1.23,

'

2 2.89 2.43 2.15 1.94 1.72 1.42
4 5.39 4.13 3.51 3.03 2.53 1.95*

1RON 7 10.2 7.25 5.85 4.91 4.14 2.99
.

+ 10 16.2 10.9 8.51 7.11 6.02 !. 3 5
15 28.3 17.6 13.5 11.2 9.89. 7.54
20 42.7 25.1 19.1 16.0 14.,7 12.4

.

Figure 11
.

The prf uct of urx. is called the rel.1xation len;thd
. and is 43. fin.d. As the thickness of .b scrber required to reuceI

e h e in,t e'n {} t y e f t h e ir.e id e .' ' 'r[[i a't ic'd h{da ce o r o f'e"t
'

(2.713).
.

10.6.1.2 Half-Thickness Values
1

Se:tetir.es it' is convenier.t to kncu .certain values
or thickness of caterfals which_ vill dec; cast ehq_Jnt.r.si:y_,of-

a ,gv=a source by one halt. This v.tlue is called the half-

thickness for that material and can be derived from the
following equation:

*', . I=I e
. o
<

'

;. ' .if .
x = the half thickne.ss (x /2) then,

1

* 1/2o
- =I e

2 o

1 *1/2*

3=e
lf22=e

1 2 = a /2l

0.693.

= u /2l
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-
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4

.- 2.693 (3)
|.

*

) x$ . u
..

,

(3), v4 s c .: :; t: t'.. half-thickness.

n:v. I:uses::'' Trc: t.~'

2:y :.:t.ri*.*. :s s t ply f e;.:-d by Jividict tha ~valu- ::
of 2 t- :.. etteaustir: coeffict==C f.:r tvt =sterial.;

'

.
-

10.5.1.. ?:1:: Seur:-
1

the prce_:us cen:c;es u; .sc e ecscricted :o4

1:
collirtted b.:.3, thi: is, narrev 'ca-4 er broad'he:r.s.*

..f :he radiation; ?.e:c v u e e.llev :: fcr tha spread :
.n ca. - ;h: cx;cet :: sec fro- a ;;1n saurec.;

'i

ha point s r;r:c concape is uso ! for the purpesa
t rvir.c e 6:er _.., tre :cc..a_l nu..:er

cf s:-..:ft:::::n w ;.: .

o f phe t : s e r cvan n_: .t rens .t_h.a.t_ _s. _s cure.,. .: s c=_1t ting f r e .
. __

~
- . . - - . . . r5 1

its siirist:. P..ref ra, s';oint s:ur:c f= cft.5E.1y4y.-

:hotoca or n:ctrees pur sccer:d in all.

\ 8curc[ * .i:3 4-its !{
- s3_G_ .1 cC d:.r c:tiens' ".1T?i: ura 12) .

~

g

l ,

I_: nsity E;ua*. in All Dirac 1:cs
.

a
^

.: > i
1 | .

xi
4,I , f- %. e. .o ',

'e'Jt- N, , N N |-
/

. %k
*N.\ ''* /*'

< ' ' . \ /,,-i .

;

.s* ea, ter
',
i-o,,

..* 1e.j
.

.-.. r
1

. I g/ .,

~.~.. .
,.

.

,i
s s
e,

4

\

7eint Sourc:
) Figure 12

sur'round this scures. with.a thin, sphe.rical,If vc now
photons or neutrons

non-%, rbier shell :f radius r , th n r"of tha shc11 (Scop'r Ncend will pass throuph thi surf ace

f
Fipur. O).

3c flux t*.:sity 0 , that is, the number of photons-
!

or butr:ns.passin; threuth I c=8 of the shcIl surface peri i

is calculated fro = Equation (4) (Seej second at radius e
.

! ITicurs 13).
;

If va no r :ensider a second tbtn, sphcrical, non-
absorting shall of :,tdius r with r >r it is found that

8

thc Il x d nsity C, ay be $alculs:5d bv Equatien (5)
(Sw Firura 11.). 1: is assuced that act.nuation of the
adiu: is negligibla.

j

1

I g,o
I
i

.

t
t
+

%

| .. __

i

19 W.W 4

m .. ..

() - 9 E 7t /. 6 6 ('em , .,d
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4 '

! \ .," fhell with p
; ,,* :1.

S. ::=:e * ^ [ ,,, V_ - bdLus r1*
,

,

{ O d '- '

i I
g

14

Figure 13
6
*

5

Tlux Tarsity : = . .(O
1 4e r'

,

...

i -

Pci:::
Scurec. 5 - - e shell with Fadius

.

,

a %. .

.ss !
* -/,

*

q %', .9 ' q~, - Shell with Radiuv, /, ,. r
i

.v

/:\ I L :., ,

/ :.'
1 % '

.

< -

1,
e N
*

,

Figure 11.',

'

S

Fluz. . Density 4,-

g (5)=

4x r> '

2

r = 20 cn. '
..

g ..,

! . -'
'

.,. [ / (LI3) ,/ '

r = 15 c='

/o. ; '\ I.c2v ((. '
V,''

.

s' < ~s a

/ /.
, ,

l | . - Le.std 3o , -

o
C

|

|
A

E

I "0TE: The student sheuld investigate the
. si .;;.2tien depicted in Figure 155 which

is ni=ilar to the exsi:ple on Page 10-20

Titure 15 *

i

!

\ -

I
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.e

k 'a kf,
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*
>

| .i .f se n.r. solve Equattor.s l') and (5) for S , we i.tveo
j,

m>

(;g)(I-r r13) (Equation 4)*
I 5 =

o
4 i
I

(42)(Mr:2) (Equatien 5) .

I S =
,' 0 ,.

-

*
t

cad since. 5, in Equation '.) equals So is 0;uatict. (5), then
.|'.

ry the use cf si:ultaceous equations, we have:
,'

,

3 . - t
1

(O t ) (4s r t * * - (C2)(4 r:8)
i!

s ;
7 '' or -

n-6; m
.
.,

.

!
i

I Ecuatien (5) tr kr.:vn as the _" Inverse J cuare
' aw" cr.tch s nply .t ans t::::t __tne intensity c f th.t radiation
_ .

! E . a e ree 14 t' eve:rei - rc+c rt ic .11 r r t n; 1- -e o f t _ei
,
'

cistance ire. t:e source. 3tvever, this 1.ra is c.'y a "ruje,~

Of tr,u-b" and s houid c .ly be used as a =eans of Mn; rouc,h .

3esti=de cf the intensity of a sou rc e a t s o e di.s Cice. *te,~
A; c: dst next consider using ,:.:c peint. scurce cence;: fer various

~ I=at erials, but ' first look at the folicsir,g ;rroble :
i-

.
,

f Exa:ple 1 Upon re-enter e. g the reacter contrel '. uildicg
af ter an ==er ency evacuation, you s.es ' an*'

employee lytr.L unconscious at the e:: of a- -

;
' lon;, hallw.?y. Assu=e that the c=ricyree is a

lying in dirsc.:t line betve'en you and a source;

of radiation .:.d that your survey ce:er reads
;

100 or/hr. ' "ec.a t is the dose rate v%ere the
|

- -ecployee is I?cring (see figure below) ?

.

t

,

j. Survwy . Mater E:sploy . ;*,-
/ ."y' 9 "#,

Radiat on i,,

10C a 5ou-.ei
i

t I m r/'tr g

,
t

I

! .

5' -12 '. . , -1

l .

l. t
I I.

t

| Answer: Di ra ;

| E 5 *

.

t
*
y4 i,

.

i ,

. !

!.1
,

O

t

,

g
F-j ===.=.*o.s e w -- _e-- i

-

_ ~.
r

a
n.-..

g e * "-
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e irc: 3 desc; r.*te datae:cd by survey = eta:=

1 (123 :R/hr) .
4. . a

disc 2 ca fr: source :o sureay ca:Lr,=r
I (17 ;f.e t)

dist ::ca frc: scurec te (:pleycc 'I f:)r =
3

dess rate at c:ployee3 =

2.

m rtfore,

100 3/5r (5 ft)*
-

D III f;)'
a

1.2 T./hr-D, .

+

10.6.1.4 8.sdistien Inc.nsity Threu; h A Thick Sh!.ald

If. as u. have Icarned, a se. rec e:1:s en in:cnsi:y
.I , th n the intens.".:v :: s dista .cc "r'' c= (dis e seding
a[ccnuation in the t.iterial) vill bc:

I
o

I =
4 r'

whara 4 r* is the :: es of a spheriesl surf:ce cf radius r.
Te 311cv for th at:: nuatien and tuildup of radi.2:1cn in the
a:eri:1, we vill := .bina tha abcva cqu.stien vi::. Iquatien (2) *

nd obtain tha folleving

-ux ., Se.
*

t (~. c:r'
Exa:pl. 1 ad the intensi.y- e f 1 1 **ev i ::- .2 s:;re , uhich.

.is tr:nendcd'hy a spy.cre of 20 c: ci '.td, st
a dis r'c:w of 15 c=. The intensity of :he
'urce 1 5 ' 103 R/hr (Sce Ti erT 1.5)

Answer- u !
I ,-.

.

p (.
-o .

* , s-
d t..

f, , . .,.s I
. --
s ,

*
3 t1.5 x 10 hr,. where, T '=

. -

o . ,. g.-
1 I, .#N0. 7 - :I fc 1 !'av c i ma
*

.d,t
'u = *

. \I *
- ., .

! x = = 35 &,.
, ,.

l ../
i ll. 6u ; is*' u- =

|
-

I '

3 4.2 o s=
1

1 -

I " (1. 5rcr 8 R/hr)(c.0.f4-1h 4)D * " I '' '
)(3.lc)(15)', . x

i I = 1. . ,r 10.s ojp,jc=a
i ,

I-
,
e

.t
I

_ . .

, _ -

. -
_.

,

!

, -.

. - . .

'. / 6 6 T' .5
..

. J 9 /. r| p. o q-
1

-

'
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t

i .I
*

{ .

i 10.6.1.5 Dese F.ste vs Scurce Stren,,th.
I

The source stran-th cf vart:w 72::- a c it:ing
1

tos.r_ces is usually given in Un'its Ef c.6.~eT ,e . c;r2e

eNals 3.7 x 10 disintegrations per c icend. : et; es tt88,

is required to is:V the dese rate at s ::.t ci: :.r.cc fr : such,
'

| a scurce. This can be deterniced by us.e of :.: .. f c * 1eeir,g
esuation:

^,

6C''
R/br * j (2),

/ _

where, C = smree strenith in curies
E = su= total e_ne.rgy o.. f p::;-es . - disiete rs tiens

n. -

1; units ef iev
-

! r = distance f re. the scarcs :n un ; ts of fee,t
-

1 Note: Equation (5) is cely an :rrrexi atien f .--g r.:r:as
having an .e. ne rgy o f b e ti:ce.r. U l.!._r.I'.. * * ::ev_.- .. _.

Probably the bes.t. applicat.i r., cf '-1.s equation
.

| 1s in the ca ibration of :-rotable..
obtaining a standard source (T.xa:ric C ' ')

. e. ts. By._.-e* est+
-

. .:. . he r =arking*

off distacces from the source, a surve* et r- cas be
calibrated cver its range by placing ic at "n -icus carked,

' off discances.

Exx:ple 1 L' sing a calibrated source of 5 c.n.- es. of Co'* ,
deter = ice what dose rate a ; e rti:. .e ie .1:ation

survey =eter should read a: ', 6 and 13 f t, from
the scurce.

- - -

Answer .

R/hr = p~g,

.

Since Co'8 decays with tuo ,; n==a --: tens havine
; energies of 1.17 Mev ar.f 1.2.3 :!ew respectively,

E = 1.17 + 1.33 or 2.5 Hev.
^

.,
s

Then R/hr = (6)(5 curies)(2.5 ::evi
t r,

r

f R/hr = 75T
r

,

i Therefore, (a) at 3 ft the dose rate 1.r.1

R/hr = 75
i 8.34 R/hrd '' =

(3):

; t." (b) at 6 ft the dose rate is :,

R/hr = 75 2.08 R/ht-=

| (b)a
e
I I

-

e. --_a_ .g
_

i
<

*hv>m,.

j 1. (- .

.

e , .- ... . . . ..
|-- . m .;> .} c)- 1. -

-
,

-

|

l
:
1

. - . . . . - , ~ - - . - - ,. - ,. . , .
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! g (:) at 10 f c th. dest r:te is
! :

75 3,

-

R/hr = (lG)_ * 750 -1/5r<

,

i 10.6.*.6 Sa=;1a Prch!c:s

Thc cence.ta #.:ch have f.:s c bres discusscd cre'
ac~;;1 find is ths f:";cui g exa:pla ;rebic s..

*

ha:;;e 1 A colli:u Ad tes= of 5 M:r ge-'s having in
intcnsi:y :f 5 rc:/hr is ssscd threuth 2 10

; inch shoe: ei 14:.d. "ht is the intcasity of
i the attanatted team USi:h e er;es free the

ethwr si:2 of the shout?

-2
! /eswar: I=I e-
!

.

I '%re: I = 5 e.=. 'h r-

! u = 0.45 3 :=* 8 for 5 Pcv r.r as in Icad,

(10 12:5cs)(2.54 c )<

25.4 es4 x= =
, inch)

Theref:re,
*

-(0. 483) (25. 4)
: I = (5) a
.

I - 3.5 x 13~ 8 res/hr - 3.5 erc:/hr ,

b a:-;c 2 Oetersina the hsif-thic6ss of water for

; 3 Mav ge. s
~

f

Answer:; 0.6F3
} h n

0.C2H cs** for 3 Hv p: us in usterwhere, u =,

i Xg =. 0.673
0.C2 Ml *

17.5 cmi X
5 .} h=
. .

| Ex: ;1e 3 Considar : broad beas of I Mev gs:::.a rays with|

! an intece ty of 160 re :/hr passing through a
! 10 inch siece of lead. -- at is the intensity-

of the a:nnuated bea=?
- 1

; Answer: I = I Be *~

I
W.e re : I = 16C : an/hro.

.,'

,

i u = 0.512 co-5for 2 May ga: mas in lead

; ..
.

4
1,

!

.

Nh- - - _,__.w _m

-

' .

., . . . . - - . .

I '. 1) t'
'

Og (J ( ,/ .,
"

, J
!

|

_

v

9 7 g*es -++r ~ D-mbw + ---eew 4 i-%m og M*d M'- -1W e-e-.r e w e -W-- i-a-a--
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i
I ;

} (13 incres H2.5; c-)
'

x= = ,5., c=(inc=) - .

.j u:x = 13.1 .

8

! = 3.5 for a 2 l'ev gs= a '

t .

|
* *

r . (lec)(3.3)(e-13 1)
j 1 = 1.11 M ;

I e g,,
'

.

' ' IC ~ 5.h t e l d t r. ' t t o rials .
'

e

j Shiciding Ite rials for different types of radiatien can be classified
int: three distinum ?rcurs: hi-5 and edi'.= ";" :aterials, hydre eneousj ,

'

ratcrtals, Jr.d c:3:urc :sterials, all of which serve en ir.portant function for,

the type of radia ._sn snielcir,g re:;uit ed.

| 10.7.1 Hir and editra "*" Materials
.

| T/.e.J e cle:ents are used to attenuate ga =ss and to sL;,9
r do.m *p_t : atrons to approximately 1 !:ev ener:;y leven by in- '

i =las tic sca rtering..

1

. 10.~.1.1 Iron and Steel i.

l(2

3cch caterials as _iro: and qqthgn_ncels for
( ex =: l e , are cxcellent cateriaIs fer use in the etnstruction
'

of r,ccter vess.els for they tend to absorb the enertv ofi ga. :as and f ast neutrens which le.tve the reactor ccre, in
'I

f acT' :os t of the reacter vessels built today for vater*

f
coc Ad or moderated cores are constructed of reultilaycred
sh . ts of ccrben steel and stainicss stecl. C[ course,j steds are not only used for radiation shfelding but also

; g for their excellent structural picperties and their abilityI to rasist corrosion. Le::e:bar, when radiation is present,
free exy;en is produced.by the d'ecc:positten of water and,

f ther efore, arises the probis= of cortesion (21f 0 # 2Ha tt
+ Or *). ;

|'
'

'

l'10.7.1.2 Iron <
'

e'
Iren, having some of the same radiation attenuation l'

;
' ,

(quahties as steel, is unfortunately highly susceptible to
- {cor n sien and, therefore, would not be a.very ,oed aterB l.

{} to c e for a reactor vessel. On the other hand, ircn would be
t- an en:cIlent choice for shielding purposes external to the I

reac t rr veasel. It is of ten used in the form of iren punchini;s'
mixn with concrete for the construction of walls and separators

. {i

/ vich_s the reactor contain=ect vessel.
f h*d '

10. T.1. 3 Lead and Iron
I

j Lead and iron, having very high densities, are,

!

e

p -a.= . =====
. _e m.-

- , *umusep-

-I
~A y 4

w
g,

QC6A y'

!. C, n' -

,
. 093 .
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_

- + -. o N , , , - 4g. .-e.7 w
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: )

excelle.c r.e.:4 absorbers for n= a -ener-ies ef ebeu;- ^

2, . :e v . nWever, at reutivelv hic .< and lever eeeges
1 cad is at recis'.yl tet ter because d its hi;h__ photo-' _

glw e t ric se s e r-tirs anijair p rc^ - ' -- 3cch can eith-,

| sta:d expnures to raciatica vici cu ri&r.ificant da:a:;e
8 and are aisc relatively inexpensive. '. ecd. with its hig~h
| h e.sity, requires leis tctal velu=c i:r p.:=a radiatio'n~

~

-shieldin as cc:;ared to any oIEEr :..::erials. .::e LI;;es t,

disadvanta e of ie:d is its per St. .:;a:ril qualities and'
-

i 7t5T77eIting poir.t.4

!

!
I 10. ~ . 2 Ic/drogeoecus Materials

! ::ater:Als enetaininc f.vdremnat;ry. re fer d to be excellect; neutren smids and are gra_ded as such by th nu.b ar of ators c f
hyp:. e3en,,-g volu e of material..

? -

10.7.2.1. -Water

I For exa:ple, water has a h;h hydro;ca density.

of appreximately 6.7 x 10 , g en, p ,_ _. s .nd therefore is22

.j a v_ery P.ood neutron shield and reactmr =cderator. Of course,
1pavy_vy er~(dcuteriu=) is even bet t e- but is verv czpg siye.1

i lieutrens which collide ut:3. hyd rogen ato:s -
,

} decreare with ener;y by a large amount:. In fact, a sin;1e *

inelastic collisten t ould quickly ramu:e the ener;y of a,

fr.se neutron to thereal e.nergy levelr..

Althoughyater'is a cood :n tenuator of neutress,
it is a very poor absorber of ga==as To ec=;ensate for

,

j this deficier:cy,- it is ot ten necessa:- to add ' stall a:: cunts
.

t of boron to the water to reduce the c:auture ga : a ray pro-
duction. Another disadvantage of ca:.ur is its }dw 5 pilin;
poing at ord.inarv eressures. thereferit beic; very susceptible
to decocrosition by radiation.

10.7.2.2 ::asonite and t;ood

:

Other hydrogeneous materiaLa such as masonite and1

ccnpressed wood havin7.a hydrogen dene:ity of approximately225x 10 ata=s per c= are also satisfactory neutros atten-
uators. Qen used as shielding hater cl, it is usually.

3 tound in layers between iron.i

10.7.2.3 P_olyethylene

Probably the most videly us.ed hydrogeneous =aterial
for seccndary or remote fast neutron .uttenuation is polyethy-lene (CH ). It contains more hydrocen. acc s per unit volu.e2

than does_ taat of t.*ater and therefore is a sli;htly better
attenuator. Another reason it is so .dely used is beca ase of

_ .

t

-**.=es.ee..u==+ . - . * * = _ ___me,.m.__

T'*.*Wh*

'
,

'
..%

e%ee8 '7
e. .

. - ( .i 6m
s

,' u. 6 J: - 0 '- '
; -.

l

-

, _ .

. _ _ . -- ._ . . -.
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, its 5 n .;erature softwri?~ "sint (*4 0*F), a=d it

-

en :e n . es v q gast / :: anr for 3 4 whe. cooled'
re:.41ns ;. s e =an c.t et. 7:1yethyle c like .:ater

{ c, . X crJtph caes tn- c. s t roduction o f sec.:ndary
g = .a s u to the tae r..Ltd . tron tap t'.re in hyero3en and
cart es to te reduced an . t *. .t ther=al neutron acsor; tion.

c aracteristics to to Isru. sed.
!

1 : . 7. 2. i. Cge,

Concretc is not. tr e.xcellent choice _f rJ
t y.eldine atsinst neutre.ns , : d in addition. it is
s : - .: c tu r a lly useful acJ .P.c isexpensive. It has a'

'r. ir: Gen density of ap.'rmL:.tcly 1.a T IM * atecs pe r c=8 *

'

as: a vet;ht der.sity o f .i' c'; t 2.3 grams per c.'. The cac-
r' scopic crou section * ! :::.: rete for fast ngutrons is
; .1 : sli; h t ly less t W .
- s t e r b e caus e o f i t s c r e .. :-2.

f:r water but is.. s upe rior t_o-

n :.lity to also attenuate gv_.:s ,. --

L'sually, cor.c ret 4 which is scir., to be used for'

staelding purposes is frere;- : ed with se:e other caterial
f m in; a heavy concrete ct:7ure. For exs: plc, Sarvtes
c:: crete ia of ten used f or L: contains the -incral barytes
t:sriu: sulfate) and h,v. a .cssity of 3.5 C/ca 3

. .W. . '
10.7.3 Car.a iiesting

4

f C e other point of interest dth respect to. reactor shieldin;* 'caterials .s the effect oi g. he st:nC .hich rust te taken into
cons 'dera ti:n bsf ore choosing an/ .artrial., ,

Rt.:iation of such an inte-ns- v as that which leaves a reactor
a cors, whe. Oscrbed in any shic2d, 7 oduces a great deal of heat

within the shield due to the tr,msf4: of energy f rcn both pri::ary*

and second.y ca t a rays in the shidd. Engineers who design reactor
shields c st galculate this hentin! Ef fect and' ccke provisions for,

procer coc ingn for failure to rw se would lead tc dces,stve tr.er:a1
sir.ssspy, sjrf cce boiling, or eve n c: s tortio' n of atru'etur:1 =sfcHals.,

I
10.7.4, Pla .c Radiation Shielding

i.

| The bieloeical protectiern af.r. inst radiation frors the re&ctor
,t artd its actiliary equip =ent is u*ual y c_lassities into~e'igrs}f erding-

, categories:

_1. The_ reactor t .= =al shield
2. De react'or v essel , '

3. The primary s. aeld
4 The seconda:i snield

.. 5. * The cor.tiitt:ert vessef
6. The control Nrs shield
i. The spent f uel shield
8. The auxil larf shields

4

I %* '*
e vill now briefly discuss tach of the:2.
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L 13.7.4.1 n a Fcactor '.*assali
i

i e.
The pur;es. cf th e ra nt:r vassal.is c h: sa *

the cerc, cen:rel sch:::s.s, 2n- ::olin: 2.d to "ich-
|e

scind tha c;.r2:ing per.ssurcs . .:An th. vcssol during'

cr rs. ties (Sce Tigure 3-l.5 ."c: r: .

~he v<ssc1 is n:r 7117 r rstru::td of laycrs ot.

| hL 5 s::.y:h s: sin 16ss stac1 vd . also servr.s es :n
' :ttsnustre ef radi: tion fren :h; .s:ccr cora. I:cu.v t r .'

dirs:: noutrca ac:ivstic: snd g:- hcating veuld 5.
,

i
'

detri ..t:1 to :he secal. != se' ~. cris ::blen. 2.

th.rnal shield is inssr:as h :vs - :ha reactor coolan:
2M t*e vessel, thus sub; ctinc s a vcssel vC1 to an

< s e t s -a t e d flux ,
!

10. 7.4.2 p;:-i.1 stia13,

.

Sinc %g as va have ic:r ..1, all cf th: radia:ica
which is absorbed in tha rcactor ritold is frer fast
n atrens and s-.:s and "%ien is arcnta lly darraded into
hc.r t , 3 erntl s$.ic1d is (n:lov_ t:- bet. c. the ruscter-

Ur and vissul_t aret;ct th. a sci r:ll f r.-- dans: c
.d m t[o d[re'ciradia:1en (Sct Tii1 ; 3T46 2'er 'fd T ~ ~ ~

; .; thcrr:1 shield is rc:lly construct.d cf'

a very dsnse sty j;l (Exs nic 4::inicss s:ccl cyliMars)
Vith a b.ith n:ltini

e,.;tsnuator...of : : mint and, charafors, is a rood
,

L s radittien and. On inslastic sca::srur
for fast neutrons. Thc hes wr.1:a is absorbid by tha
thstnal shitle is cventually rc::'Nd by tha reacter
coelent.

10.7.4.3 The Pri. nary Shicld,

-

Thc prir ary shield or v'.'.1 censists of so a for:
of rcinforced cenerctc having .t c sity cf crproxinascly
2.3 rn/cn* and a vall thickncss cf about 5 f act. The
vall surrounds the reacter vessci ::d attanustes the
rati: tion escapin;; the rcactor va.r.rcl (See Figure 1-3> ik t Ed).

!

- The arouse of radiation ::tcnuation by this
voll is usually enough c rsduco th- radiJtion levul
csour;h to allev;; rscenal to =nt : the con:sinn nt v ssel,

-

for linited pcriods of tina during full povcr epcration.i

3 c prinary shicle als: serves to redu:e thei
4
'

; ocujren acci,vation of the various components and structural
i

natsrials wit:in the containnent ressel.;

10.7.4.4 The F condary_Shicld3
1

%j Thc secondary shiald or vall also is constructed,

! of reinforced concrute (sbeut 5 fc6: thick) and surret .ds
the varicus auxiliary equip-cnt vt-t.in the centainnant, such
as coolant punps, pipas and staan 7;narstors.

!
.
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Since al.1 of the auxiliary equi;nent cculd e .g
centais activated cc:last 1 ;urities and .~os.ihly fissica '

products f ro leaky fuel elements, the secondary shield
{will p,retect persca.nel entering the ce tain cnt vessel i

, f ecr: d t.t e t * .Jafd_a_ tion f rm taese sources (Sec figure 1-8 Me: Id). .

i10.7.4.5 The Contaimert Vessel
,',--

..

j The contai::=ent vessel, which surtcnds 411 t
;'

of tre p'revicus centioned shields, is usually censtructed
of a reinfirced, prestressac con:reta (sp;rexi=stely' 3.5 g

i feet thici) and sems to furisq.L.An.e. nuJ te_t|le seCCnd_dTy
I radia t i.e ._f ro: the cri=ary a .d secondary shields to Icvels.

il -j nsut l elev 1 t+rr:r.b -

~ ~Wh.r [*-.

,
- . - . .

j 10.7.t. 6 The Control Rooo Shields |'

, i
,

i The a. cunt of shieldi= surroundi:q the control ['

roce is ba:ed upon the caxisc. hypeche tical accident. That 1

is, considering the .WA for a reactor, th7'EE't'of shielc: ; }
. ceeded is based upon the calculation of shielding =aterial !
| - needed to , reduce the_ radiation level in the control room te ,"z

level less than the quarterly vnole body exposure limits as :
-

defind 'inTO'~CFC20 (coce et receral segulatnhymer .; rs.:h .an *

n ci?cn.:. 'In'Id31 tion to the shielding require =ents.Necia; '
vcatilation require ents are also needed, however, it is cc: ;

f ,necessary to discuss t.his require =ent-ac this time. 't

i
I 10,7.4.7 Spent Fuel Shieldies i
)
i. 'During the re= oval of _ fuel for storage, s}ieldin-
, is needed to protect persent.el perfor:14 the operation. Th t <

| iransfer_5f spent fuel'~Is ufuaj.ly tSr[ulh spgcGIEfesign,ed .

transfer canals filled with borated water. In addition, ths I

f,uel ele =eds' arDept at":153' .3 Mpt'nTMlow the_ yat,e( I
surface to [eenhe radiatien level at a .tninut Therefore,
the qcabination of the concrete walls in the canal and the
depth gf the water is enough to 1,nsure a safe working e.xpost: e ,

3

,of individuals.
~

|1

t.
.
s10.7.t. 8 Auxiliary Shields I
IMany auxiliary shields are needed te attenuate en.e
|radiation from various cocponents such as the purification I

s}stessTr.akeup syster.s saepling systery, vaste7ffi5 mat _
_

l
systecs, and others. Each shield would have its own charact- feristi,es and shmand, therefore, will ppt be pursued any
further into our discussion.
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| G;h a A 3 Particle
,

cc:a 3 3 Particle, e d :yed neutr.r frac:le:

! h::a ." y Phe::n, ef f s ::iveness f a::or
f
'

; elta 6 f Cha:ge, sr.1_. J: oust
*

.

Opsil): E c Fast fissie- fae:cr .

.

'

2cta Z c

Eta , 'o;: reda: tic facter, effici ncyu.

Tr.e:4 0 6 Angle
I ca 1 1

c;a ppa K a:
'

>

Lastda A A Wavaieng:h, . caf constant
L 3 u ?|icro, atte: .t: ice ccefficient.

,
'

% d v Frequency, :c.:rens/ fission.s
Xi I ( Er.er;y decr s.:4 .:,

P

J:1eron 0 c.

Pi U r Ratio cf cir ::ference to dianc:ar
FM ? o Density , rc --i tity

Sigma : c Cross sectics, sw .acion

Tau ! T Fe r=1 ago , . .. 1od,

1

L* p s ilcn T U '

.

' ?hi ; ; Flux, flue =: ;
tChi 7. x
;

Psi 1 0 Poisoniug'
i

C:e;;a 2 w Reciprocal :::a !
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